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Preface

Disclaimer

The DISCUSsoftware describedin this guide is provided without warranty of ary kind. No
liability is taken for ary lossor damagesdirect or indirect, that may resultthroughthe useof
DISCUS No warrantyis madewith respecto this manual,or the programandfunctionstherein.
Thereareno warrantiesthat the programsare free of error, or thatthey areconsistenwith any
standardpr thatthey will meetthe requiremenfor a particularapplication. The programsand
themanualhave beenthoroughlychecled. Neