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Preface

Disclaimer

The DISCUSsoftware describedin this guide is provided without warrantyof any kind. No
liability is taken for any lossor damages,direct or indirect, that may result throughthe useof
DISCUS. No warrantyis madewith respectto this manual,or theprogramandfunctionstherein.
Thereareno warrantiesthat the programsarefree of error, or that they areconsistentwith any
standard,or that they will meetthe requirementfor a particularapplication. The programsand
themanualhave beenthoroughlychecked.Nevertheless,it cannotbeguaranteedthatthemanual
is correctandup-to-datein every detail. This manualandtheDISCUSprogrammaybechanged
withoutnotice.

DISCUSis intendedasa public domainprogram.It maybeusedfree of charge. Any com-
mercialuseis, however, notallowedwithout theexplicit writtenpermissionof theauthors.

UsingDISCUS

Publicationof resultstotally or partially obtainedusing the programDISCUSshouldstatethat
DISCUSwasusedandcontainthefollowing reference:

PROFFEN, TH. & NEDER, R.B. (1997)”DISCUS,a Programfor DiffuseScattering
andDefectStructureSimulations”J. Appl. Cryst., 30, 171-175

Acknowledgments

Thelist of structurefactorswasadaptedfrom theprogramLazy-Pulverix writtenby K. Yvon,W.
Jeitschko & E.Parthe.Therandomnumbergeneratorsandinterpolationsroutinesweretakenfrom
theNumericalRecipesby Press,Flannery, Teukolsky & Vetterling,CambridgeUniversityPress,
1989.Theroutinesfor theline editingwastakenfrom theprogramGNUPLOT.
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Chapter 1

Intr oduction

1.1 What is DISCUS?

DISCUS[18] is intendedasa versatiletool to simulatecrystalstructuresandthe corresponding
intensitydistribution in reciprocalspace.Theprogramoffersseveralfeaturesthatenabletheuser
to easilygeneratea structureand to introducevariousdefects. The main intend is to simulate
defectstructures,the program,however, is not limited in that respect. Ideal structurescanbe
simulatedaswell andusuallywill form thebasisfrom which thedefectstructureis developed.

Theprogramcanreada wholecrystalor theasymmetricunit of a unit cell. The latter is ex-
pandedto thewholeunit cell by useof thespacegroupsymbol.Thedefinitionof rigid molecules
is supportedby DISCUS. The structurecanbe storedasstructurefile or certainlayersor pro-
jectionsof the crystalcanbe saved for graphicaldisplay. The programDISCUSis part of the
diffuseprogrampackagewhich includesa speciallysuitedplotting programKUPLOT anda new
programPDFFIT [17] whichallows thefull profilestructuralrefinementof theatomicpairdistri-
bution function(PDF).Severaltoolsareavailableto modify singleatomsor moleculeswithin the
structureor to alter thecompletecrystal. Thesetools includethermaldisplacements,waves,mi-
crodomains,stackingfaultsandgeneralizedsymmetryoperations.Onefeatureof DISCUSis the
possibility to introducecorrelateddefectsanddistortionsusingMonte Carlo (MC) simulations.
Varioustoolsallow theanalysisof agivendefectstructureincludingthecalculationof thePDFof
agivenstructure.

TheFouriertransformsegmentof theprogramallows theuserto calculatetheintensitydistri-
bution alonga line or on any planethroughreciprocalspace.Theresolutionin reciprocalspace
canbechosenby theuser. Theresultingintensitymapscanbewritten in severaloutputformats,
to bedisplayedby standardvisualizationprograms,theprogramKUPLOT or beprinteddirectly.
Neutron-aswell asX-ray scatteringcanbecalculated.DISCUSsupportsthe subtractionof the
averagestructurefactorandthecalculationof thediffuseintensitiesasaverageover many small
crystalvolumesto createsmoothnoisefreediffractionpattern.A detaileddiscussionis given in
chapter4. Thedirectanalysisof measureddiffusescatteringis possibleusingtheReverseMonte
Carlo segmentof the program. The programallows the refinementof the scatteringintensity
directlyaswell astherefinementof thePDF.

Theprogramusesa commandlanguageto interactwith theuser. No predefinedrequirement
exists for a given sequenceof commands.Thecommandscanbe typedat theDISCUSprompt,

7



CHAPTER1. INTRODUCTION 8

or readfrom a macrofile. The commandlanguageincludesa FORTRAN style interpreterthat
allows theuserto programloopsandlogical structures.Severalrealandintegervariablesaswell
asstructuralvariablescanbeusedto designtheintendeddefectstructure.Online helpis provided
whichgivestheuserinformationonany of theDISCUScommandsaswell asexamplesfor typical
DISCUSsessions.Moredetailedinformationhow to getfurtherhelpis givenin section1.3.

1.2 What is new?

If you have usedDISCUSbefore,you might askwhat is new in version3.2of theprogram.The
majordifferenceis theadditionof two new modules:Thefirst is thepossibilityto calculatepowder
diffractionpatterns(seesection4.2). SecondlyDISCUScannow calculateandrefinetheatomic
pairdistribution function(PDF).Therefinementis doneusingtheReverseMonteCarloalgorithm
alreadyincorporatedin DISCUS. For detailsreferto chapter10of thisusersguide.As usualsome
bugswerefixed andsomefunctionswereadded,e.g. onecannow save intensitiesin SHELXL
format. A detailedlist of all changescanbe found in the file ’CHANGES.LOG’ in the source
directoryof theDISCUSdistribution.

1.3 Getting started

After the programDISCUSis installedproperlyandthe environmentvariablesareset, the pro-
gramcanbe startedby typing ’discus’at the operatingsystemsprompt. Informationaboutthe
installationof DISCUSis givenin appendixB.

Symbol Description

”text” Text givenin doublequotesis to beunderstoodastyped.� text � Text givenin angledbracketsis to bereplacedby anappropriatevalue,
if the correspondingline is usedin DISCUS. It could, for examplebe
theactualnameof afile, or a numericalvalue.

’text’ Text in singlequotesexclusively refersto DISCUScommands.�
text� Text in squarebrackets describesan optionalparameteror command.

If omitted,a default valueis used,elsethe completetext given in the
squarebracketsis to betyped.�

text � text � Text givenin curly bracketsis a list of alternativeparameters.A vertical
line separatestwo alternative,mutuallyexclusive parameters.

Table1.1: Usedsymbols

Theprogramusesa commandlanguageto interactwith theuser. Thecommand’exit’ termi-
natestheprogramandreturnscontrolto theshell.All commandsof DISCUSconsistof acommand
verb,optionallyfollowedby oneor moreparameters.All parametersmustbeseparatedfrom one
anotherby a comma”,”. Thereis no predefinedneedfor any specificsequenceof commands.
DISCUSis casesensitive,all commandsandalphabeticparametersMUST betypedin lowercase
letters.If DISCUShasbeencompiledusingthe”-DREADLINE” option(seeinstallationfiles)basic
line editingandrecallof commandsis possible.For moreinformationreferto thereferenceman-
ualor checktheonlinehelpusing(’help commandinput’). Namesof inputor outputfilesareto be



CHAPTER1. INTRODUCTION 9

typedasthey will beexpectedby theshell. If necessaryincludea pathto thefile. All commands
maybeabbreviatedto theshortestuniquepossibility. At leasta singlespaceis neededbetween
thecommandverbandthefirst parameter. No commais to precedethefirst parameter. A line can
bemarkedascommentby insertinga ‘#’ asfirst characterin theline.

The symbolsusedthroughoutthis manualto describecommands,commandparameters,or
explicit text usedby theprogramDISCUSarelistedin Table1.1.

1.4 Mor ehelp

Thereareseveral sourcesof information,first DISCUShasa build in onlinehelp,which canbe
accessedby enteringthecommand’help’ or if help for a particularcommand� cmd� is wanted
by ’help’ � cmd� . Theonlinehelp is alsoavailableasprintedversionin thefile ’dis cmd.ps’in
thedirectory’doc’ of thedistribution. Themanualyouarereadingdescribesscientificbackground
andprinciplefunctionsof DISCUSandshouldgive someinsightin thewaysto usethis program.
Additionally thereis an interactive tutorial guiding throughthe differentfunctionsof the pro-
gram.To startthetutorial,go to thedirectory‘tutorial’ of thedistribution,startDISCUSandenter
‘@tutorial’ to begin thetour.

To find out aboutrecentupdatesof DISCUSor to get further informationvisit the DISCUS
WWW homepageat thefollowing sites:

http://www.pa.msu.edu/	 proffen/discus/discus.html
http://www.uni-wuerzburg.de/mineralogie/crystal/discus/discus.html

1.5 Further reading

Unfortunatelytherearecurrently(at leastto theauthorsknowledge)no booksavailablegiving a
modernoverview aboutdisorderedcrystalsandthe analysisof diffusescatteringaidedby com-
putersimulationmethods.However, thereis a numberof recentreview articlesaboutthesetopic,
e.g.[7, 8, 9, 10, 30, 31]. A verygoodbookon thebackgroundsof diffractionphysicswaswritten
by Cowley [5]. More specificliteratureaboutthescientificbackgroundis given in theindividual
chaptersof thismanual.

TheprogramDISCUScanbeusedasanaid to teachingdiffractionphysicsanddiffusescat-
tering[15]. ThecorrespondingWWW tutorial includingDISCUSmacrofilescanbefoundon the
sitesbelow andon furthermirror sitesaroundtheworld.

http://www.pa.msu.edu/	 proffen/teaching/teaching.html
http://www.uni-wuerzburg.de/mineralogie/crystal/teaching/teaching.html



Chapter 2

Creatingstructures

Thefirst steptowardsany simulationis creatingthedesiredstructureandpossiblymodifying it.
DISCUSofferstwo differentwaysto performthis task,thestructurecaneitherbegeneratedfrom
thecontentsof a asymmetricunit of a unit cell or becompletelyreadfrom a file. For eachatom
theprogramstoresits type, its fractionalcoordinates(x,y,z) andan isotropicthermalcoefficient
(B). If thecrystalis generatedfrom anasymmetricunit, theprogramusesthespacegroupsymbol
readfrom thedatafile to generatetheunit cell from theasymmetricunit. Prior to this generation,
thespacegroupsymbolis checked for consistency with the latticeconstants.An errormessage
flagsany inconsistencies.The unit cell is copiedto generatea crystalof desired(rectangular)
dimensions.

The following sectionsdescribethe structurefile formatsandhow to groupatomsto (rigid)
molecules.Oncea crystal(which couldbeassmall asoneatom)is generated,several toolsare
providedto modify thecrystal.Thesetoolscanbegroupedinto thosethataffect individualatoms
andthosethataffect thewholecrystal.Thefirst groupincludesthefollowing modificationsof an
individual atom: moving, replacing,removing andinsertingnew atoms.Thesearediscussedin
chapter6. Thesecondgroupincludesatpresentthefollowing modificationsof thecrystalat large,
for moredetailsseechapter7: thermaldisplacement,waves,stackingfaultsandmicrodomains.

2.1 Readingstructurefiles

A unit cell or a wholestructureis readfrom file by thecommand’read’. Theformatof thesetwo
file typesis identical. If a unit cell is read,thecontentsof thefile is regardedastheasymmetric
unit of theunit cell. Thespacegroupinformationis usedto generatethewholeunit cell. If, on the
otherhand,astructureis read,thecontentsof thefile is takenasit is.

A keyword controlledstructurefile format is usedallowing moreflexibility, e.g. the useof
molecules.However, DISCUSis capableto readboth the old andthe new structurefiles auto-
maticallyrecognizingthecorrectformat. Furthermorethecommand’format nokey’ in the’save’
segmentallows theuserto save astructureusingtheold format(seesection2.3).

2.1.1 Structure file format

Thenew DISCUSstructurefile is a simpletext file startingwith a sectionwith keywordssetting
parameterslike latticeconstantsor spacegroupfollowedby a sectionwith theactualatoms.The

10



CHAPTER2. CREATING STRUCTURES 11

sequenceof keywords is arbitrarywith two exceptions,the first line must containthe keyword
’title’ settingatitle andthelastkeywordmustbeatomsfollowedbyalist of atomsand/ormolecule
definitions(seesection2.1.2). Eachatomwithin the asymmetricunit or completestructureis
definedby its name(e.g. ZR), the fractionalcoordinates
 x � y� z� and an isotropic temperature
factorB. A list of valid keywordswithin astructurefile is givenin table2.1.

Keyword Description

# Allows commentsin thekeyword sectionof thestructurefile..
atoms Marks the startof the atomlist andmustbe the last keyword except for

’molecule’.
cell Parametersa � b � c � α � β � γ definethelatticeconstantsof thecrystal.Notethat

all six parametersmustalwaysbegiven.
generator Allows to definegeneratorsadditional to the onesdefinedby the space

group.The12parametersdefinethesymmetryoperation.
molecule Definesrigid molecules.Thekeyword muststandin theatomssectionof

thestructurefile (seesection2.1.2).
ncells Parametersnx� ny� nzandncdefinethesizeof thecrystalin unit cellsandthe

numberof atomswithin aunit cell. Thisinformationisneededif acomplete
structureis readin orderto allow DISCUSto determinethecrystalssize.

spcgr Setsthespacegroupfor thecrystal.
symmetry Definesan additionalsymmetryoperationdefinedby the 12 parameters

given.
title Setsa title for thestructurefile. Thismust bethefirst keyword in thefile.

Table2.1: List of keywordsfor structurefiles

Keywordsareprocessedthesameway asnormalcommandsandparametershave to besepa-
ratedby commas’,’. An exampleinputfile for cubiczirconia(ZrO2) is shown below.

title Structure of cubic ZrO2
spcgr Fm-3m
cell 5.14,5.14,5.14,90.,90.,90.
atoms
ZR 0.00 0.00 0.00 0.5
O 0.25 0.25 0.25 1.0

The first line is the required’title’ line describingthe structure.The next line specifiesthe
spacegroupFm3m. The symbolsusedshouldbe theHermann-Mauguinsymbolsusedin Inter-
nationalTablesfor CrystallographyVol. A [33]. A centerof inversionasin this exampleshould
be given as ’-’ sign immediatelyprecedingthe axis. Lattice typesneedto be given ascapital
characters,mirror planesassmallcharacters.Monocliniccell choices2,3or uniquec-axiswill be
assumedif thecorrespondingnonstandardHermann-Mauguinsymbolis used.DISCUSchecks
thegivenspacegroupsymbolfor contradictionswith the latticeconstantsandin caseof anerror
theunit cell is not read.A completelist of valid spacegroupsymbolsis partof theonlinehelpand
canbeaccessedvia ’help space’from theDISCUScommandline. Thenext line in theexample
above givesthe lattice constantsof a 
 b 
 c 
 5 � 14Å andα 
 β 
 γ 
 90 degrees.Note that
DISCUSrequiresall six valuesto begiven. Thekeyword ’atoms’ in theexamplefile which must
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bethelastkeyword startsthesectionwith thelist of atoms.Herezirconiumoccupiessite4(a)on
(0,0,0)andoxygenis on8(f) at (1

4 � 14 � 14). Theisotropictemperaturefactorsfor Zr andO aresetto
0.5Å2 and1.0Å2 respectively.

Additional generatorscanbe definedthroughthe optional ’generator’keyword. Thesegen-
eratorsact identical to the generatorsdefinedthroughthe spacegroupsymbol. All previously
generatedcopiesof theatomsin theasymmetricunit arecopiedby thisgenerator, andwill in turn
becopiedby any generatorsfollowing later. Sincetheseadditionalgeneratorsareappliedafterthe
spacegroupgenerators,you canusethesegeneratorsto createnon-standardgroupsor to createa
setof symmetriesthatdoesnot from agroup.Thesyntaxof the’generator’keyword is asfollows:

generator g11,g12,g13,g14, g21,g22,g23,g24, g31,g32,g33,g34

Copiesof anatomat (x,y,z) will becalculatedusingthefollowing equation:��
x�
y�
z� �������

g11 g12 g13

g21 g22 g23

g31 g32 g33

�������
x
y
z

�������
g14

g24

g34

��
(2.1)

Additional symmetryoperationscan be definedthroughthe optional ’symmetry’ keyword.
Thesesymmetryoperationsact differentthanthe generatorsdescribedabove which aredefined
throughthespacegroupsymbolor listedasadditionalgenerators.Thesymmetryoperationscopy
only thoseatomscreatedby thegenerators.In contrastto generatorsthey do not acton copiesof
theatomscreatedby previoussymmetryoperations.Both keywords’generator’and’symmetry’
definethesymmetryoperationin asimilarwayusing12parametersasshown in equation2.1

Thefollowing exampleshall illustratethedifferencebetweengeneratorsandadditionalsym-
metryoperations.Thefollowing two generators

generator 1,0,0,0.5, 0,1,0,0.5, 0,0,1,0.0
generator 1,0,0,0.5, 0,1,0,0.0, 0,0,1,0.5

would createthe following copiesof an atomat (0,0,0): � 12 � 12 � 0� � � 12 � 0 � 12 � and � 0 � 12 � 12 � . In
contrastsimilarsymmetryoperations

symmetry 1,0,0,0.5, 0,1,0,0.5, 0,0,1,0.0
symmetry 1,0,0,0.5, 0,1,0,0.0, 0,0,1,0.5

will only generatethefollowing two copiesof anatomat (0,0,0): � 12 � 12 � 0� and � 12 � 0 � 1
2 � since

thesymmetryoperationswill not acton previously generatedcopiesof theatomat (0,0,0). The
secondsymmetryoperationcopiesonly the atomat (0,0,0),not the atomat � 12 � 0 � 1

2 � , sincethis
atomwascreatedby theprevioussymmetryoperation.

2.1.2 Usingmolecules

Thenew keyword controlledstructurefile formatof DISCUSallows thedefinitionof molecules  
usingthe’molecule’ keyword. This keyword is allowedanywherebetweentheatomsof theunit
cell file. It marksthe beginning of a groupof atomsthat aregroupedto form a molecule. The
individual atomsare listed in the usualway (seesection2.1.1). The keyword ’moleculeend’



CHAPTER2. CREATING STRUCTURES 13

Keyword Description

molecule Definesthestartof amolecule.
moleculeatoms Listsatomnumbersbelongingto currentmolecule.
moleculecontent Definesthestartof particularmoleculetype.
moleculegenerator Definesgeneratorsfor theinternalsymmetryof themolecule.
moleculesymmetry Definesinternalsymmetryoperationsfor themolecule.
moleculeend Definesendof amoleculeatomlist.

Table2.2: List of keywordsmolecules

signalsthe endof a molecule.All atomsstill listed in the unit cell file aretreatedasindividual
atoms.Themoleculerelatedkeywordsarelistedin table2.2.

The internalsymmetryof the moleculecanbe specifiedusingthe ’generator’and’symme-
try’ sub-keywords. The generatorsareinternalsymmetryoperationsof the molecule. DISCUS
comparesthelists of atomscreatedby thespacegroupandby themoleculegenerators.Identical
sectionsare linked to onemolecule. Atoms createdby othersymmetryoperations,e.g. lattice
centeringwill form a new moleculeof thesametype. Thegeneratorsof themoleculesymmetry
shouldbe the generatorsthat createthe site symmetry. Seethe sectionon site symmetryin the
InternationalTables[33] for furtherdetails.As in theprevioussection,symmetryoperationswill
only act on the ’original’ atomsof the moleculewhereasgeneratorswill operateon previously
generatedcopiesof atomsaswell. The following examplestructurefile containsa water(H2O)
moleculein a structurewith thespacegroupCmm2.

title Water in Cmm2
spcgr Cmm2
cell 10.0,10.0,10.0, 90.0,90.0,90.0
atoms
molecule
molecule gene, -1,0,0,0, 0,1,0,0, 0,0,1,0
O 0.00 0.20 0.00 0.1
H 0.13 0.17 0.00 0.2
molecule end

The first four lines of this examplefile aresimilar to the previous exampleanddefinetitle,
spacegroupandlatticeconstants.In the’atoms’section,however, oneoxygenandonehydrogen
atomdefinethewatermoleculebetweenthe’molecule’and’moleculeend’keywords.Thesecond
hydrogenatomfor theH2O moleculeis generatedby ayz-mirrorplanedefinedby the’gene’sub-
keyword. Themirror planegoesthroughtheorigin of themoleculewhich is definedasthefirst
atomin the moleculelist, hereoxygen. The coordinatesof the four createdH2O moleculesper
unit cell in thegivenspacegroupCmm2 areshown below.

Molecule Number: 1 Type: 1
Name Number x y z B
O(1) 1 .000000 .200000 .000000 .100000
H(2) 5 .130000 .170000 .000000 .200000
H(2) 11 -.130000 .170000 .000000 .200000

Molecule Number: 2 Type: 1



CHAPTER2. CREATING STRUCTURES 14

Name Number x y z B
O(1) 2 .500000 .700000 .000000 .100000
H(2) 6 .630000 .670000 .000000 .200000
H(2) 12 .370000 .670000 .000000 .200000

Molecule Number: 3 Type: 1
Name Number x y z B
O(1) 3 .000000 .800000 .000000 .100000
H(2) 7 -.130000 .830000 .000000 .200000
H(2) 9 .130000 .830000 .000000 .200000

Molecule Number: 4 Type: 1
Name Number x y z B
O(1) 4 .500000 .300000 .000000 .100000
H(2) 8 .370000 .330000 .000000 .200000
H(2) 10 .630000 .330000 .000000 .200000

Thereis oneimportant restriction how moleculesaredefinedin DISCUS: Thefirst atomof
any moleculedefinestheorigin of themoleculeusedby varioussubsequentcommands.In case
theorigin liesonasymmetryelementof thespacegroupit mustbelocatedat thepointof highest
symmetryof themolecule.If thestructuredoesnot have anatomat this siteyou mustincludea
’void’ on thissite.Thiscouldbethecasee.g.if youhave anemptytriangleona threefoldaxis.

Alternatively to definingamoleculeasin theexampleabove,thecommand’moleculecontent’
and’moleculeatoms’might beusedto definemoleculetypesandthecorrespondinglist of atom
indicesbelongingto thatmolecule.Thisprocedureis usedto beableto savestructurescontaining
moleculessincetheorderof theatomsrequiredby variousDISCUSfunctionsmightpreventstor-
ing atomsin groupsbelongingto a particularmolecule.Checksection2.3 for moredetailsabout
saving structures.

2.2 Inter nal storageof a structure

All atomsare storedsequentiallyin an array. If a completestructureis readusing the ’stru’
command,theatomsarestoredin thesamesequenceasfoundontheinputfile. If severalunit cells
have beengeneratedby thecommand’cell’ in the’read’sublevel, thecontentsof all unit cellsare
storedconsecutively. The ’cell’ commandalwaysgeneratesa rectangularblock of nx! ny! nz unit
cellsalongthedirectaxes.Theinnermost,fastestloopis overx, theoutermost,slowestloopisover
z. Within eachunit cell, theatomsarestoredin thesequencethat they have beenreadfrom file.
Eachatomis multipliedby thesymmetrygeneratorsof therespective spacegroup.Thesequence
of generatorshasbeenchosenidentical to that in the InternationalTablesfor Crystallography
[33], Vol. A. The sequenceof symmetricallyequivalent atomsis thereforeidentical to that of
the InternationalTables.In accordancewith the InternationalTables,thegeneratorsrequiredfor
centeredspacegroupsareappliedfirst. The atomsgeneratedby thesegeneratorsimmediately
follow eachpositiongeneratedby theordinarysymmetryoperatorsasillustratedby thefollowing
example:

SpacegroupC2No.5,Wycoff position4(c)x,y,z
Theatomson thissiteare
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0 # 0 # 0; 1

2 # 12 # 0$&%
x # y# z;x # y# z

DISCUSstoresthesefour atomsonposition4(c) in thefollowing sequence:

x # y# z
x % 1

2 # y % 1
2 # z

x # y# z
x % 1

2 # y % 1
2 # z

Theorigin within themodelcrystalis taken asthecenterof thesimulatedstructure,i.e. the
coordinatesof anatomon site(0,0,0)of a crystal20x20x20unit cells in sizewould rangein x,y
andz from -10.0to 9.0.

If the chemistryor positionof an atom is modified, its positionwithin the structurearray
remainsthe same. If it is deleted,it is replacedby atomtype VOID. The positionof all other
atomsremainsunchanged.This featureenablesthe userto calculatethe positionof an atomin
the structurearray, irrespective of any changesthat took placein the structure. All new atoms
areaddedat the endof the structurearray. Their sequenceis entirely basedon the sequenceof
generation.

Thecommand’trans’in the’chem’ sublevel of DISCUSallowsto transformbetweentheindex
of anatomandits unit cell andsitenumber. Alternatively theatomindex l ' for anatomon site l
in unit cell i # j # k canbecalculatedusingthefollowing equation:

l ')(+* " k , 1$.- nx - ny % " j , 1$.- nx % " i , 1$0/1- n 2 334% l (2.2)

Here nx# ny# nz are the crystalsdimensionsin unit cells and n 2 33 (seesection3.1) contains
the numberof atomsper unit cell. Somecalculationsof DISCUS(e.g. usageof lots in Fourier
sublevel, quickmodefor bondlengthcalculations,..) requirethisparticularorderof storageof the
atoms.However, in orderto save CPUtime for theFouriertransformanddiskspacewhensaving
a structure,the ’purge’ commandmaybeappliedwhich will deleteall emptysitesin thecrystal
andthegivenrelationbetweenatomindex andunit cell/siteis invalid. Theauthorsgenerallydo
not recommendtheusageof the’purge’ command.

2.3 Saving structures

A particularstructurestoredin DISCUScan be saved to a file using the ’save’ command. In
caseswhere’save’ is followedby afilename,thestructureis directlysavedusingthecurrentlyset
options.

If ’save’ is enteredalone,DISCUSwill entera ’save’ sublevel which allows theuserto select
variousoptionsand selectall or only particularatomsto be saved. Note that the settingsare
valid for all subsequentcallsof ’save filename’.Generallytheusercanchoosebetweenthe’old’
structurefile format(seesection2.1)andthenew keywordcontrolledstructurefile format,whichis
therecommendedformatto beused.Besidetherequiredkeywordstheuseris ableto selectwhich
additionalkeyword shall be written to the file. Note that in caseswherea structurecontaining
moleculesis saved without selectingthe ’molecule’ keyword, the moleculeinformationof the
crystalwill belost. Checktheonlinehelpfor ’save’ for acompletelist of options.
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Notethat in thecurrentversionof DISCUSall informationregardingmicrodomains(seesec-
tion 7.3) is notwritten to thestructurefile andthuslostafterleaving theprogramDISCUS.

2.4 Exporting structures

The structure,or partsthereofcanbe exportedto file in formatssuitablefor displayby corre-
spondingprograms.Currentlytwo programsaresupported,KUPLOTwhichis partof theDISCUS
packageandGNUPLOT. Furtherspecialstructureplotting programs(e.g. Schakal,ATOMS, ...)
mightbeincludedin futurereleases,any suggestionsaremorethanwelcome.

Figure2.1: Exampleof structureexportoptions

Different export option are available in the ’plot’ sublevel of DISCUS. Individual atom or
moleculetypesto be includedin the outputmight be selected. Atoms might alsobe selected
accordingto theirmicrodomainstatus(seesection7.3for details).Theextendof thecrystalto be
exportedaswell asanoptionallimitation to agivenslicewithin thecrystalallow theuserto select
specificregionswithin thecrystal. Sucha slice is definedby a point v in realspaceits thickness
andits normal. For eachatomin thecrystalthevectorfrom thepoint v to theatomis projected
onto therealspacenormalto theslice. If the lengthof this projectionis lessthanthe thickness,
theatomis plotted,elsenot. Figure2.1shows anexamplestructure(20x20x1unit cells)showing
thermaldisplacementsanddemonstratesanotherexportoptionof DISCUS, eitherthecrystalmight
besaved(Fig. 2.1a)or thedensitywithin a unit cell (Fig 2.1b),i.e. all atomsareprojectedinto a
singleunit cell.

DISCUSsimply writes the coordinatesof selectedatoms. The sequenceof indicesin the
outputfile canbedefinedby theuserasany permutationof x,y,z; x,z,y;...Theoutputfor KUPLOT
will result in a projectionof the structurealongoneof the crystallographicaxesor a projection
alongthenormalof thesliceontotheplane,while theGNUPLOT formatcanbeusedfor a three
dimensionalviewing. The file format for KUPLOT includesmarker type, colour and size for
the individual atomor moleculerepresentation.Thesepropertiescanbe alteredusingthe ’set’
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commandwithin the ’plot’ sublevel. Assumingthestructurehasbeenwritten to file ’atoms.xy’,
thefollowing KUPLOT macrowouldbeappropriate:

load cr,atoms.xy ! loading the data file
plot ! plot it

For more informationaboutthe programKUPLOT refer to the KUPLOT manualor online
help.TheGNUPLOT setof commandsto plot thefile ’atoms.xy’ would look like this:

set parametric ! specifies data are x(t),y(t)
set view 60,45 ! sets nice view angles
splot ’atoms.xy’ ! plot data file

Useany desiredvaluesfor the’setview’ commandto view thestructurealongdifferentdirec-
tions.

Sincethe exportedfile is a simpletext file containingthe atomscoordinatedin the defined
sequencein eachline, any plotting softwarecapableof importingthis typeof file canbeusedto
view the exportedstructure.However, only the useof the programKUPLOT allows the userto
have individual colours,markersandsizesfor the differentatomsor moleculetypeswithin the
crystal.



Chapter 3

FORTRAN style interpreter

The programincludesa FORTRAN style interpreterthat allows the userto programcomplex
modifications.Theinterpreterprovidesvariables,linkedto thestructureandfreevariables,loops,
logicalconstruction,basicarithmeticandbuilt in functions.Commandsrelatedto theFORTRAN
interpreterare’=’, ’break’, ’do’, ’else’, ’elseif’, ’enddo’, ’endif’, ’eval’, ’if ’.

3.1 Variables

All variablesaredenotedby a name,followedby a left squarebracket [, oneor moreindicesand
a right squarebracket ].

Example: i[1], r[0], i[i[1]], cdim[1,2]

This versionof DISCUSdeletesall blanksfrom userinput lines. To keepa nicely looking
macrofile you caninsertblanksbetweenthe variablenameandthe left squarebracket. Blanks
within thesquarebracketsarenotsignificant.Theindex canbeany integerexpression,especially
any of theintegervariablesagain.Two freevariablesareprovided,aninteger, i[n], andareal,r[n]
variable.Eachof thesevariablesis actuallyanarrayof dimensionn givenin squaredbrackets.The
allowedrangefor n is 0 to MAXPARAM, which is definedat compilationtime by theparameter
MAXPARAM in thefile ’param.inc’, seethefile INSTALL for furtherhelp.

Besidethesevariablesi[n] andr[n] for generalusea large variety of variablesis linked to
structuralinformationof thecurrentstructurestoredin DISCUS. Someof thesevariablescannot
bemodified,otherslike thepositionof individual atomscanbealtered,thusallowing to modify
themodelcrystal.Thefollowing listsgive asummaryof thedifferentvariablesavailable.

Thetable3.1shows a summaryof crystalrelatedvariables.Thevaluesof thesevariablescan
notbealtered.Somemoleculerelatedvariableshavebeenaddedin thisversionof DISCUS. Table 5
3.2 lists variablesrelatedto eachatom. Thesevariablescanbechanged(e.g. x[1] = x[1]+0.06)
allowing theuserto altereachatomwithin thecrystal. Anothervariableis res[i] which contains
theresultsof aparticularDISCUScommand.Thevariableres[0]containsthenumberof elements
returnedin res[i]. Checktheonlinehelpfor thedifferentcommandsto seewhatresultsmight be
returnedto thisvariable.Anotherlargesetof variablesis relatedto theuseof microdomains.For
a list of thesevariablesreferto chapter7.3.

18
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Variable Description

n[1] Numberof atomswithin thecrystal
n[2] Numberof differentscatteringtypes,i.e. atoms
n[3] Numberof atomswithin theunit cell
n[4] Numberof moleculeswithin thecrystal
n[5] Numberof differentmoleculetypes
n[6] Numberof moleculeswithin theunit cell
cdim[i,1] Lowestcoordinateof any atom(i=1,2,3for x,y,z)
cdim[i,2] Highestcoordinateof any atom(i=1,2,3for x,y,z)

Table3.1: Crystalrelatedvariables

Variable Description

m[i] Numberof scatteringtype(i.e. atomtype)for atomi
x[i] fractionalx positionof atomi
y[i] fractionaly positionof atomi
z[i] fractionalz positionof atomi

Table3.2: Variablesrelatedto individualatoms

3.2 Arithmetic expressions

DISCUSallows theuseof arithmeticexpressionsusingthesamenotationasin FORTRAN. Valid
operatorsare‘+’, ‘-’, ‘*’, ‘/’ and‘**’. Expressionscanbegroupedby roundbrackets( and). The
usualhierarchyfor theoperatorsholds. Valuesof expressionscanbeassignedto any modifiable
variable.If you know FORTRAN (or anotherprogramminglanguage)you will have noproblems
with theseexamples.

i[0] = 1
r[3] = 3.1415
r[i[1]] = 2.0*(i[5]-5.0/6.5)

3.3 Logical expressions

Logical expressionsareformedsimilar to FORTRAN. They maycontainnumericalcomparisons
using the syntax: 6 arithmeticexpression786 operator786 arithmetic expression7 . The allowed
operatorswithin DISCUSare.lt., .le., .gt., .ge., .eq. and.ne. for operationslessthan,lessequal,
greaterthan,greaterequal,equalandnotequal,respectively.

Logicalexpressionscanbecombinedby thelogicaloperators.not.,.and.andor. Thefollow-
ing exampleshowsanexpressionthatis truefor valuesof i[1] within theinterval of 3 and11,false
otherwise.

i[1].ge.3.and.i[1].le.11

Logical operationsmaybenestedandgroupedusingroundbrackets( and). For moreexam-
plesseesection3.6.
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3.4 Intrinsic functions

Severalintrinsic functionsaredefined.Eachfunctionis referenced,asin FORTRAN, by its name
followedby a pair of parentheses( and) that includethe list of arguments.The( doesnot have
to immediatelyfollow the function name. Trigonometricandarithmeticfunctionsare listed in
table 3.3. Table 3.4 containsvariousrandomnumbergeneratingfunctionsand table 3.5 lists
crystallographicfunctions.

Type Name Description

real sin(r) cos(r)tan(r) Sine,cosineandtangentof 9 r : in radian
real sind(r)cosd(r)tand(r) Sine,cosineandtangentof 9 r : in degrees
real asin(r)acos(r)atan(r) Arc sin,cosine,tangentof 9 r : , resultin radian
real asind(r)acosd(r)atand(r) Arc sin,cosine,tangentof 9 r : , resultin degrees
real sqrt(r) Squarerootof 9 r :
real exp(r) Exponentialof 9 r : , basee
real ln(r) Logarithmof 9 r :
real sinh(r)cosh(r)tanh(r) Hyperbolicsine,cosineandtangentof 9 r :
real abs(r) Absolutevalueof 9 r :
integer mod(r1,r2) Modulo 9 r1 : of 9 r2 :
integer int(r) Convert 9 r : to integer
integer nint(r) Convert 9 r : to nearestinteger
real frac(r) Returnsfractionalpartof 9 r :

Table3.3: Trigonometricandarithmeticfunctions

Type Name Description

real ran(r) Uniformly distributedpseudorandomnumberbetween0.0in-
clusively and1.0exclusively. Argument9 r : is a dummy

real gran(r1,typ) Gaussiandistributedrandomnumberwith mean0 andawidth
given by 9 r1 : . If 9 typ : is ”s” 9 r1 : is taken assigma,if9 typ: is ”f” 9 r1 : is takenasFWHM.

real gbox(r1,r2, r3) Returnspseudorandomnumberwith distribution given by a
boxcenteredat0 with awidth of 9 r2 : andtwo half Gaussian
distributionswith individualsigmasof 9 r1 : and 9 r3 : to the
left andright, respectively.

Table3.4: Randomnumberfunctions

Additionally the functionmd testallows the userto testweathera given real spaceposition
is insideany definedmicrodomain.More detailsaboutusingmicrodomainsandrelatedvariables
andfunctionsaregivenin chapter7.3.



CHAPTER3. FORTRAN STYLE INTERPRETER 21

Type Name Description

real bang(u1,u2,u3,v1,v2,v3
[,w1,w2,w3])

Returnsthebondanglein degreesbetweenu andv
at site w. If w is omitted,theanglebetweendirect
spacevectorsu andv is returned.

real blen(u1,u2,u3[,v1,v2,v3]) Returnsthelengthof therealspacevectorv-u. The
vectorv defaultsto zero.

real dstar(h1,h2,h3[,k1,k2,k3]) Returnsthelengthof reciprocalvectork - h in Å ; 1.
Vectork defaultsto zero.

real rang(h1,h2,h3,k1,k2,k3
[,l1,l2,l3])

Returnsthe anglebetweenreciprocalvectorsk - h
andk - l at sitek. If l is omitted,theanglebetween
reciprocalvectorsh andk is returned.

Table3.5: Crystallographicfunctions

3.5 Loops

Loopscanbeprogrammedin DISCUSusingthe’do’ command.Threedifferenttypesof loopsare
implemented.The first typeexecutesa predefinednumberof times. The syntaxfor this typeof
loop is

do < variable= = < start= , < end= [, < increment= ]
. . . commandsto beexecuted. . .
enddo

Loops may contain constants or arithmetic expressions for < start= , < end= , and< increment= . < increment= defaults to 1. The internaltype of the variablesis real. The loop
counteris evaluatedfrom ( < end= - < start= )/ < increment= + 1. If this is negative, the loop is
not executedat all. Theparametersfor thecountervariable,startendandincrementvariablesare
evaluatedonly at thebeginningof thedo - loop andstoredin internalvariables.It is possibleto
changethe valuesof < variable= , < start= and/or < end= within the loop without any effect on
theperformanceof the loop. This practiceis not encouraged,could,however, beanunexpected
sourceof errors.

Thesecondtypeof loop is executedwhile < logicalexpression= is true.Thusit might notbe
executedatall. Thesyntaxfor this typeof loop is

dowhile < logical expression=
. . . commandsto beexecuted. . .
enddo

The last type of loop is executeduntil < logical expression= is true. This loop, however, is
alwaysexecutedonceandhasthefollowing syntax

do
. . . commandsto beexecuted. . .
enddountil < logical expression=
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In the body of commandsany valid DISCUScommandcanbe used. This includescalls to
thesublevels, furtherdo loopsor macros,evenif thesemacroscontaindo loopsthemselves. The
maximumlevel of nestingis limited by theparameterMAXLEVin thefile ’doloop.inc’. If neces-
saryadjustthisparameterto allow for deepernesting.All commandsfrom thefirst ’do’ command
to thecorresponding’enddo’ arereadandstoredin aninternalarray. This arraycantake at most
MAXCOM(definedin file ’doloop.inc’ aswell) commandsat every level of nesting. If lengthy
macrofilesareincludedin thedo loop,thisparametermighthave to beadjusted.

If a do loop (or an if block) needsto be terminated,the ’break’ commandwill performthis
function. Theparameteron the ’break’ commandline givesthenumberof nestedlevels of ’do’
and’if ’ blocksto be terminated.The interpreterwill continueexecutionwith thefirst command
following thecorresponding’enddo’ or ’endif’ command.An exampleis givenbelow, note,that
theline numbersareonlygivenfor betterorientationandarenoactualpartof thelistedcommands.

1 do i[2]=1,5
2 do i[1]=1,5
3 if ((i[1]+i[2]) .eq 6) then
4 break 2
5 endif
6 enddo
7 enddo

In this example,the executionof the inner do-loopwill stopassoonasthe sumof the two
incrementvariablesi[1] andi[2] is equalto 6. Theprogramcontinueswith the’enddo’ line of the
outerdo - loop. Notice that two levelsneedto be interrupted,the if block andthe innermostdo
loop. If theparameterhadbin equalto one,only theif block would have beeninterrupted,while
theinnermostdo loopwouldhave continuedwithoutbreak.

3.6 Conditional statements

Commandscanbeexecutedconditionallyby usingthe’if ’ command.Analogousto FORTRAN,
theif-control structuretakesthefollowing form:

if ( > logical expression? ) then
. . . commandsto beexecuted. . .
elseif( > logical expression? ) then
. . . commandsto beexecuted. . .
else
. . . commandsto beexecuted. . .
endif

The logical expressionsareexplainedin section3.3. Enclosedwithin an if block any valid
DISCUScommandcanbe used. This includescalls to the sublevels further if blocks,do loops
or macros,even if thesemacroscontainif blocksor do loopsthemselves. The’elseif’ and’else’
sectionis optional. The maximumlevel of nestingis limited by the parameterMAXLEV in the
file ’doloop.inc’. If necessaryadjustthis parameterto allow for deepernesting. All commands
from thefirst ’if ’ commandto thecorresponding’endif’ arereadandstoredin an internalarray.
This arraycantake at most’MAXCOM’ (definedin file ’doloop.inc’ aswell) commandsat every
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level of nesting.If lengthymacrofilesareincludedin thedo loop,thisparametermighthave to be
adjusted.

If an if block (or a do loop) needsto be terminated,the ’break’ commandwill performthis
function. Theparameteron the ’break’ commandline givesthenumberof nestedlevels of ’do’
and’if ’ blocksto be terminated.The interpreterwill continueexecutionwith thefirst command
following the corresponding’enddo’ or ’endif’ command. Seethe examplein section3.5 for
furtherexplanations.

1 #
2 # Read crystal file
3 #
4 read
5 cell cell.cll,10,10,10
6 #
7 # Remove atoms with probability 0.3
8 #
9 do i[0]=1,n[1]

10 if(ran(0).lt.0.3) then
11 remove i[0]
12 endif
13 enddo

Theexamplelistedabove illustratestheuseof loopsandconditionalstatementswithin DIS-
CUS. Again,theline numberaregivenfor easyreferenceandnotpartof theactualDISCUSinput.
Thefirst threelinesarejust comments.In lines4 and5 anasymmetricunit is readfrom thefile
’cell.cll’ andexpandedto a crystalsizeof 10x10x10unit cells. In line 9 startsa do-loopover all
atomswithin thecrystal.Thevariablen[1] containsthis information(seetable3.5in section3.1).
Sincethefunction’ran’ producesauniformly distributedpseudorandomnumberin therange0.0
to 1.0,theif statementin line 10 is truein about30%of its calls,at leastfor largeenoughcrystal
sizes.Thusapproximately30%of theatomsareremoved(line 11),andthecorrespondingamount
of vacancies(VOID) createdwithin thecrystal.

3.7 Filenames

Usually, file namesareunderstoodas typed, including capital letters. Unix operatingsystems
distinguishbetweenupperandlower casetyping ! However, sometimesit is requiredto beable
to altera file namee.g. within a loop. Thus,DISCUSallows theuserto constructfile namesby
writing additional(integer)numericalinput into thefilename.Thesyntaxfor this is:

”string%dstring”, @ integer expressionA
Thefile formatMUST beenclosedin quotationmarks.Thepositionof eachintegermustbe

characterizedby a’%d’. Thesequenceof stringsand’%d’scanbemixedatwill. Thecorrespond-
ing integerexpressionsmustfollow aftertheclosingquotationmark.If thecommandline requires
furtherparameters(like’addfile’ for example)they mustbegivenaftertheformat-parameters.The
interpretationof the’%d’s follows theC syntax.Up to 10numberscanbewritten into afilename.
All of thefollowing exampleswill resultin thefile name’a1.1’:
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i[5]=1
outfile a1.1
outfile "a%d.%d",1,1
outfile "a%d.%d",4-3,i[5]

The secondexampleshows how filenamesarechangedwithin a loop. Herethe output(e.g.
Fouriertransform)will bewritten to thefiles ’data1.calc’ to ’data11.calc’.

do i[1]=1,11
..
outfile "data%d.calc",i[1]
..

enddo

3.8 Macros

Any list of valid DISCUScommandscanbewritten to anASCII file andexecutedindirectly by
thecommand’@ B filenameC ’. Thecommandsmuststartin the left mostcolumnof thefile and
areotherwiseexecutedastyped. Macrofiles canbewritten by any editoron your systemor be
generatedby the ’ learn’ command.’ learn’ startsto rememberall thecommandsthat follow and
savestheminto thefile given on the ’ learn’ command.The learnsequenceis terminatedby the
’ lend’ command.Thedefault extensionof themacrofile is ’ .mac’. Macrofiles canbenestedand
evenreferencethemselvesdirectly or indirectly. This referencingof macrofiles is, however, just
anestingof thecorrespondingtext of eachmacro,notacall to a function.All variableretaintheir
values. If anerroroccurswhile executinga macro,DISCUSimmediatelystopsexecutionof all
macrosandreturnsto the interactive prompt. If themacroswitchedto a sublevel, andthe error
occurredinsideof this sublevel, DISCUSwill remainwithin this sublevel the interactive prompt
correspondingto this sublevel is returned.The command’stop’ allows the userto interruptthe
executionof a macro,entercommandsandcontinuethemacrousingthecommand’cont’. Note,
thatthemacroneedsto continuedin thesamesublevel it wasinterrupted.

Onthecommandlineof themacrocommand’@’, optionalparameterscanbesupplied.Within
themacrothesehave to bereferencedas’$1’, ’$2’ etc. Uponexecutionof themacrotheformal
parameters’$n’ arereplacedby thecharacterstringof theactualvaluesfrom thecommandline.
As any othercommandparameters,theseparametersmustbe separatedby comma. If a formal
parameteris referencedinsidea macrowithout a correspondingparameteron thecommandline,
anerrormessageis given.An exampleis givenbelow:

# Adds two numbers supplied as command line parameters.
# The value is stored in variable defined by parameter three
#
$3 = $1 + $2

If this macrois calledwith the following line, @add1,2,i[4], the result is storedin variable
i[4] whichnow hastheintegervalue3.



Chapter 4

Fourier transform

4.1 Calculating scattering intensities

BasicallyDISCUScalculatestheFourier transform(neutronor X-ray) accordingto thestandard
formulafor kinematicscatteringgivenin equation4.1.

F D h EGF N

∑
i H 1

fi D h E e2πihr i I eJ B Kh K2
4 (4.1)

The sumis over all N atomsin the crystal,where fi is the atomicform factor(or scattering
lengthin caseof neutrons),r i the fractionalcoordinateof theatom. Thesumis calculatedat all
pointsh in reciprocalspace. The form factorsare tabulatedandcalculatedonceat eachh for
all speciespresentin the crystal. Optionally the Debye-Waller factor is calculated.IsotropicB
areusedfor therepresentationof thermaldisorder. It shouldbekept in mind, that this is strictly
true only for elasticneutronscattering. Alternatively the atomscanbe displacedaccordingto
their B valuesusingthecommand’therm’ andB is ignoredfor thesubsequentcalculationof the
Fouriertransform.DISCUScancalculateneutron-andX-ray intensitiesincludinganomalousX-
ray scattering.The calculationof the explicit Fourier transformhasseveral advantagesover the
useof a Fast-Fourier-Transform(FFT) in termsof requiredmemoryfor a suitableresolutionin
atompositionsandrepresentationof thescatteringdensityfor X-rays.A moredetaileddiscussion
canbefoundin [18]. Therealizationof theactualcodeto calculatetheFouriertransformis based
on theprogramDIFFUSE [3]. By limiting thecalculationto anequidistantgrid andsplitting the
suminto sumsover equalatomtypes,thecomputingtime requireddroppedby a factorof 4 to 6
(dependingoncompilerandhardware)comparedto calculatingthesumgivenin equation4.1in a
straightforwardway. Moredetailsaboutthealgorithmusedcanbefound[3].

4.1.1 Finite sizeeffects

The simulatedcrystalswill generallybe small comparedto the crystalsizeusedin a scattering
experiment(althoughcomputersgetmorepowerful every day). Finite sizeeffectsresultfrom the
convolution of the scatteringdensitydistribution within oneunit cell with a finite train of delta
distributions. Sincethe scopeof the programis to calculatethe scatteringby real crystals,it is
helpful to write thescatteringdensityof a realcrystalas:

25
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ρ L r MON ρ∞ L r M.P boxL r MN Q ∆ρ L r MSR ρ0 L r MUT ∞

∑
i VXW ∞

δ L r Y Ri M[Z\P boxL r M (4.2)

Hereρ L r M is thescatteringdensityof therealcrystal,ρ∞ L r M is thescatteringdensityof theinfi-
nitecrystalandboxL r M is thefunctionlimiting thecrystal.If anaveragestructureof thecrystalcan
sensiblybedefined,ρ∞ L r M canbeseparatedinto theaveragescatteringdensityρ0 L r M convoluted
with therealspacelatticeandthedeviation from thataveragescatteringdensity∆ρ L r M .

TheFouriertransformof thescatteringdensitygivenin equation4.2is then:

F L h M]N ∆F L h MUT BOX L h M^R_L F0 L h M`P Ga0MbT BOX L h M (4.3)

Here F0 is the Fourier transformof the averageunit cell and Ga is the reciprocallattice.
BOX L h M is the Fourier transformof the crystal limiting function boxL r M . Even for a size of a
few unit cells,theconvolutionof thedefectscattering∆F L h M with theBOX L h M canbeneglectedin
mostcases.Sincethemainscopeof DISCUSis thecalculationof diffusescattering,a reasonable
way to separatethesubsidiarymaximaof theBraggreflectionsfrom thedefectscatteringis thus
to subtractthe scatteringof the averagestructurefrom the scatteringof the whole crystal. The
averagestructurefactor c F dGN�L F0 L h M`P Ga M4T BOX L h M canbecalculatedfrom auserdefinedpartof
thecrystalandsubtractedfrom thecalculatedFouriertransform.For further informationrefer to
thecommandreferenceandtheexamplegivenin section4.1.3.However, this procedurewill fail
for defectsthatarewell orderedandthusproducesharpsatellitesandtheconvolutionof thedefect
scatteringwith BOX L h M canno longerbeneglected.Theresultingsatelliteswill show subsidiary
maxima.TheFourier transformfor a perfectcrystalis zeroat thepositionsof thesatellites,and
thereforeno intensitywill besubtractedat thepositionof thesubsidiarymaximanearsatellites.

An alternative possibilityto avoid finite sizeeffectcontributionsaresocalledperiodicbound-
aries. Let us assumethe crystalis limited by a box of the lengtha in onedimension.Thusthe
FouriertransformBOX L h M of thebox functionis givenby:

BOX L hMeN sinL πahM
πh

(4.4)

HerethefunctionBOX L hM is zerofor all pointswherea P h is integer. Thisconditionis fulfilled
for all pointswhichareonagrid givenby

h N hf
a

with hf^g integer numbers (4.5)

If the scatteringis calculatedonly at pointsin reciprocalspace,for which ∆h N 1h a with a
the dimensionof the model crystal, the contribution of the averagestructurevanishesand the
calculatedintensityis freeof finite sizeeffect contributions. Usingthis conditiona suitablegrid
sizein reciprocalspaceshowing nofinite sizeeffect contributionswouldbe∆h N 0 i 05 reciprocal
latticeunitsfor acrystalsizeof 20unit cells.Thisconceptis sometimescalledsupercell thinking
of thecompletecrystalasa superunit cell andcalculatingtheFourier transformonly for Bragg
positionswhich arefreeof finite sizeeffect contributions. This straightforward calculationdoes
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apply only to crystalslimited by a block of unit cells. If the crystal is limited by, for example,
a sphere,periodic boundariescannotbe defined. Sincethe propertyof interestis the diffuse
scattering,ratherthantheshapefunctionof amodel,thecrystalcanalwaysbearrangedto consist
of a blockof unit cells.

4.1.2 Coherence

In a diffractionexperimentonly atomswithin thelateralandtransversecoherenceof theincident
radiationwill scattercoherently. Averagingover spaceandtime gives incoherentscatteringby
addingthe intensities. However, whencalculatingthe Fourier transformgiven by the equation
4.1 all atomsaretreatedasif they scattercoherently. Even though,theremight beno structural
coherencebetweendifferentpartsof thecrystal,thecalculationneverthelessaddstheamplitudes
of all waves. For largecrystalsthis may leadto unexpectedhigh frequency oscillationsseverely
modulatingthediffusescattering.Smallcrystalsizes,however, mightgiveonly astatisticallypoor
descriptionof theparticulardisordermodel.

A tentative explanationfor theseoscillationswill now begiven. Thecontribution to thescat-
teringamplitudeFi j j h k for two atomsat r i andr i l R canbewrittenas:

Fi j j h knm fi j h k e2πihr i l f j j h k e2πihr i o Rm fi j h k e2πihr i p 1 l fi j h k
f j j h krq e2πihR s (4.6)

Theterme2πihR m cosj 2πhR k l i sinj 2πhR k representsthediscussedoscillationasa function
of thevectorR. For R t crystaldimension,a largenumberof differentatomswill beseparated
by R or vectorsof very similar length. Their contribution will give a goodapproximationof the
expectedvalueof aninfinitecrystal.If thelengthof R becomescomparableto thedimensionof the
crystaldimension,only few atomswill beseparatedby R andtheir contribution to thescattering
might be far from the expectedaveragefrom a infinite crystal. Obviously theseargumentsare
independentfrom theactualsizeof themodelcrystal,but for largecrystalstheabovecontribution
representsahigh frequency wavemoreseverelymodulatingtheobservedscattering.

In orderto beableto calculatesmoothdiffractionpatterns,DISCUSoffersanoption(’ lots’) to
calculatethescatteringintensitiesasaverageof intensitiescalculatedfrom smallrandomlychosen
volumes(lots) within thecrystal.It shouldbenoted,thatusinglots will give only intensitiesand
it is not possibleto save structureamplitudesor phasesaswouldotherwisebepossibleif the’ lot’
optionis switchedoff. It is importantto make surethattheselectednumberof lots is sufficiently
large to cover thecompletemodelcrystal. Furthermorethesizeof the lots mustbelargeenough
to includeall significantneighbourinteractionsfor thegivendefectstructure.

4.1.3 Example

In this sectionthe differentoptionsavailablefor calculatingdiffraction patternswill be demon-
stratedusinga disordered2D structureof 50x50unit cells in size. Eachunit cell containsa Zr
on (0,0,0)with anoccupancy of 0.83. Thevacanciesshow shortrangeorderandsizeeffect dis-
tortions.Thefollowing macrofile wasusedto generatethedifferentdiffractionpatternsshown in
figure4.1.
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1 #
2 # Read structure first
3 #
4 read
5 stru demo.stru

At thebeginningof thismacroin lines4 and5 of thismacrothedisorderedstructurestoredin
file ’demo.stru’ is read.

6 #
7 # Calculate ’plain’ Fourier
8 #
9 four

10 xray
11 wvle moa1
12 ll 0.0,0.0,0.0
13 lr 2.0,0.0,0.0
14 ul 0.0,2.0,0.0
15 na 81
16 no 81
17 set aver,0.0
18 lots off
19 run
20 exit
21 #
22 @output plain.scat

This secondpartof themacrofile calculatestheFouriertransformstraightforwardaccording
toequation4.1.After enteringtheFouriersegmentof DISCUS(line9),MoKα radiationisselected
in lines10 and11. Next the lower left, lower right andupperleft cornerof thedesiredplanein
reciprocalspacearespecified(lines12-14). Thenumberof grid pointsin bothdirectionsareset
in lines15 and16. Notethat theselectedgrid size∆h u 0 v 025r v l v u v doesnot matchtheperiodic
boundaryconditiondescribedin section4.1.1.Finally thesubtractionof w F x is disabled(line 17)
andthe lot option is switchedoff (line 18). After the Fourier transformis calculated(line 19),
thescatteringintensitiesarewritten to thefile ’plain.scat’ usingthemacrofile ’output.mac’.The
resultingscatteringpatternis shown in figure 4.1 in the lower left corner. The finite sizeeffect
contributionscanclearlybeseenas’dottedlines’ intersectingtheBraggpositions.

23 #
24 # Now we calculate on a grid
25 # corresponding to 1/50
26 #
27 four
28 na 101
29 no 101
30 run
31 exit
32 #
33 @output period.scat

The seconddiffraction pattern(Figure4.1, lower right corner)is calculatedon a grid corre-
spondingto ∆h u 1/(dimensionof themodelcrystal)u 0 v 02 r v l v u v . Thusthenumberof grid points
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Figure4.1: DiffusescatteringcalculatedusingthedifferentDISCUSmodes

is increasedaccordingly(lines28-29). Notethatall previoussettingsarestill valid. TheFourier
transformis recalculated(line 30)andtheoutputwritten to thefile ’period.scat’. As expectedthe
finite sizeeffectcontributionshave disappeared(Figure4.1).

34 #
35 # Now recalculate with subtracted
36 # <F> calculated from 50% of the
37 # model crystal
38 #
39 four
40 na 81
41 no 81
42 set aver,50.
43 run
44 exit
45 #
46 @output aver.scat

As analternative to theuseof periodicboundariesasbefore,theaveragestructurefactor y F z
canbesubtracted.Firstthenumberof grid pointsarereturnedto theirpreviousvalues(lines40-41)
and y F z will becalculatedfrom 50% of thecrystalvolume(line 42). Especiallyfor largecrystals
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thisvaluemightbereducedin orderto savecomputingtime. TheFouriertransformis recalculated
(line 43) andthe outputwritten to the file ’aver.scat’. The correspondingdiffraction patternis
shown in figure 4.1 top left corner. Again the finite sizeeffect contributions have disappeared
althoughtheoriginal grid sizewasusedandthepatternlooksremarkablysimilar to theprevious
onecalculatedonagridmatchingtheperiodicboundaryconditions.Actually theBraggpeakshave
disappearedaswell which is hardto seein this example,becausediffusescatteringcontributions
exist at thepositionsof theBraggpeaks.

47 #
48 # Now use 100 lots, 10x10x1 unit cells
49 # in size
50 #
51 four
52 lots eli,10,10,1,100,y
53 run
54 exit
55 #
56 @output lots.scat

Finally the diffuse intensity is calculatedusing the lot option, i.e. the intensity from small
crystalvolumeschosenat randomis averaged.Herethosevolumesaresetto beellipsoidswith
a sizeof 10x10x1unit cells. A total of 100 lots is averaged(line 52). The Fourier transform
is recalculated(line 53) andthe outputwritten to the file ’ lots.scat’. Inspectionof the resulting
diffractionpattern(Figure4.1top right corner)revealsa muchsmootherpictureof thesignificant
diffusescatteringfeatures.

Moredetailsaboutthecommandsin theFouriertransformsegmentof DISCUScanbefoundin
thereferencemanualandtheonlinehelp.Additionally thereis aFouriertransformdemonstration
macroaspartof theinteractive tutorial (see1.4).

4.2 Powder diffraction

In additionto thecalculationof singlecrystalscatteringintensities,DISCUScanalsocomputera
powderdiffractionpatternof a givenstructure.Thecurrentalgorithmis not optimizedfor speed
andworksasfollows: Theintensityalongaline parallelto h in reciprocalspaceis calculatedusing
the’plain’ Fouriertransform.Therangein h thatis actuallycomputeddependsontheuserdefined
rangeof thescatteringangle2Θmin { 2Θ { 2Θmax. Thecalculatedintensityis thanmappedonto
the2Θ array. Next k is incrementedandoncethecompleteplanein reciprocalspaceis covered,
the coordinatel is incrementeduntil all reciprocalspacein betweenthe two spheresdefinedby
2Θmin and2Θmax is covered.

Let usconsidera simpleexample,which is alsopartof the interactive DISCUStutorial. The
macrofile is listedbelow, theline numbersareonly for easyreferenceasbefore.

1 read
2 cell lmo.cll,5,5,5
3 #
4 powder
5 set dh,0.2
6 set dk,0.2



CHAPTER4. FOURIERTRANSFORM 31

Figure4.2: Simulatedpowderdiffractionpatternof LaMnO3.

7 set dl,0.2
8 set dtth,0.05
9 set tthmin, 0.1
10 set tthmax,60.0
11 #
12 neut
13 set wvle,1.0
14 set temp,ignore
15 #
16 run
17 exit
18 #
19 output
20 format powder
21 outf powder.dat
22 run
23 exit

Lines1–2readtheunit cell file andexpandit to a crystalof 5x5x5unit cellsin size.Next we
enterthepowderdiffractionsublevel (line 4). Thegrid sizein h,k andl is setto 0.2 r.l.u in lines
5–7. As we have alreadydiscussedin section4.1.1we needto choosea grid in reciprocalspace
of 1/N to avoid finite sizeeffect contributionsto our scattering.Next we specifythe grid in 2Θ
(line 8) andthe minimum(line 9) andmaximum(line 10) valueof 2Θ. Thosevaluesaregiven
in degrees.Lines 12–13selectneutronscatteringat a wavelengthof λ=1Å anddisablethermal
factors,respectively. Now we arereadyto startthecalculation(line 16). Finally we needto save
theresult,which is donein lines19–23.Theresultingdiffractionpatternis shown in figure4.2.
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4.3 Fourier methods

Additional to the Fourier transformof a real spacestructure,threeotherFourier transformsare
availablein thecurrentversionof DISCUS: differenceFourier, inverseFourier andcalculationof
the Patterson (Fourier transformof scatteringintensities).All threeof theseFourier transforms
usethefollowing equation:

ρ | r }�~ 1
V

N

∑
i � 1

Fi | h } e� 2πihr i (4.7)

Theresultingdensityfunctionρ | r } andtheFouriercoefficient F | h } take differentmeanings
dependingon theintendedinverseFouriertransformationlistedin table4.1.

Command F(h) ρ(r)

’diff ’ Fobs � Fcalc differencescatteringdensity
’inv’ Fobs scatteringdensity
’patt’ Iobs Pattersondensity

Table4.1: List of availableFouriermethods

TheFouriercoefficientarein generalcomplex numbers.Therefore,DISCUSrequiresin most
casestwo inputfilesfor theinverseFouriertransforms.Theallowedcombinationsarelistedin the
helpfile andthecommandreference.

4.4 Output file formats

All resultsof theFouriertransformsarewrittenat the’output’ segmentof DISCUS. Thefollowing
valuescanbesaved:

intensity, amplitude, realpart, imaginarypart andphaseangle(in degrees)

TheFouriertransformcalculatestherealandimaginarypart,all othervaluesarecalculatedat
thetimeof output.If theaveragestructurefactor � F � wassubtractedduringthecalculationof the
Fouriertransform,thecorrespondingvaluesof � F � canbesavedaswell. Notethat if ’ lots’ were
usedto calculatetheFourier transform,only the intensityvaluescanbesaved to a file. Thereis
no needto calculatetheFourieragain,if severalof thevalueslistedareto bewritten to file. Just
defineanew outputvalueandoutputfile nameandruntheoutputagain.Thedesiredoutputformat
is selectedusingthe’format’ command.Theavailableoutputformatsarelistedin thetable4.2.

Thefirst two outputformatswrite theactualnumberscalculatedby theFouriertransform.The
KUPLOT or standardfile formatis definedas:

1 na,no
2 xmin,xmax,ymin,ymax
3ff z,z,z,z,z

Thevalues’na’ and’no’ given in thefirst line definethesizeof thesectionandareidentical
to the valuesgiven for the ’na’ and’no’ commandsat the Fourier segment. KUPLOT usesthe
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Output format Description

’stan’ Output is saved as real numbersin a format suitablefor KU-
PLOT which is partof theDISCUSprogrampackage.

’gnu’ Realnumberssuitablefor theprogramGNUPLOT whichcanbe
obtainedonmostsoftwarearchive sites.

’pgm’, ’ppm’ Integer bitmapsin PNM format as definedby Jef Poskanzer
(grayscaleandcolour). Variousprogramsarecapableof read-
ing PNM files andthe ’pnmplus-package’ is a freely available
collectionof toolsandconversionprogramsfrom PNM to virtu-
ally any othergraphicsformat.

’post’ Createsa Postscriptbitmapsuitablefor directprinting or to be
importedby otherprograms.

Table4.2: Outputformatsfor scatteringintensities

coordinatesalongtheabscissaandordinateto scaletheresultingpicture.Sinceonly two pairsof
coordinatesareread,theuserhasto definethenecessaryindices.’xmin’ and’ymin’ aretheis the
’x’ and’y’ coordinatesof the lower left cornerin reciprocalspace,’xmax’ the ’x’ coordinateof
thelowerright cornerand’ymax’ the’y’ coordinateof theupperleft corner. Whichof theindices,
h,k or l is interpretedas’x’ and’y’ coordinatedependson thevaluesgivenfor the’abs’ and’ord’
commandsat Fouriersublevel. If for examplethe � hkl �.�r� 110�.� 0 � 0 layer is calculated,suitable
valueswouldbe’absh’ and’ord l’. Now theh index of thelower left corneris writtenas’xmin’,
andthe l index as’ymin’. Thevaluesarewritten row by row, eachrow consistingof thevalues
alongtheabscissa.An emptyline separatestherows in theoutputfile.

TheGNUPLOT outputis written row by row, eachdatapoint within eachrow in its own line
of output.Theformatof onesuchrow is: ”h1 � h2 � z � value� h3”. Againthesequenceof indicesh,k
andl dependson thevaluesgivenfor thecommands’abs’ and‘ord’ atFouriersubmenu.

For thebitmapoutputthecalculatedvalueis scaledlinearly to valuesbetween0 and255.All
valueslessthanadefinablethresholdusingthe’thresh’commandaresetto zero,all valuesabovea
maximumthresholdaresetto 255.Again,thebitmapis writtenrow by row. A colormapincluded
in file ’color.map’ is usedto attributecolorsto theoutputvalues.
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Crystallography

In this chaptercrystallographiccalculationssuchasconversionfrom direct to reciprocalspace
andvice versa arediscussedaswell assymmetryoperationsandunit cell transformations.The
mathematicalbackgroundof thedescribedcalculationscanbefounde.g.in Sands[25].

5.1 Crystallographic calculations

In orderto determinetheproperplaceof anew atom,or to checkexistingatomsseveralfunctions
performcalculationsthat arebasedon the metric of the crystal. Several intrinsic functionsare
provided by DISCUS. They arelisted in table3.5 in section3.4 of this manual.Thosefunction
allow theuserto calculatee.g.bondlengthandbondangleswithin thecurrentcrystal.

Command Description

d2r Conversionfrom direct(real)spaceto reciprocalspace
r2d Conversionfrom reciprocalspaceto directspace
vprod Vectorproductin realor reciprocalspace
proj Calculatestheprojectionfromonevectoronanotherin realor reciprocal

space

Table5.1: Commandsfor crystallographiccalculations

Thecrystallographiccalculationcommandsprovidedby DISCUSareshown in table5.1. All
commandsdisplaytheresultson thescreenandstorethemin thevariableres[i] (seesection3.1)
whichallows furtheruseof theresultsin macrofiles.

The commands’d2r’ and’r2d’ calculatethe componentsof a given vectoru in the comple-
mentaryspace.Thevectorproductw � u � v givesa vectorw that is normalto thetwo vectorsu
andv. The lengthof theresultingvectorw is givenby � u �0�4� v �0� sin �&� � u � v �&� which is theareaof
theparallelogramspannedby thevectorsu andv. This vectorproductis calculatedby thecom-
mand’vprod’ andany of the threevectorsu, v andw maybe in director reciprocalspace.The
command’proj’ computestheprojectionof avectoru ontothevectorv or on theplanenormalto
vectorv. Thelengthof theprojectedvectoris givenby u � v �`� v � . Againall input or resultingvec-
torscanbein director reciprocalspace.More detailsaboutthesecommandscanbefoundin the
onlinehelpof DISCUS. This versionof DISCUSdoesnot offer a specialcommandfor thescalar

34
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productof two vectors.Youcanreadilycalculatethescalarproductby keepingin mind its defini-
tion: � u �0�U� v �0� cos�&� � u � v �&� . You cancalculatethis valueby theexpression:blen(u)*blen(v)*cosd
(bang(u, v)).

5.2 Generalizedsymmetry operations

Letsassumethatyou wantto rotatetheoxygenatomsof a SiO4 tetraederaroundoneof theSi-O
bonds.Or you want to createthe twinnedstructureof a triclinic crystal. Theoperationsrequire
theapplicationof asymmetryelementwhoseaxisis not parallelto any of thebasevectorsand/or
whoserotationangleisdifferentfrom60,90,120,or180� . Needlessto say, theresultingsymmetry
matrixwill notcontainjustone’sandzero’s. In generalasymmetryoperationwill becharacterized
by: �

Orientationof thesymmetryaxis�
Rotationangle�
Properor improperrotation(i.e. purerotationor rotationplusinversion)�
Translationalcomponents

A generalsymmetryoperationcanbedescribedby a4x4 matrixof thefollowing form:

S �� ¡¡¢ w11 w12 w13 t1
w21 w22 w23 t2
w31 w32 w33 t3
0 0 0 1

£¥¤¤¦ (5.1)

Herethecomponentswi j definetherotationandti thetranslationalpartof thesymmetryop-
eration. A detaileddescriptionfor thederivation of this generalsymmetryoperationis found in
Sands[25].

Additionally DISCUSallows oneto selectthe atomor moleculetypesto be includedin the
symmetryoperationusing the ’sele/dese’and ’msel/mdes’commands. The user can specify
whetherthe atomor moleculecreatedby the symmetryoperationreplacesits original or is in-
sertedasa new atomor moleculein thecrystal.Thedirectionof thesymmetryaxiscaneitherbe
givenin director reciprocalspace.A puremirror operationis performedby animproperrotation
by 180� .

The useof generalizedsymmetryoperationswill be illustratedby the following example.
Figure5.1ashowsaunit cell containingfour H2O molecules.Themoleculein thelowerleft corner
(molecule1) shall be rotatedby 30� arounda symmetryaxis parallelto the z-direction(normal
to drawing plane)throughthe origin of the molecule,herethe oxygenatom. Furthermorethe
moleculein its new orientationshall bea new moleculetypeandreplacethe original molecule.
The result is seenin figure 5.1b. Note that the rotatedmoleculeis plottedin a differentcolour
from theothermoleculesindicatingthe new type. The DISCUSmacrofile usedto performthis
symmetryoperationis listedbelow. Again theline numbersareonly includedfor betterreference
andnot part of the actualmacrofile. Furthermorethe partsreadingandgeneratingthe starting
crystalareomitted.
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Figure5.1: Exampleof asymmetryoperationof H2O molecule

1 symm
2 #
3 uvw 0,0,1
4 angl 30.0
5 orig 0,0,0,mol
6 trans 0,0,0
7 type proper
8 power 1,single
9 mode repl,new

10 #
11 msel 1
12 minc 1,1
13 #
14 run
15 exit

After enteringthe ’symm’ level of DISCUS(line 1), the directionof the symmetryaxis is
setparallel to the z-axis (line 3). Next the rotationangle(line 4), the origin for the symmetry
operation(lines5) andthetranslationpart(line 6) areset.Theadditionalparameter’mol’ in line
5 specifiestheorigin relative to theorigin of themoleculeratherthanthatof thecrystal.Sincewe
only wantto operatethe30§ rotationonce,thepower is setto one(line 8). Replacingtheoriginal
moleculeandcreatinganew typeis selectedin line 9. Finally weselectmoleculetype1 (line 11)
andincludeonly moleculenumber1 (line 12)beforethesymmetryoperationis executed(line 14).

Thecurrentsettingsin the’symm’ level asin any othersegmentof DISCUSaredisplayedvia
the’show’ command.For thisexample,thescreenoutputwould look like this:

Generalised Symmetry Operation
Axis in direct space : .0000 .0000 1.0000
Axis in reciprocal space : .0000 .0000 100.0000
Origin of symmetry element: .0000 .0000 .0000 rel.to molecule
Rotation angle : 30.0000
Translation part : .0000 .0000 .0000

Real space matrix : .8660 -.5000 .0000 .0000
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: .5000 .8660 .0000 .0000
: .0000 .0000 1.0000 .0000

Reciprocal space matrix : .8660 -.5000 .0000
: .5000 .8660 .0000
: .0000 .0000 1.0000

Power of symmetry element : 1
Mode of power level : Single copy of original
Type of symmetry element : Proper rotation
Mode of symmetry operation: Move atom/molecule to new position
Molecule status : Create new molecule type

Select status : Microdomains and host structure
Given origin relative to : Molecule
Selected molecule types : 1
Range of sel. molecules : 1 to 1

Besidestheinputsuchassymmetryaxisor rotationangle,thetransformationmatrixasdefined
in equation5.1. Thenewly createdmoleculetypecouldnow bedistributedwithin thecrystalwith
agivenprobabilityusingthe’replace’command(seesection6.2).

5.3 Unit cell transformations

A commontaskin crystallographyis to transformtheunit cell of a crystal,i.e. useanalternative ¨
settingfor somespecificreason.Subsequentlyoneneedsto transformthecoordinatesof theatoms
within thecrystalto thenew setof basisvectors.The ’trans’ segmentof DISCUSgivesvarious
optionsto performthis typeof task. Thetransformationcaneitherbedefinedasnew unit cell in
termsof theold unit cell or in termsof thenew atomcoordinateswith respectto theold onesand
viceversa. Independentof thischoice,theorigin canbeshiftedby auserdefinedamount.DISCUS
allows theuserto selectindividual atomsor to transformthecompletecrystalto thenew system.
If all atomsin thecrystalaretransformedto thenew basevectors,thentheunit cell dimensions
andthemetrictensoraretransformedaswell.

Let usassumewehaveacubiccrystaldefinedby a © b © c © 5Å. Thebasevectorsfor theold
systemarea ª b ª c. Thenew setof basisvectorsdefiningthenew unit cell shallgivenby a«¬ª b «­ª c«
which are given by the relationsa«®© a ¯ b, b «.© a ° b and c«±© c. After enteringthe ’trans’
segmentof theprogramDISCUS, thesedefinitionscouldbeenteredasfollows:

anew 1.0, 1.0, 0.0
bnew 1.0,-1.0, 0.0
cnew 0.0, 0.0, 1.0

Notethat therelationbetweentheold andthenew systemcouldalsobedefinedwith respect
to theatomcoordinates.All thoserelationshipsarecalculatedby DISCUSandcanbedisplayed
usingthe’show’ command.Partof theoutputfor ourexamplecanbefoundbelow:

( a(new) ) = ( 1.00000, 1.00000, .00000 ) ( a(old) )
( b(new) ) = ( 1.00000, -1.00000, .00000 ) * ( b(old) )
( c(new) ) = ( .00000, .00000, 1.00000 ) ( c(old) )
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( a(old) ) = ( .50000, .50000, .00000 ) ( a(new) )
( b(old) ) = ( .50000, -.50000, .00000 ) * ( b(new) )
( c(old) ) = ( .00000, .00000, 1.00000 ) ( c(new) )

( x(new) ) = ( .50000, .50000, .00000 ) ( x(old) ) ( .00000)
( y(new) ) = ( .50000, -.50000, .00000 ) * ( y(old) ) + ( .00000)
( z(new) ) = ( .00000, .00000, 1.00000 ) ( z(old) ) ( .00000)

( x(old) ) = ( 1.00000, 1.00000, .00000 ) ( x(new) ) ( .00000)
( y(old) ) = ( 1.00000, -1.00000, .00000 ) * ( y(new) ) + ( .00000)
( z(old) ) = ( .00000, .00000, 1.00000 ) ( z(new) ) ( .00000)

This particularexamplemight seemvery simplebut assoonase.g.a unit cell transformation
in a triclinic systemis needed,thispartof DISCUSbecomesthemostpopularfeature.



Chapter 6

Simplecrystal modifications

How to createamodelcrystalfromtheinformationof its asymmetricunit wasdiscussedin chapter
2. This sectionwill give an overview of simplemodificationsof singleatomswithin a model
crystal.Section7 will describeDISCUStoolsto modify acompletecrystal.

6.1 Modifications usingvariables

Eachatom ² i ³ within themodelcrystalstoredby theprogramDISCUSis associatedwith asetof
variablesx[ ² i ³ ], y[ ² i ³ ] andz[ ² i ³ ] describingits positionandthevariablem[ ² i ³ ] containing
theatomtype(seealsosection3.1). In principleevery desireddefectstructuremight berealized
usingthesevariablesandthe FORTRAN style loopsandconditionalstatements(seesection3).
Oneshouldbeawarethatthisproceduremaybeveryslow for complex problemsandlargemodel
crystals. Sincethe variablesareaddressedusing the atom index ² i ³ , a knowledgeaboutthe
internalstorageasdescribedin section2.2 is very important.Thecommand’trans’in the’chem’
segmentof DISCUSallowsoneto convertbetweenatomindex andthecorrespondingunit cell and
site.

To illustrate the useof variables,the following type of defectshouldbe constructedusing
DISCUS. Thestartingstructureis a10x10x1unit cell squaresymmetriccrystalwith Zr on (0,0,0)
anda latticeconstantof a=5Å. Thedefectsconsistof randomlyintroducedvacancieson Zr sites
andnearestneighbourssurroundingthe vacancy shouldbe relaxed towardsthe vacantsite. The
perfectstartingstructureandtheresultingdisorderedstructureareshown in figure6.1.

Hereis themacrousedto createthedescribeddefects.Againtheline numbersareonly shown
for convenienceandnotpartof themacroitself. To archive ahighdegreeof flexibility valueslike
crystalsizeor thenumberof defectsto becreatedarestoredin variablesat thebeginningof the
macro.Thedesiredcrystalsizeis storesin variablesi[1], i[2] andi[3] (lines1-3). Thevariablei[4]
(line 5) givesthenumberof defectsto becreatedandr[1] (line 6) specifiestherelaxation(here30
%) of thesurroundingneighbourstowardsthevacantsite.

1 i[1] = 10
2 i[2] = 10
3 i[3] = 1
4 #
5 i[4] = 6
6 r[1] = 0.30

39
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Figure6.1: Structurescreatedby crystalmodificationexample

7 #

Next we readtheunit cell from file ’cell.cll’ andexpandit to thedesiredsize(lines8-9). The
macro’plot.mac’ (line 11) savesthestartingstructuresuitablefor plotting with KUPLOT asseen
in figure6.1a).

8 read
9 cell cell.cll,i[1],i[2],i[3]

10 #
11 @plot before.plot
12 #

Thenext part(lines13-15)is neededto switchoff periodiccrystalboundariesform thecom-
mand’find’ (line 24),otherwiseoursimplewayof relaxingtheneighbourswouldnotwork.

13 chem
14 set mode,quick,noperiodic
15 exit

Now thecreationof thedisorderedstructurestartswith aloopover thenumberof defectsto be
created(line 19). Next a crystalsite is chosenat random(line 20). Notethat thefunctionran(0)
producesa randomnumberbetween0 and1 which is multipliedwith thenumberof atomswithin
thecrystal(n[3] containsthenumberof atomsperunit cell, seesection3.1). If anoccupiedsite
waspicked(line 22)theatomis removed(line 23). Thecommand’find’ (line 24)returnsall atoms
of thetype’Zr’ aroundthepositionof theselectedsitewithin a radiusof 5.5Å. Theatomindices
of thesenearestneighboursarestoredin thevariablesenv[ ´ i µ ] andenv[0] containsthenumber
of foundneighbours.Finally thepositionsof all neighbouringatomsreturnedby ’find’ aremoved
towardsthevacantsite(lines27-29).

16 #
17 # Loop number of wanted defects
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18 #
19 do i[5]=1,i[4]
20 i[6]=int(ran(0)*i[1]*i[2]*i[3]*n[3])+1
21 #
22 if(m[i[6]].eq.1) then
23 m[i[6]]=0
24 find env,zr,x[i[6]],y[i[6]],z[i[6]],5.5
25 #
26 do i[7]=1,env[0]
27 x[env[i[7]]]=x[env[i[7]]]-r[1]*(x[env[i[7]]]-x[i[6]])
28 y[env[i[7]]]=y[env[i[7]]]-r[1]*(y[env[i[7]]]-y[i[6]])
29 z[env[i[7]]]=z[env[i[7]]]-r[1]*(z[env[i[7]]]-z[i[6]])
30 enddo
31 #
32 endif
33 #
34 enddo
35 #
36 @plot after.plot

The resultingstructurecanbe seenin figure 6.1b. The introducedvacanciesareshown as
yellow circles (or light grey). Sincethis simple macrois not checkingwhetherneighbouring
atomsarealreadydisplaced,theclustereddefectsin theupperright quadrantof figure6.1bhavea
differentlocalenvironmentcomparedto theisolateddefects.

6.2 Build in functions

This section will give an overview of those DISCUS functions modifying single atoms or
molecules.Someof thesefunctionscanbe realizedusingvariablesaswell, otherscannotlike
thecommand’insert’ to inserta new atomin themodelcrystal. Table6.1 summarizestheavail-
ablecommands.

Command Description

append Appendsanatomatagivenpositionwithin thecrystalif nootheratoms
arepresentin agivendistance.

copy Copiesanatomto a differentpositiongiven absoluteor relative to the
otherposition.

insert Insertsanew atomat thegivenpositionwithoutcondition.
kick Insertsa new atom at a given position and removes all other atoms

within agivendistancefrom thenew atom.
remove Removesanatomor moleculefrom thecrystal.
switch Swapstwo givenatomsor moleculeswithin thecrystal.
purge Removesvacancies(VOID) from thecrystal(usewith care)
replace Replacesoneor moreatomsor moleculeswith thegiventype.

Table6.1: DISCUScommandsfor singleatomsor molecules

Basically thereare threecommandsto insert a new atom in the structure. The command
’insert’ just createsa new atomat a specifiedpositionwithout taking noticeof its environment.
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Thusthenew atommight beon top of anexisting one. In orderto avoid this problem,DISCUS
provides two othercommands’append’which will not insert the atomif thereareotheratoms
within a given distanceand’kick’ which will remove thoseatomscloseby beforeinsertingthe
new one.Thecommand’copy’ allows theuserto copy anexistingatomto anew positionthatcan
be given in absolutecoordinatedor relative to the positionof the atomto becopied. Note, that
thesecommandsarelimited to atoms.New moleculetypescanbecreatedandmoleculescopied
usingthegeneralizedsymmetrysegmentof DISCUSdescribedin chapter5.2.

Thecommands’remove’ and’switch’ work for atomsaswell asmolecules.Not surprisingly,
’remove’ removesanatomor moleculeand’switch’ swapstwo atomsor moleculeswith respect
to their locationwithin thecrystal.

The commandsmentionedin this sectionso far operateonly on a singleatomor molecule.
The command’replace’canreplacea singleatomor moleculeby a given type or replacemore
until a givenconcentrationis reached.Althoughthis canbeeasilyrealizedusingtheFORTRAN
interpreterandvariablesassociatedwith thecrystal,theinternalfunctionis muchfasterespecially
for largecrystalsizes.Thecommand’purge’ will removeall vacancies(VOID) within thecrystal.
Notethatif you remove anatomor amoleculeby the’remove’ command,DISCUSwill not actu-
ally remove atomsbut ratherreplacetheir atomtypewith VOID. Thuswhensaving thestructure
a largenumberof VOID’smightappearin thenumber. Theuseof ’purge’ actuallyremovesthose
VOID ’atoms’. However, theuseof the’purge’ commandis not recommendedsincemany DIS-
CUSfunctionrequirethecrystalto bebuild in agivenorder, i.e. having thesamenumberof atom
siteswithin everyunit cell eitheroccupiedby anatomor a VOID.



Chapter 7

Build in defectmodels

The following built in defectmodelsmodify the whole structure. They offer extendeddefects
that includemodificationof many atomsthroughoutthewholecrystal.While suchmodifications
could be achieved aswell by the userthroughextendeduseof the FORTRAN interpreter, this
would requireextremelylengthyandnecessarilyslow macros.Defectmodelsbuilt in thesource
codeof the programon the otherhandarecalculatedin muchshortertime. The defectmodels
were implementedwith asmany generalfeaturesasseemednecessary. They useseparatesub
menusto definetheintendeddefectstructure.

7.1 Thermal displacements

Thecommand’therm’ canbeusedto randomlydisplaceall atomsor rigid moleculesof thecrys-
tal as to be expectedby purely randomthermaldisorder. The directionof the displacementis
distributedwith a uniform randomsphericaldistribution. The amplitudeof the displacementis
distributedby aGaussiandistribution. Themeanof thedistribution is zero,its sigmais calculated
from theisotropicthermalcoefficient,B, of eachatomas:¶

u2 ·�¸ B
8π2 (7.1)

After thecommand’therm’ is executed,a summaryof theoreticalandachieveddisplacement
averagesis displayedon thescreen.An exampleis shown below:

Thermal displacements summary :

Input Achieved Maximum displacement
Atom B <u**2> <ux**2> <uy**2> <uz**2> x y z
---------------------------------------------------------------------------
LA(1) 0.34 0.0043 0.0043 0.0043 0.0044 0.2299 0.2450 0.2487
MN(2) 0.21 0.0027 0.0027 0.0027 0.0026 0.1980 0.1868 0.2184
O(3) 0.50 0.0063 0.0061 0.0063 0.0064 0.2827 0.3518 0.3011
O(4) 0.43 0.0054 0.0054 0.0055 0.0055 0.2745 0.3036 0.2855

The first columnlists the nameof the atomtype followed by the B andcorresponding
¶
u2 ·

value. Thenext threecolumnsshow theachieved
¶
u2

i
· valuesfor thex-, y- andz-direction.The

43
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last threecolumnsgive themaximumdisplacementsin thethreedirectionsthatwereintroduced.
Thevaluesaregivenin Å2 andÅ.

The parameter’mol’ will displacerigid moleculesaccordingto the B valueof the atomat
theorigin of themolecule.Furthermoretheparameter’2d’ allows to restrictthedisplacementsto
directionswith morethanoneunit cell extensionof thecrystal.Thismightbeusedwhenworking
with 2-dimensionalmodelcrystalswhereadisplacementin thethird directionis notwanted.

7.2 Waves

Thegivenstructurecanbemodulatedusingthe ’wave’ segmentof theprogramDISCUS. Three
different typesof wavesareavailable,densitywavesmodulatingthe occupationof siteswithin
the crystal, displacementswaves modulatingthe positionof atomsor moleculesand as a new ¹
featurerotationalwaveswhich modulatetheorientationof moleculesby rotatingthemarounda
userdefinedaxis.Firstcommonfeaturesshallbedescribedfollowedby detailsaboutthedifferent
wave typesin separatesections.

DISCUSoffers threedifferentwave functionsw º r » , sinusoidal,squareandsaw toothdefined
in equations7.2, 7.3 and7.4, respectively. The parameterδ for the box shapedwave functions
determinesits asymmetry. The symmetriccaseis given by δ ¼ 0 ½ 5. The computedvalue of
w º r » modulatesdensity, positionor orientationasa functionof the positionr within the crystal
dependingon thewave typeselected.

w º r »¾¼ Acosº 2π ¿ kr
λ À ψ Á±» À A0 (7.2)

w º r »¾¼ Â A À A0 for δ
2 ÃÅÄÄ kr

λ À ψ
360Æ`ÄÄÈÇ 1 É δ

2
A0 otherwise

(7.3)

w º r »¾¼ A ¿ kr
λ À ψ

360Ê Á À A0 (7.4)

The following list describesthe differentpropertiescommonto all wave typesthat canbe
definedby theuser. Examplemacrofiles to further illustratethe ’wave’ segmentof DISCUSare
givenin thedifferentsectionsbelow.Ë Wavevectork:

Thewavevectork definesthe’traveling’ directionof thewave. Thevectoris definedusing
the’vect’ commandin multiplesof thebasevectorsof thecrystal,i.e. in unit cell units.Ë Wavelengthλ:
Thewave lengthλ of themodulationwave is enteredusingthe’ len’ command.Notethatλ
mustbegivenin Å.Ë AmplitudeA:
The amplitudeA definesthe upperlimit of displacements(in Å) or rotationangle(in de-
grees).In caseof densitywavestheprobabilityof replacinganatomor moleculeoscillates
betweenanupperandlower limit (seesection7.2.1).Thecommandto settheamplitudeA
is ’amp’.
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A constantdisplacementor rotationanglecanbeaddedto all selectedatomsor molecules
usingthecommand’amp0’.Ì Phaseψ:
Thephaseψ of theatomor moleculeat (0,0,0)canbealteredvia thecommand’phase’.Al-
ternatively arandomphaseψ canbeusedwhich in caseof usingmicrodomains(seesection
7.3)leadsto adifferentrandomphasefor themodulationwithin eachselectedmicrodomain.

Theargument Í kr Î λ Ï ψ Î 360ÐÒÑ of thewave functionsis limited to therangeof -1 to 1 for the
box andsaw tooth functionandto a rangeof Ó 2π for thesinusoidalwave function. The origin
of the vector r is either the crystalsorigin or the origin of the currentmicrodomain. DISCUS
allows theuserto selectwhichof theatomsin thecrystalareto bemodifiedby thewave function.
Besideschoosingdifferenttypesof atoms,onecanchoosehow to treatatomsthatareinsideany
microdomain(seesection7.3). The wave will displaceall selectedatomsof the whole crystal
or theselectedmicrodomainscoherently. At present,no phaseshift which in itself is a function
of spaceis included. In order to simulatethe effect of wavesof finite coherencelength,small
crystalsor microdomainsshouldbesimulated.By default, the initial phaseshift is equalto zero
and identical for all microdomains. The phaseshift can also be definedto assumea random
valuewithin eachof theselectedmicrodomains.This canbeusedto createfinite wave trainsof
incoherentphase.

7.2.1 Densitywaves

Displacementwavesareselectedusingthe’dens’command.A densitywave replacesanexisting
atomor moleculeby anotheratomor moleculetypeor alternatively removestheatomor molecule.
An examplefor suchawave is displayedin figure7.1. Thedirectionof thesinusoidalwave is the
x-direction.Thewavelengthλ is 40Å andthelatticeconstantof thiscubicsamplestructureis 5Å.

A lower andupperprobabilityPlow andPhigh for replacinganatomor moleculemustbepro-
videdusingthecommand’plow’ and’phigh’. Theprobability for thecurrentatomor molecule
to remainin thestructureoscillatesbetweenthesetwo values.TheparametersA andA0 arecal-
culatedfrom thesetwo probabilities. In caseof a sinusoidalwave the parametersA andA0 are
definedby:

A Ô 1
2 Õ Phigh Ö Plow×

A0 Ô 1
2 Õ Phigh Ï Plow× (7.5)

In caseof a box or saw toothshapedwave function,theparametersA andA0 aredetermined
by thefollowing equations:

A Ô Phigh Ö Plow

A0 Ô Plow (7.6)
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Figure7.1: Exampleof adensitywave

A randomnumberis calculatedevery time anatomis encounteredthathadbeenselected.If
this randomnumberis lessthanw Ø r Ù , theamplitudecalculatedby thewave function,theatomor
moleculeis retainedaswas,otherwiseit is deletedor replacedby anotheratomor molecule.Its
positionis notchanged.

7.2.2 Displacementwaves

Displacementwavesareselectedusingthe ’trans’ command.For displacementwaves,thewave
function w Ø r Ù determinesthe displacementof an atom or moleculealong a given direction of
oscillation.Thecommand’osci’ definestheoscillationdirectionin latticeunits. DISCUSallows
any direction of that vector relative to the propagationdirection of the wave. In caseswhere
propagationandoscillationvectorareparallel,we speakof longitudinalwaves. An examplecan
beseenin figure7.2a.

Bothdirections,thewavevectorandtheoscillationvector, areparalleltox in ourexample.The
wavelengthλ is 35Å correspondingto the lengthof 7 unit cells for our cubicexamplestructure.
Althoughsettingtheoscillationvectorto thesamedirectionasthewavespropagationvectorwill
createlongitudinal waves, DISCUSadditionallyprovides the command’ long’ which doesthe
same,but ignoresthe ’osci’ command. In caseswherepropagationandoscillationarenormal
to eachotherwe speakof a transversalwave. Figure7.2 shows sucha transversalwave for the
differentwave functions,i.e. sinusoidal(b), square(c) and saw tooth (d). Note that although
we have selecteda symmetricalbox shapedwave function (figure 7.2c) the result shows three
displacedatomsandfour atomsat their averageposition.This is dueto thefact that theselected
wavelengthof 7 unit cellswouldrequire3.5atomsto bedisplacedwhichis obviouslynotpossible.
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Figure7.2: Examplesof displacementwaves

The following macrowasusedto generatea sinusoidalmodulationof a 20x20x1unit cell
cubicteststructurewith a latticeconstantof 5Å andaZr on (0,0,0).

1 read
2 cell cell.cll,20,20,1
3 #
4 wave
5 trans
6 acco
7 func sinus
8 len 35.0
9 amp 2.0

10 phase 0.0
11 shift 0.0
12 vect 1,0,0
13 osci 0,1,0
14 sel zr
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15 run
16 exit

After theunit cell is readandexpandedto acrystalof 20x20x1unit cellsin size(lines1-2),the
wave segmentof DISCUSis entered(line 4). Transversalacousticwavesareselected(line 5 and
6) andthewave functionis setto sinusoidal(line 7) correspondingto theexpressionin equation
7.2.Next thewavedefiningparametersareset:wave lengthλ (line 8), amplitudeA (line 9), phase
ψ (line 10), constantA0 (line 11), propagationvector (line 12) andoscillationvector (line 13).
TheZr atomshallbedisplacedandis selectedin line 14. Finally themodulationis computedvia
the’run’ command(line 15). Theotherexamplesshown in figure7.2simplyusea differentwave
functionw Ú r Û .

The default displacementmodeis set to acoustic,i.e. all atomsare displacedin the same
direction.An (admittedlycrude)opticalmodewill displaceall atomsthatareidentifiedasnegative
ionsin theoppositedirectionto all others.Negative ionsarerecognizedthroughtheir respective
name,e.g. ’CL1-’. As a side effect, if charged ions are used,the Fourier transformwill use
the correspondingscatteringcurve. If this is to be avoided, calculatethe desiredwave twice,
oncewith positive amplitudeandoncewith negative,while selectingthecorrespondingatoms.If
atomsinsidemicrodomains(seesection7.3)areselectedandthephasemodeis setto random,the
identicalwave canonly berecreated,if therandomnumbergeneratoris resetby ’seed’eachtime
beforethewave functionis calculated.

7.2.3 Rotational waves

A new featureof DISCUSarerotationalwaveslimited to beusedwith molecules.Obviously ro- Ü
tatinganatomarounditself makesnosense.Rotationalwaveareselectedwith the’rot’ command
followedby parametersdefiningtherotationaxis relative to themoleculesorigin in latticeunits.
The wave function w Ú r Û thenmodulatesthe rotationangleφ aroundthis axis. Additionally an
optionaloffset relative to the moleculeorigin for the rotationaxis canbe specifiedby the ’rot’
command.

An exampleof sucha rotationalwave canbeseenin figure7.3. Herea cubiccrystalwith a
sizeof 20x20x1unit cells(a = 10Å) wasused,eachcontainingfour H2O molecules.Therotation
axis is normalto thedrawing plane,i.e. in z-direction. Thewave vectoris parallelto x andthe
wave lengthλ is eightunit cells(80 Å). TheamplitudeA wassetto 45.0,i.e. therotationangleφ
oscillatesbetweenÝ 45degrees.

7.2.4 Sideeffectsfor the Fourier transform

Evenfor a fairly smallcrystal,thesatelliteswill befairly sharpdiffractionpeaks.Therefore,the
statementin section4.1.1thattheconvolution of thediffusescatteringwith theFouriertransform
of theboxfunctioncanbeneglectednolongerholds.If yousubtracttheaveragestructureto avoid
finite sizeeffects,this will not remove thefinite sizeeffectsfrom thesatellites.Also, becareful
whenusinglots. If youuselots thatarejust a few timeslargerthanthewave length,thesatellites
will bemuchbroaderthanthey reallyare.
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Figure7.3: Exampleof a rotationalwave

7.3 Micr odomains

In thecontext of this manualthe termmicrodomainrefersto any small region intergrown in the
latticeof thehostcrystal.Theauthorsarewell awareof thefactthatthisdoesnotmatchtheexact
crystallographicdefinitionof adomain.A microdomainmayconsistof justasinglevacancy with
relaxednext neighboursor acompletelydifferentstructureextendingoverseveralunit cellsof the
hostlattice. A theoryfor diffusescatteringby correlatedmicrodomainswasintroducedby [14].
Subsequentlythis theorywasappliedto the diffusescatteringof cubic stabilizedzirconia [13,
20, 19]. DISCUSfollows anotherpathandoffers thepossibility to definedifferentmicrodomain
typesanddistribute thesetypesthroughoutthe crystal. The diffusescatteringis thencalculated
from the simulatedcrystalcontainingthe microdomaindistribution. Dependingon the type of
microdomain,thehostatomsareremovedandreplacedby themicrodomainatoms.Theoptions
arelaid out in a very generalfashionin orderto facilitategenerationof many differenttypesof
defects. With this technique,small defects,extendeddefects,anti phasedomains,finite wave
trainsor anincoherentintergrowth of two phasescanbegenerated.

7.3.1 Propertiesof microdomains

DISCUSusesseveralpropertiesto characterizethe individual microdomainsandthedistribution
of microdomainsthroughoutthecrystal.Thepropertiescharacterizinganindividualmicrodomain
arebriefly listedbelow anddiscussedin somewhatmoredetailat theendof thissection.Þ Shape:

Theshapeof theinterfacebetweenthemicrodomainandthesurroundinghoststructurecan
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take four differentforms: a sphere,a setof faceshkl, a rectangularblock of ß 100à facesor
anirregulargroupof atomswithoutaclearlydefinedboundary.á Size:
Thedimensionof themicrodomaincanbesetby theuser. Thesedimensionscaneitherbe
identicalfor all microdomainsof agiventypeor beGaussiandistributed.á Content:
Thetypeof structurethatfills thespaceinsidethemicrodomain.It is usuallya previously
generatedstructure.á Orientation:
Microdomainscanhave differentorientationsgeneratedby userdefinedsymmetryopera-
tions.á Distribution type:
DISCUSallows theuserto selectarandomdistribution for themicrodomainsaswell asdis-
tributing themonalatticeor usingaparacrystallinedistribution. Furthermoremicrodomain
originscanbereadfrom afile (seebelow).á Correlations:
Probabilitiesfor thedifferentmicrodomaintypesto benearestneighbourscanbedefined.
Alternatively, a desireddistribution couldbegeneratedusingMonteCarlosimulations(see
section9).á Forceto hostlattice :
Theoriginsof themicrodomainscaneitherbeat any realspacepositionwithin thecrystal
or canbeforcedto coincidewith ahoststructurelatticepoint.

Four stepsarenecessaryto modify a crystalby microdomains.First, a list of microdomain
typesmustbe setup. Secondly, the distribution of thesemicrodomaintypesmustbe character-
ized.Oncethemicrodomainsandtheirdistributionhavebeencharacterized,a list of microdomain
origins covering the hostcrystal is setup in the third step. This list canstill be editedby the
userbefore,in thefourth step,replacingthestructureinsidethemicrodomainsby thenew struc-
ture. Thesestepscanberepeatedandaftereachstepthepreviousstepscouldberepeatedbefore
continuingwith thenext step.For examplea list of microdomaintypesmight becreatedandthe
correspondinglist of microdomainoriginsbecreated.A new list of microdomaintypescannow
bedefinedaswell asa new distribution type. After creatinga secondlist of origins, the crystal
structureis finally modified,usingbothlistsof microdomainorigins.Theprogramdoesnotdelete
thepreviousmicrodomaintypes.Insteadthenew typesareaddedto thelist. Thefirst set,however,
is notusedagain.Thisensuresthatauniquemicrodomaintypenumberexists.

Micr odomain distributions : The microdomainscanbe distributed throughoutthe crystalby
threedifferentdistribution types.They maybedistributedat random,on a perfectlatticeor on a
paracrystallinelattice. For therandomdistribution, anaveragedensityof microdomainsperhost
unit cell is to besupplied.Microdomainsarecreatedwithin thecrystalat randompositionuntil
this densityis reached.DISCUSchecksfor a possibleoverlapof microdomains.Theprocedure
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stopsoncetheestimatednumberof microdomainshasbeencreated,or if theintroductionof anew
microdomainfails for tenconsecutive trials. Note,that if thecrystalis not limited by a block of
unit cellsthealgorithmwill giveerroneousdensities.

For thelatticetypes,theuserhasto supplythebasevectorsin unitsof thedirector reciprocal
sublattice.A microdomainis introducedat every grid point of thesuperlattice. No needexists
for any commensuraterelationshipbetweenthetwo lattices.This typeof distribution will create
a perfectlyperiodicdistribution of microdomainsandsubsequentlysharpsuperlatticereflexions
will appear.

In caseof the paracrystallinedistribution, the basevectorsrepresentthe averageseparation
betweenneighboringmicrodomains.The actualseparationis modifiedby a threedimensional
Gaussiandistribution with definablesigmas.At any grid point of theparacrystallinesuperlattice
amicrodomainis introduced.Thepositionof anew microdomainis calculatedfrom thepositions
of threepreviousmicrodomains.Thefirst microdomainusedis themicrodomainseparatedby one
time thesuperlatticebasevectora in negative direction. Theothertwo areseparatedby â b andâ c respectively. Thebasevectora is addedto thepositionof thefirst microdomain.A Gaussian
distributedvalueis addedto eachof the threecomponentsof thevector. Thesameprocedureis
usedfor thesecondmicrodomainwith respectto superlatticevectorb andthethird microdomain
respectively. Theaverageof thethreepositionsis usedasthepositionfor thenew microdomain.
Thedistribution of microdomainsgrows from thenegative mostcornerof thecrystalto thepos-
itive mostcornerof the crystal. A paracrystallinedistribution resultsthat is characterizedby an
averageseparationbetweenmicrodomainsbut no long rangeorder. Themethoddescribed,does
not introducedefectsinto theparacrystallinedistribution. Eachunit cell of thedistribution, though
of obliqueshape,consistsof eightmicrodomainsat thecorners.No irregularly shapedunit cells
arecreated,nordodislocationsappear.

DISCUSalsoallowsamicrodomaindistributionto bereadfrom afile. Thefile typeis identical ã
to thenormalstructurefiles andtheatomtypenumberis takenastypeof themicrodomain.This
enablestheuserto e.g.generateamicrodomaindistributionusingMC simulations(seesection9).

By default, theorigin of themicrodomaindistribution coincideswith theposition0,0,0within
the crystal. The usercandefinea vector that is addedto eachmicrodomainorigin beforeit is
insertedinto the list. No constrainsapply to this vector. Two or moremicrodomaindistributions
canbecreatedwith differentshift andotherwiseidenticaldistribution.

Thefit of themicrodomainoriginsto thehostlatticedefineswhetherthemicrodomainorigin
canbeat any positionwithin thesublatticeor whetherit is constrainedto integer(andcentering)
vectorsof the sublattice. If constrained,the origin of eachmicrodomainis shifted to the next
nearestsublatticepoint. Youcansetthetypeof fit to bothvaluesfor eachdistribution type,but the
effectson themicrodomaindistributionswill bedifferentfor eachdistribution type. In caseof a
randomdistribution, themicrodomainorigin shiftsto thenext nearestsublatticevector. Testsfor
overlapof microdomainsareperformedafter theshift. In caseof a latticedistribution, theinitial
positionof eachmicrodomainorigin is calculatedasan integer multiple of the superlatticebase
vectors.Eachindividual microdomainis thenshiftedto thenext nearestsublatticevectorwithout
effecting theothermicrodomains.In caseof theparacrystallinedistribution thepositionof each
microdomainis calculatedfrom theactualpositionof threepreviousmicrodomains.If thefit type
is setto coincidewith thesublatticegrid, thenecessaryshift of any onemicrodomainwill effect
thenext microdomainaswell.

A correlationmatrixcanbesetupdefiningprobabilitiesfor two microdomaintypesto benext
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neighborsin caseof thelatticeor paracrystallinedistribution. Thecorrelationmatrix is currently
usedasanisotropiccorrelation.For bothdistribution types,thetypeof a currentmicrodomainis
determinedfrom the typesof the threemicrodomainsseparatedby ä a, ä b and ä c respectively.
Thecorrelations’grow’ from thenegative mostcornerof thecrystalto thepositive mostcorner.
The correlationmatrix C is internallynormalizedsuchthat the sumof all elementsis one. The
elementci j givestheprobabilityof microdomaintype j to benext neighborto microdomaintype
i. Thesumof a columnci å givesthea priory probability for thefirst microdomainto beof type
i. The threerows of the correlationmatrix representingthe threeneighborsare averagedand
thetypeof microdomaindeterminedby randomnumbergenerationweightedwith therespective
probabilities.

Micr odomain properties: For eachmicrodomaintypeanorigin is assumed.Thepositionsof
atomsarereferencedwith respectto this origin, andthe origins of the actualmicrodomainsare
distributedthroughoutthecrystal.Theshapeproperty, definedby the’boundary’commanddefines
theboundarysurfacebetweenthemicrodomainandthesurroundinghoststructure.Currentlythis
boundarysurfacecanbe a sphere,a setof planes,a rectangularblock of atomsor an irregular
conglomerateof atomslimited by a fuzzy boundary. Theboundarytype’sphere’createsa sphere
of definableradiuscenteredat the microdomainorigin. Alternatively a microdomaintype can
be limited by a setof planes,type ’f ace’. The usermustsupplyall faces,even symmetrically
equivalentfaces.Thedistanceof eachfacefromtheorigincanbesetindividually, whichallowsfor
a very flexible adjustmentto differentshapes.Sincethedistanceis setwith a separatecommand,
the two set of faces(1 0 0) and (2 0 0) representthe identical surface,unlessthe distanceis
modified. DISCUStries to checkwhetherthe form createdby the facesis closed. The origin
mustbe inside the microdomain,while the six pointsat 109 alongeachof the threesublattice
basevectorsmustbe outside. This test is certainlynot a foolproof algorithm,yet a reasonable
compromise.An openfacewill includeall atomsupto thelimits of thecrystal.Thethirdboundary
type, ’block’, is a specialcaseof the second,andidenticalto the only type offeredin DISCUS
version1.0. Themicrodomainis limited by thesix æ 100ç faces.Thedistancesto theorigin are
determinedfrom theextendof thestructureread.Theblockdefinedby thesesix facesis cut from
the hostcrystalandreplacedby the atomsreadfrom the structurefile. It is necessarythat the
contenttypeof thesemicrodomainsis astructure.DISCUShasnowayof findingout,whetherthe
new structurethatwasread,completelyfills up theblock,or whetherany voidsareleft. For this
reasonit is betterto usetheboundarytype’fuzzy’. Thefourth typeof microdomainboundaries,
’fuzzy’, doesnotsetupadefinablesurface.Insteadtheextendof themicrodomainis solelydefined
throughtheatomsthatarereadfrom thestructurefile. As for shapetype’block’ thecontentmust
besetto ’structure’.Contraryto type’block’, novoidsarecreated.For all atomsof thehostcrystal
thedistanceto all microdomainatomsis calculated.If any of thesedistancesis lessthana user
definablevalue,thehostatomis removed. In effect theboundarybetweenhostandmicrodomain
becomesfuzzyandamicrodomainof boundarytype’fuzzy’ doesnotevenhave to becontiguous.

Closelyassociatedwith the boundarypropertyis the radiusof the boundarysurface. This
propertyappliesonly to boundarytypes’sphere’and’f ace’.For boundarytype’block’ it is deter-
minedautomaticallyandfor boundarytype’fuzzy’ it doesnotapply. For boundarytype’sphere’,
theradiusgivestheradiusof themicrodomainsurface.For boundarytype’f ace’,theradiusgives
the distancebetweenthe microdomainorigin andthe face. Internally, the hkl of eachfaceare
convertedto new hkl thatrepresentthedistancefrom themicrodomainorigin. Theaverageradius
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of the boundarysurfaceis the samefor all microdomainsthroughoutthe crystal. The individ-
ual radiuscanbesubjectto a Gaussiandistribution with userdefinablesigma. All atomswithin
this boundarysurfaceareconsideredto be part of the microdomainstructureandare replaced
accordingly.

The contentof the microdomaincanbe a completelynew structureor a modificationof the
presentstructure.If thecontentis definedasstructure,anew structureis readfrom afile identical
in formatto thecrystalstructurefile. Thespacegroupandlatticeconstantsarecurrentlyignored.
All fractional coordinatesare interpretedin multiples of the host lattice. This limitation will
hopefullybecorrectedsoon. The positionsof theatomsarethesumof themicrodomainorigin
andthe fractionalcoordinatesreadfrom the file. If applicable,a symmetryoperationis applied
to the fractionalcoordinatesbeforeaddingthemto the microdomainorigin. The programtests
whetherthepositionsareinsidethehostcrystalandinsertedif inside.SinceDISCUScannottest
for left overVOIDs,theuserhasto makesurethatthestructureis largeenoughto cover thewhole
microdomain.

Eachtypeof microdomainscanfurtherbecharacterizedby theorientationof themicrodomain
structure.Symmetrymatricescanbereadthatwill transformthestructureandthecorresponding
boundarysurface.Thesymmetryoperationincludesbotha rotationalanda translationalpart,as
describedin section5.2. This symmetryoperationis appliedto eachmicrodomainatomprior
to insertingit into the crystal. The rotation is equallywell appliedto the boundaryof the mi-
crodomain,while thetranslationis not. After thesymmetryoperationhasbeenapplied,DISCUS
testswhethertheatomis insidethemicrodomainor not. A large translationcanthereforemove
atomsout of the microdomain,andtheseatomswill not be insertedinto the microdomain.If a
shift of themicrodomainis needed,movetheorigin of themicrodomainwith theshift propertyof
thedistribution.

7.3.2 Relatedvariables

Thecrystallographicfunction’md test’andanumberof variableslistedin table7.1areassociated
with microdomains.Variablesmarkedwith ’(ro)’ arereadonly variablesandcannotbealteredby
theuser.

The function ’md test’ returnsan integer value which correspondsto the index of the mi-
crodomainnearestto the point in real spacegiven by the threeargumentsx è yè z of the function.
As for thevariables’md next’ and’md dist’, a negative resultingnumberindicatesthatthegiven
positionis insidethe microdomain. In contrasta positive numbershows that the given point is
outsidethereturnedmicrodomain.

Theuseof thesevariablesallowsaflexible useof microdomainswithin theprogramDISCUS.
However, the interpretermight be quite slow when working with large model crystals. As an
alternative, a microdomaindistribution canbe generatedexternally and readfrom a file in the
’micro’ sublevel of DISCUS.

7.3.3 Working with microdomains

Most sublevels of DISCUSallow not only the selectionof atomsto be usedfor the particular
function,theusercanalsospecifyif onlyatomswithin or outsideof microdomainsshallbeusedby
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Variable Description

md num[1] Numberof differentmicrodomains(ro).
md cre[1] Numberof differentmicrodomainsalreadycreatedwith the’create’

commandbut notyetusedto modify thecrystal(ro).
mc num[1] Number of microdomainswhose origins have been distributed

throughoutthecrystalwith the’create’command(ro).
md rad[é i ê , é j ê ] Radiusof the microdomaintype é i ê . For boundarytypes’block’

and’fuzzy’ é j ê mustbe0, for type’sphere’é j ê mustbe1 andfor
’f ace’ é j ê is thenumberof thefacetheradiusis returnedfor (ro).

mc run[1] Numberof microdomainsusedto modify the crystalwith the ’run’
command(ro).

mc type[é i ê ] Returnsthemicrodomaintypefor microdomainé i ê (ro).
mc orig[i, é j ê ] Coordinatesfor microdomainé j ê (i=1,2,3for x,y,z). This variable

canonly bemodifiedfor microdomainsé j ê which have beencre-
atedbut notusedto modify thecrystalvia thecommand’run’.

mc rad[é i ê ] Individual radiusfor microdomainé i ê . This variablecanonly be
alteredfor microdomainsé i ê notusedwith the’run’ commandbe-
fore.

md next[ é j ê ] Numberof themicrodomainnearestto atom é i ê . Negativenumbers
indicatethat theatomis within the microdomain,positive numbers
arefor atomsoutside.

md dist[é i ê ] Distanceof theatom é i ê to thesurfaceof thenearestmicrodomain.
If thenumberis negative, theatomis insidethemicrodomain,else
outside.

Table7.1: Variablesrelatedto microdomains

selectingthecorrespondingmicrodomainstatuswith thecommand’sele’. Thefollowing choices
canbemade:ë Everything : Themicrodomainstatusis ignoredandall atomswithin thecrystalaretreated

identically.ë All : Now all atomsthatarewithin any microdomainareincludedbut all atomsof thehost
structureoutsideany microdomainareexcluded.ë None : Justthe oppositefrom above, only atomsthat are outsideany microdomainare
included.ë Indi vidual : This modeallows one to only selectatomsthat are within a specificmi-
crodomaintypeandto excludeall otheratoms.

Oncea microdomaindistribution is establishedwithin the crystal,this selectionmechanism
allows the userto modify only atomsoutsideor insidethosemicrodomains,e.g. to generatea
modulationwave. A shortexampleshallillustratetheuseof themicrodomainsectionof DISCUS.
Theresultingstructurecontainingmicrodomainsin form of a triangleareshown in figure7.4.
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Figure7.4: Exampleof microdomaindistribution within acrystal

Thecorrespondingmacrofile is listedbelow. As in previousexamples,thelinenumbersshown
allow easyreferenceto thedifferentpartsof themacrofile but arenotpartof theactualfile.

1 micro
2 init
3 dist random
4 dens 0.1
5 grid host
6 radi 5.10
7 bound fuzzy
8 sep fuzzy,1.0
9 #

10 content struc,md.inp
11 orient 1
12 insert
13 #
14 mrow 3, 0.0, 0.0,-1.0, 0.0
15 mrow 2, 0.0,-1.0, 0.0, 0.0
16 mrow 1,-1.0, 0.0, 0.0, 0.0
17 orient 2
18 insert
19 #
20 create
21 run
22 exit

After themicrodomainlevel is entered(line 1), thesublevel is initialized becausewe starta
new microdomaindistribution. A randomdistribution with a densityof 10% is selected(lines
3-4). Thegeneratedoriginsareforcedto coincidewith thehostlattice(line 5) andthesizeof the
microdomainsis setto 5.1 Å. This is to preventmicrodomainsto overlap. Theshapeof themi-
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crodomainis setto ’fuzzy’ (line 7) whichmeansthattheactualshapeof themicrodomaindefined
by its contentsis used.All atomswithin thehoststructurecloserthan1.0Å to themicrodomains
will be removed (line 8). Next the structurefile ’md.inp’ containingthe microdomainstructure
itself is read(line 10). Theoriginal structureis insertedasorientation1 (lines11-12). A second
orientationis obtainedby simple inversiongiven by the matrix definedin lines 14 to 16. This
’upsidedown’ microdomainis insertedassecondorientation(lines17-18).Now theorigin distri-
bution is generated(line 20). Sofar thecrystalitself hasnot beenmodified. This is donein line
21whenthe’run’ commandgeneratesthecrystalwith thegivenmicrodomaindistribution asseen
in figure7.4.

7.4 Stacking faults

All crystalswhosestructurescanbedescribedby layersareproneto stackingfaults. A stacking
fault is any defectthatalterstheperiodicsequenceof layers.Thesedefectsmaybea wronglayer
insertedinto thesequence,a changeof the layersequenceor a differenttranslationbetweentwo
subsequentlayers.Thesedefectsmayaffectthewholecrystalor afinite regionif e.g.anadditional
layer is presentbetweenanotherwiseperfectsequenceof layers.DISCUScontainsa tool to cre-
atelayeredcrystalstructuresandto introducestackingfaultsinto thesecrystals.Thecrystalsare
formedin a two stepprocedure.First, theorigin andtypeof eachlayeris determinedandsecond,
the atomscorrespondingto eachlayer areintroducedinto the crystal. The usercandefineeach
layertype,thetranslationvectorsbetweenconsecutive layersandthecorrelationbetweenneigh-
bouringlayers. A new featureof the stackingfault part of DISCUSis the additionof rotational
disorderfor thelayersequences.

The stackingfault sequenceis definedby several parametersthat can be set in the ’stack’
sublevel of DISCUS:ì Typeof layers :

Thepositionsof all atomswithin a layerarereadfrom a DISCUStypestructurefile. These
layer files have to be createdfor eachlayer type involved beforehandusing the various
DISCUStools.ì Translations:
A translationvector betweenneighbouringlayersof eachtype must be provided. Thus
for N different layer typesresult in a N*N matrix of translationvectors. An examplefor
translationvectorsin acubicfacecenteredstructureis givenin table7.2.ì Uncertaintiesfor translationvectors:
In somematerialssmall deviationsin the translationvectorsmight occur. This behaviour
canbesimulatedin DISCUSby settingastandarddeviationσ to eachof theelementsof the
translationvectormatrix. DISCUSwill calculatetheactualtranslationvectorassumof the
’ideal’ vectorplusaGaussiandistributedpartdefinedby thevalueof σ.ì Correlations:
A correlationmatrix is usedto definethe probabilitiesof two layer typesto be nearest
neighbours.No furthercorrelationsaretakeninto account.



CHAPTER7. BUILD IN DEFECTMODELS 57í Crystalshape:
Theresultingcrystalcanbegeneratedusingtwo differentmodes:First, thecrystalcontin-
uouslygrows in onedirectionasgiven by the translationvector(s). Secondlyoneor two
coordinatescanbeconstrainedto a finite range,which resultsin a zig-zagshapedcrystal.
If any of theparametersis not equalto zero,thecorrespondingcoordinateof theorigin is
takenmodulothisparameter. Note,thatDISCUSdoesnotcheckwhetherthemodulivectors
aretranslationvectorsof thecurrentspacegroup.

Layer type A Layer type B Translation vector

A A î 1 ï 1 ï 1ð
A B 1

2 î 1 ï 1 ï 0ð
A C 1

2 î 1 ï 0 ï 1ð
B A 1

2 î 1 ï 1 ï 0ð
B B î 1 ï 1 ï 1ð
B C 1

2 î 0 ï 1 ï 1ð
C A 1

2 î 1 ï 0 ï 1 ð
C B 1

2 î 0 ï 1 ï 1ð
C C î 1 ï 1 ï 1ð

Table7.2: Translationvectorsfor stackingfaultsin acubicfacecenteredstructure

Thecommand’create’ in the ’stack’segmentof DISCUScreatesthe list of layeroriginsand
’run’ actuallygeneratesthe correspondingcrystalby decoratingthe origins with the individual
layer types. In orderto speedup the calculationof the Fourier transform,ratherthanusingthe
resultingcompletestructure,thescatteringintensityis calculatedin thefollowing way. Thescat-
teringdensityρ î r ð of alayeredstructurecanbeexpressedasthescatteringdensityof theindividual
layertypesconvolutedwith thelayerorigin distribution.

ρ î r ð�ñ nl

∑
i ò 1 ó no

∑
j ò 1

oi j î r ðõô\ö l i î r ð (7.7)

Theoutersumrunsover all nl layertypesandtheinnersumrunsover all originsoi j of layer
type i. Thevariablel i is thescatteringdensityof layertype i. Usingtheconvolution theorem,the
Fouriertransformof thisexpressionbecomes÷ùø

ρ î r ð0úûñ nl

∑
i ò 1

÷ ó no

∑
j ò 1

oi j î r ð ôýü ÷þø l i î r ð0ú (7.8)

Here
÷

denotestheFouriertransform.This procedurenot only speedsup thecalculationbut
it alsoallows theusageof muchlargercrystalsizessincetheactualstructuredoesnot have to be
createdin orderto calculatetheFouriertransform.

A simpleexampleof thestackingfault segmentof DISCUSwill begivenhere.Theresulting
layeredstructureis shown in figure7.5.Thefilled circlesrepresentatomsof layertypeA whereas
the emptycirclesstandfor atomsof layer type B. The layersarestacked in y-directionandare
shiftedin x-directionby ÿ 0 � 5 latticeunitsbetweenthelayers.Thestructureconsistsof preferred
AB andBA sequences,however AA andBB pairsarepresentaswell.
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Figure7.5: Exampleof stackingfaults

The following DISCUSmacrofile wasusedto generatethe layersstructureshown in figure
7.5. Note that the line numbersareonly given for easyreferenceandarenot part of the actual
macrofile.

1 stack
2 layer l1.stru
3 layer l2.stru
4 number 50
5 #
6 trans 1,1, 0.0,1.0,0.0
7 trans 1,2, 0.5,1.0,0.0
8 trans 2,1,-0.5,1.0,0.0
9 trans 2,2, 0.0,1.0,0.0

10 #
11 crow 1,0.3,0.7
12 crow 2,0.7,0.3
13 #
14 mod 1,0,0,0,0,1
15 set mod,on
16 set trans,aver
17 show
18 #
19 create
20 run
21 exit

After enteringthe ’stack’ level of DISCUS, the files containingthe structuresof layer type
A (line 2) and B (line 3) are specified. In this casethosestructuresare rows of 50 atomsin
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x-direction.Thenext command(line 4) setsthenumberof layersto bestacked to 50. Thetrans-
lationvectorsbetweenlayertypesAA, AB, BA andBB aresetto

�
0 � 1 � 0��� � 12 � 1 � 0��� ��� 1

2 � 1 � 0� and�
0 � 1 � 0� respectively (lines 6-9). The correlationmatrix is given in rows andgivesa probability

for AA andBB neighboursof 30% andAB or BA neighboursof 70% (lines 11-12). Note that
thesumof all elementsin thecorrelationmatrix is actuallynot unity but two. DISCUSinternally
normalizesthosevaluesto give correctprobabilities.In lines14 to 16 theshapeof theresulting
crystalis determined.Theresultingcrystalis limited in x- andz-directionandthecrystalgrowth
is determinedby theaverageof thegiven translationvectorsweightedby theappropriateproba-
bilities. Finally theorigin distribution is created(line 19) andtheresultingstructureis generated
(line 20).

For moreinformationrefer to the commandreference,the onlinehelp or studythe stacking
faultexampleof theinteractive DISCUStutorial (seesection1.4).



Chapter 8

Analyzing defectstructures

After describinghow to createandchangestructuresthischapterwill giveasummaryof DISCUS
functionsto analyzeagivendisorderedstructure.All thosecommandsareaccessedvia the’chem’
sublevel of theprogram.Thissegmentis enteredusingthecommand’chem’ andleft againby the
command’exit’. The command’mode’ determineswhetherthe enteredcommandsoperateon
atoms(’modeatom’) or molecules(’modemole’). If working with moleculesthemoleculetype
numberreplacestheatomnameor numberasparameterfor thedifferentcommands.Notethatnot
all commandsareavailablein moleculemode.

8.1 Occupancies

Thecommand’elem’ will displaythechemistryof thecurrentmodelcrystal. Dependingon the
selectedmode(’atom’ or ’mole’), therelative abundanceof thepresentatomor moleculetypesis
writtenon thescreen.A sampleoutputcanbeseenbelow:

Size of the crystal (unit cells) : 5 x 5 x 5
Total number of atoms : 1500
Number of atoms per unit cell : 12
Number of different atoms : 2

Element : VOID(0) rel. abundance : .065 ( 98 atoms)
Element : ZR(1) rel. abundance : .333 ( 500 atoms)
Element : O(2) rel. abundance : .601 ( 902 atoms)

Somegeneralinformationaboutthecrystalis givenaswell asthenumberandrelative abun-
dancefor the atomtypespresentin the crystal. The resultsaresaved in the variableres[i] (see
chapter3.1). However, therelative abundancegivenby thecommand’elem’ arefor thecomplete
crystalandcontainno furtherinformationaboutits homogeneity. DISCUSallows theuserto ob-
tainconcentrationaswell ascorrelation(seesection8.3)distributionswithin thecrystalusingthe
command’homo’. This is achievedby samplingthecrystalusing’ lots’ analogousto thoseused
to calculatesmoothdiffractionpatterns(seesection4.1.2). Thefollowing shortmacroillustrates
theuseof the’homo’ command.The’chem’ sublevel is enteredin line 1. Thesizeof thesample
volumeis setto anellipsoidof 5x5x1unit cells. A total of 2000lots will beused(line 2). Next
thenumberof bins is setto 20 (line 3). Obviously thelargestnumberof binscorrespondsto one

60
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over themaximumnumberof atomsin onelot. This representsthe smallestpossiblechangein
concentration.The command’homo’ (line 4) startssamplingtheoccupancy of theatomZr and
writestheresultto thefile ’chem.1.homo’.

1 chem
2 set lots,eli,5,5,1,2000,y
3 set bin,20
4 homo occ,zr,chem.1.homo
5 exit

Figure8.1shows thecorrespondingstructureandconcentrationdistribution.

Figure8.1: Analysisof crystalhomogeneity

In this exampletherelative abundanceof Zr givenby ’elem’ is 0.75. Thecommand’homo’
determinesanaverageof 0 � 76 � 0 � 05. Viewing figure8.1revealsthatthecrystalactuallyconsists
of two phases,onewith a concentrationof 0.5andonewith a concentrationof 1.0. Thiscanalso
beseenin theconcentrationdistributionontheright handsideof thesamefigure.Thetwo maxima
correspondto a concentrationof 0.5and1.0. By adjustingthesizeof thesamplevolume(’ lots’)
additionalinformationaboutthesizeof thephaseregionscanbeobtained.

8.2 Distortions

After analyzingconcentrationswithin a crystal,this sectionwill focuson the analysisof distor-
tions. Thesimplestway is to computeaveragedistancesbetweendifferentatomtypesin a given
range.An exampleis givenbelow. First thedesiredrangeof interatomicdistancesis limited to
valuesbetween4.5Å and5.5Å (line 1). Next thebondlengthdistribution is calculatedusingthe
DISCUScommand’blen’. Heredistancesbetween’all’ atomswill beconsideredandtheresulting
distribution is written to thefile ’chem.2.blen’ (line 2).

1 set blen,4.5,5.5
2 blen all,all,chem.2.blen
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Ratherthanusing’all’ asparametersfor thecommand’blen’, atomnamesor numberscould
beusedto calculatetheaveragebondlengthonly for specifyatomtypes. Thescreenoutputfor
theabove examplelookslike this:

Calculating bond-length distribution
Allowed range : 4.50 A to 5.50 A / File : chem.2.blen ( 250 pts)

VOID(0) - VOID(0) : d = 5.000 +- .000 A (Min = 5.000, Max = 5.000)
VOID(0) - ZR(1) : d = 4.893 +- .049 A (Min = 4.855, Max = 5.006)
ZR(1) - ZR(1) : d = 5.019 +- .033 A (Min = 4.983, Max = 5.182)

Figure8.2: Examplefor bondlengthdistribution

In thisexampletheZr-vacancy distancesareshorterthantheaveragedistanceof 5.0Å whereas
theZr-Zr distancesareslightly longer. This describessizeeffect like distortionswheretheatoms
surroundinga vacancy aredistortedtowardsthevacancy. All vacanciesareat their averageposi-
tion indicatedby theaveragedistanceof 5.0Å with a standarddeviation of 0.0. An examplehow
to createthesekinds of disorderedstructuresusingMonte Carlo simulationsis given in chapter
9. Theresultingbondlengthdistribution from thepreviousexampleis shown in figure8.2. The
individual peakscorrespondto thevariousZr-vacancy andZr-Zr distances.Note that theoutput
of DISCUSgivenabove only lists theaveragedistancesfor thespecifiedbondlengthinterval, e.g.
therearesomeZr-vacancy distanceslongerthan5Å andsomeZr-Zr distancesshorterthanthe
averagedistance(seeminimalandmaximalvaluesabove). Thusit canbehardto identify theindi-
vidualpeakspresentin figure8.2.Onewayto obtainfurtherinformationwouldbeto calculatethe
bondlengthdistributions for Zr-Zr (’blen zr,zr,zz.blen’)andZr-vacancy (’blen zr,void,zv.blen’)
individually.

Thecommand’blen’ averagesall distanceswithin thegivenrangespecifiedwith ’setblen’. In
caseswheremorespecificinformationaboutdistancesin givendirectionsis needed,thecommand
’disp’ mustbeused.Now it is necessaryto enterneighbourdefinitionswhich caneitherbespeci-
fiedby adistancecriteriaor by individualvectors.In theexamplebelow thecommand’setvec’ in
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line 1 definesvector1 (first 1) to befrom site1 in oneunit cell to site1 (2ndand3rd parameter)
in thenext unit cell in x-direction(1,0,0- last3 parameters).Next thisvectoris usedasneighbour
definition1 (line 2). Finally thelatticeaveragesarecomputedbetweenall presentatomtypes(line
3).

1 set vec,1,1,1,1,0,0
2 set neig,vec,1
3 disp all,all

More examplesof neighbourdefinitionscanbefoundin section8.3. Theoutputof the’disp’
commandis shown below:

Calculating distortions
Atom types : A = all and B = all

Neig. Atom A Atom B distance sigma # pairs
------------------------------------------------------------
1 VOID(0) VOID(0) 5.000 .000 332
1 VOID(0) ZR(1) 4.880 .037 372
1 ZR(1) ZR(1) 5.022 .032 3824

Again averagedistancesand standarddeviations are listed giving a Zr-vacancy separation
shorterthan5 Å anda Zr-Zr distanceslightly longer. However, theactualnumbersaredifferent
from theresultsof the ’blen’ command.Thereasonfor this is that ’blen’ averagedall distances
in thegivenrangewhereasthesecondexampleis limited to neighboursin x-direction.By adding
theotherdirectionsto theneighbourdefinitionsthesameresultasbeforewouldbeachieved.

8.3 Corr elations

Diffusescatteringcontainstwo-body informationof the systemunderinvestigationand is thus
a valuablesourcehow atomsor moleculesinteract. In contrastBraggscatteringcanonly reveal
average one-bodyinformationsuchasatomicpositions,siteoccupanciesandthermalellipsoids.
In this chapterthe conceptof correlationsasa measurefor thosetwo-bodyinteractionswill be
introduced. Although diffusescatteringcontainsonly informationabouttwo-body interactions
theconceptsdescribedherecaneasilybeextendedto includemulti-sitecorrelations.It shouldbe
notedthatalthoughthesemulti-siteinteractionsdo notshow up in thediffractionpatterndirectly,
they canhave a constraininginfluenceon two-bodyinteractionsandthuseffectingthediffraction
pattern.However, DISCUSis currentlylimited to thecalculationof two-bodyinteractionaverages.

We will talk aboutatomtypesin the following section,however, all correlationrelatedcom-
mandsareavailablefor moleculesaswell. To work with moleculesusethecommand’modemole’
andspecifymoleculetypesratherthanatomtypesor namesasparametersfor thecommands.The
command’homo’ (seesection8.1) canalsobeusedto determinethehomgenietyof correlations
within thecrystal.

8.3.1 Occupationalcorrelations

First occupationalcorrelationswill be discussed.One definition of the correlationcoefficient
ci j betweena pair of sitesi and j basedon a statisticaldefinitionof correlation[28] is given in
equation8.1.
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ci j 	 Pi j 
 θ2

θ � 1 
 θ � (8.1)

Pi j is thejoint probabilitythatbothsitesi and j areoccupiedby thesameatomtypeandθ is its
overalloccupancy. Negativevaluesof ci j correspondto situationswherethetwo sitesi and j tend
to beoccupiedby differentatomtypeswhile positive valuesindicatethatsitesi and j tendto be
occupiedby thesameatomtype.A correlationvalueof zerodescribesarandomdistribution. The
maximumnegative valueof ci j for agivenconcentrationθ is 
 θ 
�� 1 
 θ � (Pi j 	 0), themaximum
positivevalueis +1 (Pi j 	 θ). Thisdefinitionof correlationscaneasilybeconvertedto theWarren-
Cowley short-rangeorderparameterαi j

lmn 	 1 
 Pi j
lmn
 θ [5]. As anexamplethecorrelationsc � 10�

andc � 11� of thedisorderedstructureshown in figure8.1 arecalculatedusingtheDISCUSmacro
file listedbelow:

1 read
2 stru chem.1.stru
3 #
4 chem
5 #
6 set mode,quick,periodic
7 #
8 set vec,1,1,1, 1, 0, 0
9 set vec,2,1,1,-1, 0, 0

10 set vec,3,1,1, 0, 1, 0
11 set vec,4,1,1, 0,-1, 0
12 #
13 set vec,5,1,1, 1, 1, 0
14 set vec,6,1,1,-1, 1, 0
15 set vec,7,1,1, 1,-1, 0
16 set vec,8,1,1,-1,-1, 0
17 #
18 set neig,vec,1,2,3,4
19 set neig,add
20 set neig,vec,5,6,7,8
21 #
22 corr occ,zr,void
23 #
24 exit

The macrostartswith the readingof the disorderedstructure(lines 1-2). After the ’chem’
sublevel is entered(line 4) periodiccrystalboundariesareselected(line 6). Theparameter’quick’
selectsa fasterneigbouringfinding algorithmwhich only worksfor crystalsarrangedin theDIS-
CUSstorageorder(seesection2.2). Notethatc� 10� standsfor thenearestneighbourcorrelations
in all four symmetricallyequivalent � 10� directionsof thetwo dimensionalcubictestcrystal,i.e.
c10, c10, c01 andc01. All eightneigbouringdirectionsfor c � 10� andc � 11� aredefinedasvectors1 to
8 in lines8 to 16of themacrofile. Next vectors1 to 4 aregroupedasneighbouringdefinitionfor
c � 10� (line 18)andvectors5 to 8 for c � 11� (line 20). Thecommand’setneig,add’(line 19)storesthe
currentneighbouringdefinitionandallows thedefinitionof anew one.Finally thecorrelationsfor
thedefinedneighbouringdirectionsarecalculated(line 22). Thescreenoutputfor thedisordered
structureshown in figure8.1lookslike this:
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Calculating correlations
Atom types : A = ZR and B = VOID

Neig. AA AB BB # pairs correlation
-----------------------------------------------------------------

1 50.49 % 48.99 % .51 % 40000 -.3061
2 71.04 % 7.89 % 21.07 % 40000 .7897

Theprogramlists theprobabilitiesfor AA, AB andBB pairsandthecorrespondingcorrela-
tionsci j . Herethevaluefor c � 10� is negative, i.e. vacancy neighboursin � 10� directionstendto
beavoided. Neighbouringvacanciesin � 11� directionon theotherhandaremuchmorelikely
comparedto a randomvacancy distribution indicatedby the large positive valueof c � 11� . This
leadsto the large areaswith a doubledunit cell anda Zr concentrationof 0.5 asseenin section
8.1.

8.3.2 Displacementcorrelations

Thecorrelationcoefficient ci j for displacementcorrelationsbetweentwo sitesi and j is defined
as:

ci j � �
xixj �� �
x2

i � � x2
j � (8.2)

Herexi is the displacementof the atomon site i from theaveragepositionin a given direc-
tion and

��� � standsfor theaverageover thecrystal. Again a negative valuedescribesa situation
wherethe pairing of correspondingdisplacementsare lesslikely than in a crystalwith random
displacementswhereasa positive valueindicatesa larger thanrandomprobability. Thedefinition
of neighboursis identicalto theexamplein theprevioussection.Additionally thecommand’set
neig,dir’ is usedto determinethedisplacementdirectionto beused.Note that thedisplacement
directionfor thetwo sitesi and j is not necessarilythesame,e.g. onecouldbe interestedin the
correlationbetweenthe x-displacementon onesite andthe y-displacementon the neighbouring
site.

8.3.3 Correlation fields

In theprevioussectionsacorrelationci j for agivenpairof neighbouringatomswascomputed.An
interestinginformation,however, is how thesecorrelationsextendwithin thecrystal.Theprogram
DISCUSallowsthecalculationof correlationfieldsfor occupationalanddisplacementcorrelations
(command:’field’).

Again taking the disorderedstructuredisplayedin figure 8.1 asan example,the correlation
fields in � 10� and � 11� directionareshown in figure 8.3. This figure shows the correlation
betweena site i andsitesseparatedby integer multiplesof thevectorsusedin theneighbordef-
initions. The neighbouringdefinitionsare the sameas in the examplefor a singlecorrelation
coefficient in section8.3.1. The first neighbourcorrelationis negative for c � 10� andpositive for
c � 11� asin section8.3.1.Thecorrelationc � 11� is decayingasa functionof thedistancewithin the
crystal,giving a measureof theextensionof theareawith preferred� 11� vacancy neighbours.
Eventuallythevaluegetsnegative for distancesaboveabout26timesthec � 11� vectorwhichcanbe
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Figure8.3: Examplefor acorrelationfield

understoodtakingthesizeof thetwo phaseregions(figure8.1) into account.Theabsolutevalue
of correlationc � 10� decaysaswell but oscillatesbetweennegative anpositive values.This canbe
understoodby thinkingof a perfectABAB sequence.All oddneighbours(i.e. 1,3,5,. . . ) areAB
or BA resultingin a negative correlationwhereasevenneighbours(i.e. 2,4,6,. . . ) areAA or BB
giving apositive correlation.

8.4 Other tools

In this chaptera shortsummaryof functionsavailablein the’chem’ sublevel not discussedprevi-
ouslywill begiven.

Theaveragestructureof a crystalcanbecalculatedusingthecommand’aver’. Occupancies,
averagepositionsandstandarddeviationsfor thesepositionsarecalculated.Thiscommandis not
availablewhenworking with molecules.The neighbourhoodof a given atomor moleculecan
be examinedusingthe commands’neig’ and’env’. The command’neig’ will usethe currently
storedneighbourdefinitionswhereas’env’ will displayall atomsfound in a givendistancefrom
thechosenorigin. Finally theconversionbetweenatomindex andunit cell / atomsitecanbemade
usingtheequationgivenin section2.2or via thecommand’trans’in the’chem’ level of DISCUS.



Chapter 9

Monte Carlo simulation

In generalMonteCarlomethodscanbedescribedasstatisticalsimulationmethodsinvolving se-
quencesof randomnumbersto performthesimulation.In thepastseveraldecadesthissimulation
techniquehasbeenusedto solve complex problemsin nuclearphysics,quantumphysics,chem-
istry aswell asfor simulationsof e.g. traffic flow or econometrics.Thename’Monte Carlo’ was
coinedduringtheManhattanProjectof World War II, becauseof thesimilarity of statisticalsim-
ulationto gamesof chance,andbecausethecapitalof Monacowasa centerof gambling.In this
analogythe’game’ is a physicalsystemandthescientistmight ’win’ a solutionfor his particular
problem.An excellentapplicationfor this kind of statisticalmethodsis thestudyof diffusescat-
teringandsubsequentlythesolutionof theunderlyingdefectstructure.Onepossibleapproachis
the (direct) MonteCarlo (MC) modelingof a defectstructuredescribedin this section. Further
informationaboutthe MC methodin solid statephysicscanbe found in [2]. A review article
coveringMC simulationsto analyzediffusescatteringwaswrittenby [30]. An alternative method
usingtheMC algorithmis theso-calledReverseMonteCarlosimulationtechniquedescribedin
chapter11.

9.1 Intr oduction

A brief summaryof theMC algorithmoriginally inventedby [12] shouldbegivenhere.Thetotal
energy of the crystal is expressedasa functionof randomvariablessuchasassite occupancies
or displacementsfrom theaveragestructure.Thesimulationprocessproceedsasfollows: A site
within the modelcrystal is chosenat randomand the associatedvariablesarealteredby some
randomamount. The energy difference∆E of the configurationbeforeandafter the changeis
computed.Thenew configurationis acceptedif thetransitionprobabilityP givenby

P � exp �� ∆E
kT !

1 " exp �� ∆E
kT ! (9.1)

is lessthanarandomnumberη, chosenuniformly in therange[0,1]. T is thetemperatureand
k Boltzmann’sconstant.Thustheenergy of themodelcrystalin minimizedby theMC simulation.
Note the a highertemperatureT meansthat moremoveswill be acceptedthat leadto a higher
total energy E. In order to analyzethe defectstructureof a particularsystem,the diffraction
patternof thegenerateddefectstructurecanbecalculatedandcomparedto theexperimentaldata.
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By adjustingnear-neighbourinteractionsdefiningtheenergy E themodelcanbechangeduntil a
matchwith theexperimentis obtained.On theotherhandMC simulationscanbeusedto explore
the relationshipbetweencertaincorrelationsandthe correspondingdiffraction pattern,e.g. for
teachingpurposes.

9.2 Intr oducingcorrelations

In orderto beableto carryout MC simulations,theenergy E of thecrystalneedsto bedefined.
Thefollowing sectionsgive energiesfor occupationalaswell asdisplacementcorrelationsbased
on theenergy for anIsingmodel.

9.2.1 Occupationaldisorder

To representthe distribution of atomor moleculetypeswithin a crystal, it is convenientto use
Isingspinvariablesσi #%$ 1. Hereσi # 1 meanssitei is occupiedwith typeA andσi #'& 1 stands
for type B beingpresenton site i. Using thesevariables,the Hamiltonian(or energy) takesthe
following form:

Eocc # ∑
i

Hσi ( ∑
i

∑
n

Jnσiσi ) n (+*,*,* (9.2)

Thesumsareover all sitesi andneighboursn. Thevalueσi ) n refersto theoccupancy (spin)
of theneighbouringsitei & n of sitei. ThequantitiesJn arepair interactionenergiescorresponding
to theneighbouringvectordefinedby i andn. AlthoughtheHamiltoniancaneasilybeextended
to includemulti-siteinteractions,we will neglectthosein this manual.ThequantityH is a single
siteenergy whichhastheeffect of anexternalfield in magneticIsingmodels.Hereit controlsthe
overall concentration.

The interactionenergies H and Jn are initially unknown and DISCUSemploys a feedback
mechanismto determinetheir values. This is donein the following way: After a MC cycle 1

hasbeencarriedout, the resultingcorrelationsarecomputedandcomparedto the target values
definedby theuser. If the computedlatticeaveragesaretoo low, thenthe correspondingH and
Jn are decreasedby an amountproportionalto the differencebetweencalculatedand required
valueandviceversa. It shouldbenotedthateventhesimplest2D Ising modelpossessesa phase
transitionwhichis importantto avoid whenusingthedescribedfeedbackmechanismduringaMC
simulation.

The following examplemacrowasusedto generatethedisorderedstructureshown in figure
8.1.

1 mc
2 set neig,rese
3 #
4 # <10> neighbours
5 #
6 set vec,1,1,1, 1, 0, 0
7 set vec,2,1,1,-1, 0, 0
8 set vec,3,1,1, 0, 1, 0

1A MC cycle is definedasthenumberof MC stepsneededto visit everycrystalsiteonceonaverage
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9 set vec,4,1,1, 0,-1, 0
10 set neig,vec,1,2,3,4
11 set neig,add
12 #
13 # <11> neighbours
14 #
15 set vec,5,1,1, 1, 1, 0
16 set vec,6,1,1,-1,-1, 0
17 set vec,7,1,1,-1, 1, 0
18 set vec,8,1,1, 1,-1, 0
19 set neig,vec,5,6,7,8
20 #
21 set atom,zr,void
22 set mode,swchem
23 set energy,cocc,all
24 #
25 set target,1,-0.3
26 set target,2, 0.8
27 #
28 set temp,1.0
29 set feed,100*100
30 set cyc,200*100*100
31 run
32 #
33 exit

After enteringthe ’mc’ sublevel of DISCUS(line 1) the - 10. and - 11. neighboursare
definedthesamewayasfor thecalculationof correlations(seesection8.3.1).Notethatthecom-
mand’setneig,add’(line 11) is notgivenafterthelastneighbourdefinition(lines15–19),because
the actualneighbourdefinition is usedanyway andthe command’setneig,add’putsthe current
definitiononastackof definitionsto beused.If youwouldgive thecommand’setneig,add’after
line 19again,thesecondneighbourdefinitionwouldbeusedtwice.

Theatomsto beusedfor theMC simulationareZr andvacancies(line 21) andtheoperating
modeis ’swchem’.Moreinformationaboutthedifferentoperationmodesaregivenin section11.4
in theRMC chapterof this manual.Theenergy to beusedis for occupationaldisorderasdefined
in equation9.2 (line 23). Next thedesiredtargetcorrelationsof c / 1002143 0 5 3 andc / 11061 0 5 8 are
set(lines25–26).Thevalueof kT is setto 1.02 A total numberof 200*100*100MC moveswill
becomputed(line 30). Wewill referto aMC cycleasthenumberof MC movesnecessaryto visit
every crystalsiteonceon average.In our case100x100stepscorrespondto oneMC cycle, thus
werun thesimulationfor 200cycles.Notethattheargumentsfor thecommands’setcyc’ and’set
feed’aregivenasnumberof movesratherthancycles.Eachmoveconsistsof asingleswapof two
randomlychosenatoms.Thefeedbackshouldbeexecutedeverycycle, i.e. every 100x100moves
for thecrystalsizeof 100x100x1unit cells(line 29). TheMC simulationis startedwith the’run’
command(line 31).

Every 10000movesor every cycle (interval set by ’set feed’) the following information is
written to thescreen:

Gen: 10720699 try: 2000000 acc: (good/bad): 48371 / 59000 MC moves
Neig. 1 const: 0.065 achieved: -0.306 target: -0.300

2This is recommendedwhenusingthefeedbackmechanismsincetheJn valuesarethendeterminedin unitsof kT.
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Figure9.1: InteractionenergiesandcorrelationsduringaMC simulation

Neig. 2 const: -0.485 achieved: 0.788 target: 0.800

The first line containsthe numberof generatedandtried MC stepsfollowed by the number
of acceptedmoveswith ∆E 7 0 (good)and∆E 8 0 (bad).Next theinteractionenergy Jn andthe
achievedanddesiredcorrelationvalueis givenfor eachneighbourdefinition.Notethatthemode
’swchem’actuallyswapstheatomtypesof two sitesandthereforetheoverallconcentrationof the
atomtypesremainsconstantandno termH is neededin theHamiltonian. Figure9.1 shows the
interactionenergiesJn andachievedcorrelationsasafunctionof theMC feedbacknumber(line29
of theexample).Thesolid line representsthe 7 108 neighbourenergiesandcorrelationswhereas
the dashedline marks 7 118 neighbours.It canbe seenthat after about75 cyclescorrelations
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andinteractionenergiesJn have stabilized.Ratherthanusingthefeedbackmechanismto achieve
a certainsetof correlationvalues,a disorderedstructurecandirectly be createdby enteringthe
interactionenergy valuesJn using the command’set const’ in the ’mc’ sublevel. In this case
the temperatureT becomesa parameterof the modeling. The command’setconst’ alsoallows
to influencethe feedbackprocessby alteringthe sizeof the changeof Jn for a given difference
betweenachievedanddesiredcorrelationvalue.

9.2.2 Displacementdisorder

TheMC simulationtechniquedescribedabove to createstructureswith certainoccupationalcor-
relationscanquitesimply beenappliedto thecaseof displacements.Displacementcorrelations
werealreadydiscussedin section8.3.2. The Ising spin variablesσi arereplacesby continuous
variablesxi describingthe displacementof the atomor moleculeon site i. Furthermorewe as-
sumethatthevariablexi is Gaussiandistributedwith meanzero( 9 xi :<; 0). ThustheHamiltonian
becomes:

Edis ; ∑
i

∑
n

Jnxixi = n (9.3)

Here,asbefore,the first sumis over all sitesi andthe secondsumis over all neighboursn
of thesite i. In this equationis no termdependingsolelyon xi sincethis would introducea shift
in the averagevalue 9 xi : . The MC simulationoperatesasdescribedbefore. Note that thereare
two differentmodesto modeldisplacements’shift’ and’swdisp’. Furtherdetailscanbefoundin
section11.4.

Note that thedisplacementsxi aretaken in thedirectiondefinedby ’setneig,dir’ andtheen-
ergy definedin equation9.3 is ’blind’ to displacementcomponentsin otherdirections.It is rec-
ommendedto usethe ’swdisp’modeto maintaintheoverall displacementswithin thecrystal. In
cases,however, wherethe ’shift’ modeis used,thegeneratedshiftsshouldberestrictedto direc-
tionscorrespondingto thecorrelationsdesiredin theMC simulation.If e.g.thex-displacementsof
oneatomarecorrelatedwith they-directionof neighbouringatoms,theshiftsshouldberestricted
via thecommand’setmove’ to thexy-plane.

9.3 Creatingdistortions

In theprevioussectiondisplacementcorrelationswereintroduced,but theaveragedisplacements
remainedconstant.Themodelingof distortionsvia MC simulationsworksin asimilarway, using
aHamiltonian(equation9.4,wheretheatomsor moleculesmovein harmonicpotentials(Hooke’s
law).

Eh ; ∑
i

∑
n

kn > din ? τind0 @ 2 (9.4)

Thesumsareoverall sitesi within thecrystalandall neighboursn aroundsitei. Thedistance
betweenneighbouringatomsor moleculesis given by din and the averagedistanceis d0. The
desireddistortionsaredefinedby thefactorτin. Thevaluekn is a forceconstantfor eachindividual
neighbourtypen.
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The following examplewill illustrate the usageof the MC distortion mode. A sizeeffect
[4, 29, 5] like distortionshall be introducedin the disorderedstructurecreatedin section9.2.1.
NeighbouringZr atomswill be shiftedtowardsthe vacanciespresentin the crystal. The Zr-Zr
distanceshall beslightly larger thanaverageto keeptheaveragestructureconstant.Hereis the
DISCUSmacrofile to createthedistortions.

1 mc
2 set neig,rese
3 #
4 # <10> neighbours
5 #
6 set vec,1,1,1, 1, 0, 0
7 set vec,2,1,1,-1, 0, 0
8 set vec,3,1,1, 0, 1, 0
9 set vec,4,1,1, 0,-1, 0

10 set neig,vec,1,2,3,4
11 #
12 set atom,zr,void
13 set mode,shift
14 set move,zr,0.05,0.05,0.00
15 set energy,disp
16 #
17 set target,1,Zr,Zr, 5.05
18 set target,1,Zr,Void,4.80
19 set const, 0,25.0
20 set const, 1,10.0
21 #
22 set feed,100*100
23 set cyc, 200*100*100
24 #
25 run

Lines 1 to 12 aresimilar to the examplegiven in section9.2.1,i.e. definingthe neighbours
(hereonly A 10B ) andselectingtheatoms.Now ’shift’ modeis selected(line 13)whichdisplaces
theselectedatomsby a Gaussiandistributedrandomamountin a randomdirection.Thewidth of
thedistribution is setto 0.05latticeunits in x andy-direction(line 14). Sincethemodelis only
two dimensional,no shifts in z-directionshouldbe created.Next the Hamiltonianaccordingto
equation9.4 is selected(line 15). The desireddistancesaresetto dzz C 5 D 05Å for Zr-Zr A 10B
neighboursandto dzv C 4 D 80Å for Zr-vacancy pairs. Note that the ratio of thedistortionscorre-
spondsto the averageratio of Zr-Zr andZr-vacancy pairsfor this disorderedcrystal. The force
constantk in equation9.4 is setin lines19and20. Theconstantk0 (line 19) describesa restoring
forceto the lattice,i.e. a situationwhereτin C 0. Theforceconstantfor k0 in this exampleis set
higherthanthe valuek for thenearestneighbourinteractionto avoid atomsmoving to far away
from their averageposition. Every neighbourdefinition canhave an individual valueof k. The
settingsin lines 22 and23 correspondto thoseof theexamplein section9.2.1. Finally the MC
simulationis startedusingthe’run’ command(line 25).

9.4 Working with molecules

DISCUSallows the useof molecules. The command’set mole’ selectsthe moleculetypesto
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be usedfor the MC simulationandautomaticallyswitchesDISCUSto moleculemode. On the
otherhand’setatoms’will returnto atomsmodeandselecttheatomtypesto beusedfor theMC
simulation.

All neighbouringdefinitionswork exactlyasfor atoms.However, thesitelabelusedto define
neighbouringvectors(’setvec’) still refersto theatomsitewithin thecrystalregardlessof thecur-
rentworkingmode.Thustheuserhasto checkwhichsiteof theunit cell is occupiedby theorigin
of the selectedmoleculesanddefinethevectorsaccordingly. The useof the ’distance’modeto
defineneighboursworksstraightforward,however, this modeis muchslower comparedto using
thevectordefinitions.All operationmodeswork on rigid molecules.Note,therearecurrentlyno
MC (or RMC) movesdefiningrotationsof the molecules.Rotationsandothersymmetryoper-
ationscanberealizedby creatingthewanteddifferentorientationsof themoleculesasdifferent
typesusingthesymmetrysegmentof DISCUS(seechapter5.2)andsubsequentlyusingthe’swap
chemistry’mode.



Chapter 10

Atomic pair distribution function

The atomicpair distribution function (PDF) canbe obtainedfrom powder diffraction dataand
is a valuabletools for the study of the local atomic arrangementsin a material. This chapter
describeshow DISCUScanbeusedto calculateandrefineaPDF. It mightbeinterestingto know
aboutthe existenceof the programPDFFIT [17] which allows the full profile structuralleast
squarerefinementof a PDF. PDFFIT usesa commandlanguageandstructurefile formatsimilar
to DISCUSandcanbeobtainedfrom thesamesource.

10.1 Intr oduction

The determinationof crystalstructuresis an importantpart of chemistry, physicsandof course
crystallography. Conventionalstructuredeterminationis basedon the analysisof the intensities
andpositionsof Braggreflectionswhich only allows one to determinethe long rangeaverage
structureof thecrystal.Determinationof theaveragestructurebasedonpowderdiffractiondatais
now routinelydoneusingtheRietveld [24] method.As wehave discussedbefore,any deviations
from theaveragestructureresultin theoccuranceof diffusescatteringwhichcontainsinformation
abouttwo-bodyinteractions[31, 7]. Onemethodto reveal the local structureof a crystalsis the
analysisof thePDF. Thismethodis longknown in thefield of studyingshortrangeorderin liquids
andglassesbut hasrecentlybeenappliedto crystallinematerials[6, 1]. ThePDFis obtainedfrom
thepowderdiffractiondatavia a simpleFourier transformof thenormalizedscatteringintensity
SE QF :

G E r FHG 4πr I ρ E r FKJ ρ0 L G 2
π M ∞

0
Q ISE QFKJ 1L sinE Qr F dQ N (10.1)

whereρ E r F is themicroscopicpairdensity, ρ0 is theaveragenumberdensityandQ is themagnitude
of thescatteringvector, for elasticscatteringQ G 4πsinE θ F,O λ with 2θ beingthescatteringangle
andλ the wavelengthof the radiationused. Detailsaboutthe determinationof an experimental
PDFcanbefounde.g.in [6, 27] andarenotdiscussedhere.

SincethePDFcontainsBragganddiffusescattering,theinformationaboutlocal arrangements
is preserved. ThePDFcanbeunderstoodasabond-lengthdistribution betweenall pairsof atoms
i and j within the crystal (up to a maximumdistance),however eachcontribution hasa weight

74



CHAPTER10. ATOMIC PAIR DISTRIBUTION FUNCTION 75

correspondingto the scatteringpower of the two atomsinvolved. The PDFof a given structure
canbecalculatedusingtherelation:

Gc P r Q<R 1
r ∑

i
∑

j S bibjT
bU 2 δ P r V r i j QXWYV 4πrρ0 Z (10.2)

wherethe sum goesover all pairs of atomsi and j within the model crystal separatedby r i j .
The scatteringpower of atom i is bi and

T
bU is the averagescatteringpower of the sample. In

caseof neutronscatteringbi is simply the scatteringlength, in caseof X-rays it is the atomic
form factorevaluatedat a userdefinevalueof Q. Thedefault valueis Q R 0 in which casebi is
simply thenumberof electronsof atom i. Generallytherearetwo differentwaysto accountfor
displacements(eitherthermalor static)from theaverageposition.Firstonecanusealargeenough
modelcontainingthedesireddisplacementsandperformanensembleaverage.This is themethod
usedby DISCUSwherethermaldisplacementscanbeintroducedaccordingto a given(isotropic)
Debye-Waller factor. Secondlyonecanconvolute eachcontribution givenby δ P r V r i j Q in (10.2)
with aGaussianaccountingfor thedisplacementswhich is donee.g.in PDFFIT.

In order to carry out the Fourier transformin (10.1)we would needto measuredataup to
Q R ∞, whichof courseis notpossible.Thustheterminationatavalueof Q R Qmaxwill causeso-
calledterminationripples in thePDFwhich canbesimulatedby convoluting thecalculatedPDF
with the Fourier transformof a box function. With the availability of modernsynchrotronand
neutronsourcesit is possibleto collectpowderdiffractiondataup to highvaluesin Q, however in
many casesasufficientPDFcanbeobtainedusingaconventionalX-ray tube.Onelastcorrection
appliedto the calculatedPDF, Gc P r Q , accountsfor the limited resolutionof the experimentin
Q-space.This leadsto a decreaseof the PDF peakasa function of r accordingto the relation
exp P V σ2

Qr2 [ 2Q . A detaileddiscussionof theaccuracy of PDFanalysisis givenin [26].

10.2 Calculating the PDF

ThecalculatedPDFfor Nickel is shown in figure10.1.ThePDFwascalculatedfor two different
situations:ThePDFshown asdottedline wascalculatedwithout applyingconvolution givenby
Qmax. This is achieved in DISCUSby settingthevalueof Qmax to zero. ThesecondPDFshown
assolid line in figure10.1wascalculatedfor Qmax R 20Å \ 1. Theresultingterminationripplesare
clearlyvisible.

1 read
2 cell ni.cll,5,5,5
3 #
4 therm
5 #
6 pdf
7 set rang,10.0,0.02
8 set qmax,20.0
9 set qsig,0.0
10 set rad,xray
11 #
12 calc
13 #
14 save pdf,ni.pdf
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Figure10.1:CalculatedPDFsof Ni

15 exit

Themacrofile usedto calculatetheNickel PDFsis listedabove. Firstwereadtheunit cell for
Nickel andexpandit to asizeof 5x5x5unit cells(lines1–2).Next weintroducethermalvibrations
accordingto thegivenisotropicDebye-Wallerfactor(line4). After enteringthePDFsublevel (line
6) we specifythemaximumvalueof r andgrid size∆r (line 7). In our casewe calculateup to a
valueof r ] 10Å usinga grid of ∆r ] 0 ^ 02Å. The next command(line 8) specifiesthevalueof
Qmax to besetto 20Å _ 1. Finally we setσQ to zero(line 9) meaningno Q-resolutioncorrection
andselectX-ray radiation(line 10). Now we arereadyto calculatethePDF, donein line 12. All
wehave to donow is to save theresultto afile (line 14). Theresultis shown in figure10.1.

10.3 Refining a PDF

In principleanexperimentalPDFcanberefinedbasedonastructuralmodelin two differentways.
A relatively smallmodelcanberefinedusingPDFFIT. On theotherhanda largermodelcanbe
refinedusingtheReverseMonteCarlo(RMC) algorithmin DISCUS. Detailsabouttheprinciple
of RMC arediscussedin chapter11of thismanual.Theonly differenceis thatratherthanrefining
the scatteringintensitydirectly, the PDF is refined. An examplerefinementof a Nickel PDF is
partof theonlinetutorial of DISCUS.



Chapter 11

ReverseMonte Carlo

This chaptergives a short introductioninto the RMC level of DISCUS. DISCUScan be used
to eitherrefinethescatteringintensitiesdirectly of to refinetheatomicpair distribution function
(PDF)(see10). A moredetaileddescriptionof thevariouscommandscanbefoundin thereference
manualor theonlinehelp function. Additionally thereareRMC demonstrationmacrosincluded
in theinteractive tutorial.

11.1 Intr oduction

TheReverseMonteCarlo(RMC)method[11] is anotherapplicationof theMonteCarloalgorithm
discussedin chapter9. Here,ratherthanminimizing thetotal energy of thecrystal,thedifference
betweenobserved andcalculatedintensityis minimized. Although the methodhasbeenaround
for about10 years,the methodwasfirst appliedto singlecrystal diffusescatteringin a neutron
diffractionstudyon ice Ih [16].

TheRMC processstartsalsowith theselectionof arandomsiteandchangingits variableslike
occupancy or displacementby a randomamount.Thescatteringintensityis recalculatedfor the
generatedmoveandthegoodness-of-fitparameterχ2 asgivenin equation11.1is computed.

χ2 ` N

∑
i a 1 b Ie c hi dKe Ic c hi dXf 2

σ2 (11.1)

The sum is over all measureddatapoints hi, Ie standsfor the experimentaland Ic for the
calculatedintensity. The changein the goodness-of-fitis given by ∆χ2 ` χ2

old e χ2
new. Every

movewhich improvesthefit to thedata(∆χ2 g 0) is accepted.Thosemoveswhichworsenthefit
(∆χ2 h 0) areacceptedwith aprobabilityof P ` exp c�e ∆χ2 i 2d . Theparameterσ is assumedto be
independentof h andis treatedasaparameterof themodeling.Thevalueσ canbeidentifiedwith
the temperatureT in the (direct) Monte Carlo methoddescribedin chapter9. How many ’bad’
movesareaccepteddependson thevalueof σ or T.

Although this methodgenerallyis ableto generateone disorderedstructureconsistentwith
the observed data,the questionremainsif the resultingstructurein plausiblefrom a chemical
or physicalpoint of view. Certainconstrainsintegratedin DISCUS, e.g. userdefinedminimal
allowed distancesbetweendifferent atom types,allow to avoid certainunlikely structures. A
seriesof testRMC refinements[22], usingscatteringdatafrom simulateddisorderedstructure
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with know propertiesasinput, investigatedtheviability of theRMC method.It couldbeshown
thattheRMC methodis capableto determinethecorrecttypeof defectstructureevenfor systems
showing occupationalanddisplacementdisorderin combination.Absolutevalues,however, must
be interpretedwith care. RMC studiesof the diffusescatteringof stabilizedzirconia [23] and
TlSbOGeO4 [32] revealeda problemregardingthesizeof themodelcrystalchosenfor theRMC
refinement.Largecrystalsizesallow theRMC ’fit’ to beobtainedby adjustingmany longerrange
interactionsratherthanthefew shortrangeinteractionsof interest(in mostcases).A smallmodel
crystalresultsin apoorstatisticaldescriptionof thedefectstructureandnoisydiffractionpatterns.
A new extensionof theRMC segmentallows to use’ lots’ asdescribedin section4.1.2duringthe j
RMC refinement.Thusa largecrystalis used,but theRMC processactsonly in thelimited area
of onelot. FirstRMC simulationsusingthisnew methodaredescribedin [21].

11.2 RMC in moredetail

For practicaluseit is necessaryto includea scalingfactor f anda backgroundparameterb in the
definitionof thegoodness-of-fitχ2. A weightw k h l is includedaswell. DISCUSallows theuserto
choosea particularweightingschemeor to readweightsfrom aseparateinputfile. Thedefinition
of χ2 usedin theprogramis givenin equation11.2.

χ2 m N

∑
i n 1

w k hi lpo Ie k hi lKqrk f s Ic k hi lut blXv 2
σ2 (11.2)

As in theprevious sectionIe k hi l standsfor themeasuredintensityat thereciprocalpoint hi ,
andIc k hi l is thecalculatedintensityin thatpoint. Thesummationis over all N experimentaldata
points.Thevalueσ is aparameterof themodelingandcontrolsthefractionof ’bad’ moveswhich
areaccepted.Thecorrespondingparameterin (direct)MonteCarlosimulationsis thetemperature
T.

Threedifferentwaysto calculatethescalef andbackgroundb areimplemented.First theuser
candefinefixedvaluesfor both: f m f0 w b m b0. Secondly, thebackgroundcanbesetto a fixed
valueb m b0 andthescalingfactor f is computedaccordingto equation11.3.

f m N
∑

i n 1
w k hi l Ie k hi l Ic k hi lKq b0

N
∑

i n 1
w k hi l Ic k hi l

N
∑

i n 1
w k hi l I2

c k hi l (11.3)

Alternatively bothvalues f andb canberefinedduringtheRMC refinement.Equation11.4
shows thecorrespondingdefinitions.

f m N
∑

i n 1
w k hi l N

∑
i n 1

w k hi l Ie k hi l Ic k hi lxq N
∑
i n 1

w k hi l Ie k hi l N
∑

i n 1
w k hi l Ic k hi l

N
∑

i n 1
w k hi l N

∑
i n 1

w k hi l I2
c k hi lKq4y N

∑
i n 1

w k hi l Ic k hi l�z 2
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b { N
∑

i | 1
w } hi ~ Ie } hi ~K� f � N

∑
i | 1

w } hi ~ Ic } hi ~
N
∑

i | 1
w } hi ~ (11.4)

The scalingfactor which the programprints on the screenduring the RMC refinementis
actually(for someyet unknown reason)1� f . Theparametersf andb arecomputedduringeach
RMC cycle andusuallyhave large startingvaluesas long astherearebig differencesbetween
calculatedandobserveddata.After everyRMC move theresultingscatteringintensityandtheχ2

valueis calculated.In orderto save computingtime only thecontribution of themodifiedatoms
to thescatteringis calculated.Thedifference∆χ2 { χ2

old � χ2
new is takento decideif themovewill

beacceptedor not. If ∆χ2 � 0 theagreementbetweencalculatedandmeasureddatahasimproved
andthemoveis accepted.Moveswhichresultin a∆χ2 � 0 areonly acceptedwith aprobabilityof
P { exp } � ∆χ2 � 2~ . As thevalueof ∆χ2 is proportionalto 1� σ2, thevalueof σ hasaninfluenceon
theamountof ’bad’ moveswhich will beaccepted.Obviously therearetwo extremes:For very
largevaluesof σ, theexperimentaldataareignored(χ2 � 0) andwith verysmallvaluesof σ thefit
endsupin thelocalminimumclosestto thestartingpoint,becausethereis anegligible probability
for ’bad’ moves. In orderto bemoreindependentof the actualnumberof datapointsused,the
goodness-of-fitparameterusedin the programis given by χ2 � ∑w } hi ~ . The programcalculates
separatescalingfactorsandbackgroundparametersfor every usedplaneof experimentaldata.
Thisallows to simultaneouslyusedatameasuredwith X-raysandneutrons,differentwavelengths
or from differentinstruments.Thegoodness-of-fitχ2 is displayedasits total valueandseparate
for eachdataplane.

11.3 Settingup a modelcrystal

Thefirst stepin anRMC refinementis thecreationof a modelcrystalof suitablesize. In many
casesthestartingstructurewill bethe(known) averagestructurefor thecompoundunderinvesti-
gation. Sincecertaininformationof thecrystal(e.g. symmetry)is usedin theRMC segment,it
is advisableto to set the crystal before entering the RMC segment. Dependingon thekind of
disorderto bemodeledit mightbenecessaryto introducedisplacementsaccordingto thetemper-
aturefactors(command’therm’,seesection7.1)or createtheneededamountof vacanciesbefore
startingtheRMC refinement.How to generatea crystalis describedin chapter2, toolsto modify
thecrystalarediscussedin chapters6 and7.

It is obviously importantto avoid finite sizeeffect contributionsto thecalculateddiffusescat-
tering. In caseswheretheaveragestructurewill remainconstantduringtheRMC refinement,the
averagestructurefactor � F � mightsimplybesubtracted.Thecorrespondingcommand’setaver’
is thesameasusedin theFouriertransformpart(seesection4.1.1)of DISCUS. However, in cases
where � F � mightchangesignificantlyperiodicboundaryconditionsmustbeapplied(seechapter
4.1.1).Now therequiredsizeof thecrystalis determinedby theresolutionof theexperimentaldata
to beused.A grid sizeof ∆h { 0 � 05r � l � u � for examplewould requireamodelcrystalof 20x20x20
unit cells.Limitationsof computermemorymayrequirea rebinningof theexperimentaldatato a
largergrid in orderto reducethesizeof themodelcrystal.
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11.4 Operation modes

Sofarchangesto thecrystalmadeduringtheRMC refinementweresimplycalled’moves’. These
movescaneitherbea displacementof anatomor the changeof the occupancy of an atomsite.
Becausetherelativeabundanceof theelementsis notallowedto changeduringthesimulation,the
latermove is actuallymadeby switchingtheatomsof two siteswithin thecrystal. Theprogram
knows threedifferentoperationmodeswhich involve threedifferent kinds of moves shown in
figure11.1. Additionally userdefinedmovescanbeincludedin anexternalsubroutinelinked to
theprogramDISCUS.

Figure11.1:RMC operationmodesof DISCUS

A shortdescriptionof thedifferentRMC operationmodesis givenin thelist below. For details
checktheonlinehelp,commandreferenceor referto theRMC tutorial example.

1. switch chemistry
This mode(Fig. 11.1a)allows to simulateoccupationaldisorderby selectingtwo different
atomsrandomlyandswitchthesetwo atoms.Thisoperationmodecanobviouslywork only,
if at leasttwo differenttypesof atomsarepresentwithin thecrystal.This modeis selected
by thecommand’setmode,swchem’.
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2. shift atom
If this mode(Fig. 11.1b)is set,a randomlyselectedatomis shiftedby a randomamountin
arandomdirection.Thesizeof thegeneratedshift is chosenuniformly in theinterval [-1,1]
unit cell. Theactualshift appliedto theatomis thegeneratedshift multiplied with a user
definedfactor(’setmove,� x � , � y � , � z � ’). Thesefactorsarealsogiven in unit cell units.
Theshift modeis selectedby with ’setmode,shift’.

3. switch displacements
This mode(Fig. 11.1c)is selectedby the command’setmode,swdisp’by swappingthe
displacement,i.e. the differencebetweenthe averageandthe actualposition,of two ran-
domly selectedatomsof thesametypeandthustheoverall averagedisplacementsremain
constantin contrastthepreviousmode.Theuserhasto makesurethatinitial displacements
arepresentin thestartingstructure(e.g. thermaldisplacementse.g.by usingthecommand
’therm’.

4. external
TheprogramDISCUSallows theuserto definemorecomplex RMC movesvia anexternal
subroutine. This subroutineis definedin the file ’extrmc.f’. For more detailsaboutthe
constructionof sucha subroutine,readthecommentedexamplein thefile ’extrmc.f’ which
is partof thedistribution.

The programallows to select(’sele � typ1� , � typ2� , ..’) and deselect(’dsel � typ1� ,� typ2� , ..’) atomtypeswhich shouldbe taken into accountduring the RMC simulation. Al-
ternatively molecules(if present)canbeselectedusingthecommands’msel � typ1� , � typ2� ,..’
and’mdes � typ1� , � typ2� , ..’. Here � typ � is the correspondingmoleculetype. All modes
listed above canbeusedfor theserigid moleculesaswell. Rotationsandothersymmetryoper-
ationscanberealisedby creatingthewanteddifferentorientationsof themoleculesasdifferent
typesusingthesymmetrysegmentof DISCUS(seechapter5.2)andsubsequentlyusingthe’swap
chemistry’mode.

After every generatedmove theminimal alloweddistances(’setmdis, � atom1� , � atom1� ,� dist� ’) betweenall selectedatomsarecheckedandif atomsaretooclose,themove is rejected.

11.5 Running RMC

Finally, the experimentaldataneedto be readbeforethe RMC refinementcan start. The file
format for the experimentalinput datais similar to the output formatsKUPLOT andPGM for
the Fourier transform(seesection4.4). It might benecessaryto remove Braggpeaksandother
unwantedscattering(e.g. powder rings from a sampleholder)from the input dataset. With the
’data’ command,the method(neutronor X-ray), weightingschemeandthecornersof the input
datasetin reciprocalspaceareentered.More thanoneplaneof experimentaldatacanbereadby
repeatingthe’data’command.After thedatahavebeenread,selectthedesiredRMC mode,select
theappropriateatomsandstarttherefinementwith the’run’ command.

Gen: 1200 try: 352 acc: (good/bad): 62 / 0 s2x2: 11829643.
Plane 1: scal: 14.83 / back: 22.23 / s2x2: 11829643.
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The screenoutput is updatedin a userdefinedinterval, an exampleoutput is shown above.
Thefist line givesthenumberof generatedmoves(’Gen’) andhow many of thosewereactually
tested(’try’). Thedifferenceis dueto selectingatomsthatshouldnot take part in therefinement
andmovesthatviolateminimal atomdistances.Thenext two numbersgive thenumberof good
(∆χ2 � 0) andbad(∆χ2 � 0) movesthathave beenaccepted.Thelastnumberis thecurrentvalue
of theoverall χ2 for all dataplanes.Additionally the scalingfactor f andthebackgroundb are
givenfor eachdataplane(onein this example)followedby χ2 for thecorrespondingdataplane.
Theresultingstructureaswell asthecalculatedscatteringcanbesavedwith the’save’ command.

It shouldbe noted, that DISCUSmay requirea large amountof memoryto run an RMC
simulationespeciallyusingthe’ lot’ option,sincethestructurefactorfor eachdatapoint for each
lot needsto bestoredin memory. Typically severalhundredlots areused.Thearraysizesareset
in thefile config.inc. Detailedinformationaboutall commandsin theRMC sectioncanbefound
in theonlinehelpor thecommandreference.TheRMC sectionof the interactive tutorial might
alsogive a furtherinsighthow to useDISCUSfor RMC simulations.



Appendix A

List of commands

In this appendix,a list of all currentDISCUScommandsis given. Note that commandsmarked
with anasterix’*’ branchto asublevel of DISCUSwherefurthercommandsnot includedin these
lists areused. Detaileddescriptionsof all commandscanbe found in the commandreference
manualandtheonlinehelpof theprogram.

A.1 Alphabetical list of commands

Command Description
# Comment,therestof theline will beignored
@ Executionof amacrofile
= Assignsthevalueof anexpressionto avariable
addfile Addsthecontentsof two files
append Appendsanatomor molecule,if locationis notoccupied
asym Shows thecontentof theasymmetricunit
break Interruptsa loopor conditionalstatement
chem * Switchesto thechemistrylevel of DISCUS
continue ContinuesDISCUSafter’stop’ command
copy Copiesanatom
d2r Convertsavectorfrom realto reciprocalspace
do Startof ado loop
diff * Switchesto theDifferenceFourierlevel of DISCUS
echo Echoesastring
else Defaultblock in anif construction
elseif Alternative block in anif construction
enddo Endof ado loop
endif Endof anif construction
eval Evaluatesanexpressionfor interactive display
exit EndstheDISCUSprogram
find Findstheenvironmentaroundanatom
fourier * Switchesto theFourierlevel of DISCUS
help Giveson line help
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if Begin of anif construction
ins Insertsanatom
inverse * Switchesto theInverseFourierLevel of DISCUS
kick Deletesatom/moleculeandinsertsanew one
learn Startsa learnsequence
lend Endsa learnsequence
m[j]= � exp� Changescatteringtypeof atom j to valueof expression
mc * Switchesto theMonteCarlosimulationlevel
micro * Switchesto themicrodomainlevel of DISCUS
output * Switchesto theoutputlevel of DISCUS
patterson * Switchesto thePattersonlevel of DISCUS
pdf * Switchesto thePDFlevel of DISCUS
plot * Writesthestructurein a formatreadyfor display
powder * Switchesto thepowderdiffractionlevel of DISCUS
proj Projectavectorontoanotheror ontoaplane
purge Deletesemptylinesfrom thecrystal
r2d Convertsavectorfrom reciprocalto realspace
read * Switchesto thereadinglevel of DISCUS
remove Deletesanatomfrom thecrystal
replace Replacesatom/moleculewith givenprobabilitywith anew type
rmc * Switchesto theReverseMonteCarlolevel of DISCUS
save Savesthecurrentstructureto file
seed Initialize therandomnumbergenerator
set Setvariousparameters
show DisplaysvariousDISCUSsettingsandresults
stack * Switchesto Stackingfault sublevel of DISCUS
stop StopsDISCUSmacro,resumewith ’cont’
switch Switchesthepositionof two atomsor molecules
symm * Switchesto symmetrycalculationsublevel of DISCUS
system Executesashellcommand
thermal Introducingdisplacementsaccordingto thetemperaturefactor
trans * Switchesto theunit cell transformationsegment
vprod Calculatesthevectorproduct
wait Wait for userinput
wave * Switchesto thewavegeneratinglevel of DISCUS
x[j]= � exp� Changex positionof atom j to valueof expression
y[j]= � exp� Changey positionof atom j to valueof expression
z[j]= � exp� Changez positionof atom j to valueof expression

A.2 Functional list of commands

Program control

Command Description
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@ Executionof amacrofile
= Assignsthevalueof anexpressionto avariable
break Interruptsa loopor conditionalstatement
continue ContinuesDISCUSafter’stop’ command
do Startof ado loop
else Defaultblock in anif construction
elseif Alternative block in anif construction
enddo Endof ado loop
endif Endof anif construction
exit EndstheDISCUSprogram
if Begin of anif construction
learn Startsa learnsequence
lend Endsa learnsequence
seed Initialize therandomnumbergenerator
set Setvariousparameters
stop StopsDISCUSmacro,resumewith ’cont’
system Executesashellcommand
wait Wait for userinput

Crystallographic calculations

Command Description
d2r Convertsavectorfrom realto reciprocalspace
proj Projectavectorontoanotheror ontoaplane
r2d Convertsavectorfrom reciprocalto realspace
vprod Calculatesthevectorproduct

Modification of individual atoms

Command Description
append Appendsanatomor molecule,if locationis notoccupied
copy Copiesanatom
ins Insertsanatom
kick Deletesatom/moleculeandinsertsanew one
remove Deletesanatomfrom thecrystal
switch Switchesthepositionof two atomsor molecules
m[j]= � exp� Changescatteringtypeof atom j to valueof expression
x[j]= � exp� Changex positionof atom j to valueof expression
y[j]= � exp� Changey positionof atom j to valueof expression
z[j]= � exp� Changez positionof atom j to valueof expression
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Structure modificationsat large

Command Description
mc * Switchesto theMonteCarlosimulationlevel
micro * Switchesto themicrodomainlevel of DISCUS
purge Deletesemptylinesfrom thecrystal
replace Replacesatom/moleculewith givenprobabilitywith anew type
stack * Switchesto Stackingfault sublevel of DISCUS
symm * Switchesto symmetrycalculationsublevel of DISCUS
thermal Introducingdisplacementsaccordingto thetemperaturefactor
trans * Switchesto theunit cell transformationsegment
wave * Switchesto thewavegeneratinglevel of DISCUS

Fourier levels

Command Description
diff * Switchesto theDifferenceFourierlevel of DISCUS
fourier * Switchesto theFourierlevel of DISCUS
inverse * Switchesto theInverseFourierLevel of DISCUS
patterson * Switchesto thePattersonlevel of DISCUS
powder * Switchesto thepowderdiffractionlevel of DISCUS

Input and Output

Command Description
addfile Addsthecontentsof two files
output * Switchesto theoutputlevel of DISCUS
plot * Writesthestructurein a formatreadyfor display
read * Switchesto thereadinglevel of DISCUS
save Savesthecurrentstructureto file

Inf ormation and crystal analysis

Command Description
# Comment,therestof theline will beignored
asym Shows thecontentof theasymmetricunit
chem * Switchesto thechemistrylevel of DISCUS
echo Echoesastring
eval Evaluatesanexpressionfor interactive display
eval n[1] Displaysthenumberof atomswithin thecrystal
eval n[2] Displaysthenumberof differentatomswithin thecrystal
eval n[3] Displaysthenumberof atomsin (original)unit cell
eval n[4] Displaysthenumberof moleculeswithin thecrystal
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eval n[5] Displaysthenumberof differentmoleculetypeswithin thethecrystal
eval n[6] Displaysthenumberof moleculesin (original)unit cell
eval m[ � i � ] Displaysatomtypeof atom � i �
eval x[ � i � ] Displaysx-coordinateof atom � i � , similar for y andz
find Findstheenvironmentaroundanatom
help Giveson line help
rmc * Switchesto theReverseMonteCarlolevel of DISCUS
pdf * Switchesto thePDFlevel of DISCUS
set Setvariousparameters
show DisplaysvariousDISCUSsettingsandresults



Appendix B

Installation

This appendixcontainsa short introductionhow to obtain,compileandcustomizethe program
DISCUS. DISCUSis part of the diffusescatteringsoftwarepackagewhich consistsof the three
programsDISCUSitself, the plot programKUPLOT and the new programPDFFIT. However,
DISCUSis alsoavailablein astand-alonedistribution. Weassumethatyou install thesoftwareon
aUNIX typeplatform.In orderto install theprogramsaFORTRAN andC compilerarerequired.
TheGNUcompilersgcc andg77 usedin thedevelopmentof theprogramsareavailablefor various
platformsandcanbedownloadedfromtheinternetfreeof charge.However, thesourcecodemight
besuccessfullycompiledonotherplatforms.Thanksto a ’gcc cross-compiler’,MSDOSbinaries
of DISCUSand DISCUScan be obtainedfrom the authors. ContactThomasProffen (Email:
proffen@pa.msu.edu) for details.

Obtaining and unpacking DISCUS

First oneneedsto obtainthe complete’diffuse’ archive nameddiffuse-xx.xx.xx.tar.gz or
just the DISCUSarchive calleddiscus-3.2.tar.gz from the internet. Note thatxx.xx.xx in
thefile namestandsfor thecreationdateof thecompletearchive. For theremainderof thissection
weassumeyouobtainedthecompletearchive andyou needto unpackit usingthecommands

gzip -d diffuse-xx.xx.xx.tar.gz
tar -xvof diffuse-xx.xx.xx.tar

Thiswill createadirectory’diffuse’containingthedistribution. Within thisdirectorythereare
separatedirectoriesdiscus, kuplot anddiscus containingthethreedifferentprogramsaswell
asa directorylib f77 which containscommandlanguagerelatedroutinescommonto all three
programs.In eachprogramdirectory, you will find thefollowing directorystructure:

./prog : Contains the source code

./doc : Contains POSTSCRIPT version of the documentation

./tutorial : Contains the tutorial for the program
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Customizingand installing DISCUS

After proceedingto the discus/prog directoryyou needto choosea Makefile that suitsyour
needsandcustomizetheMakefile aswell asoneconfigurationfile ’config.inc’. Therearefour
differentMakefilesfor UNIX platformsdependingon theFORTRAN compileryouareusing.

cp Makefile.f77 Makefile (f77 compiler version)
cp makefile.f2c Makefile (f2c compiler version)
cp makefile.g77 Makefile (g77 compiler version)
cp makefile.f90 Makefile (f90 compiler version)

Next edit theMakefile andalter the locationwheretheprogram(s)shall be installeddefined
by the variableBINDIR. Readthe commentsin the Makefile to selectthe appropriatecompiler
switchesfor your platform. Finally edit ’config.inc’ andadjustarraysizesto suit your needs.
An explanationof the variablesin arefound in the headerof the file ’config.inc’. Keepthe
memorysizeof your computerin mind whenadjustingthosearraysizes! Next the programis
compiledandlinkedby executingthecommandmake followedby make install if all wentwell.
Makesureanappropriatepathfor thebinariesto beinstalledis setin theMakefile. After thatyou
canperformamake clean to remove thebinaryandtheobjectfiles from thesourcedirectory. If
youwantto install theprogrammanuallyyouhave to put thefiles ’discus’ and’discus.hlp’ in
thesamedirectory.

Beforeyou actuallycanusetheonlinehelpof theprogram,anenvironmentvariableDISCUS
has to be set to the path where the programis installed in. This can be done e.g. in the
.login or .cshrc file using the commandsetenv DISCUS /path/to/discus for the csh of
set DISCUS=/path/to/discus; export DISCUS is youareusingthebourneshell. If thispath
is alsoincludedin yoursearchpathyoucanstarttheprogramsimplyby enteringdiscus.

TheprogamDISCUScanalsobeinstalledona DECVMS machine.Toolslike gzip andtar
arefreelyavailablefrom theinternet.Thefile Makefile.vax is acompilationscriptthatis partof
thedistribution.

Pleaseregister

Pleaseregisteryourselfasauserof oneor moreprogramsof theDISCUSprogrampackage.In the
top directoryof thedistribution you will find the file REGISTER. Pleasefill in thecorresponding
information and sendthe file via email to proffen@pa.msu.edu. Thank you for registering,a
feedbackis always a strongmotivation to proceedwith the programdevelopmentand making
it availableto the public. By registeringyou alsoenableus to inform you of programupdates,
workshopsandotherrelatedtopics.
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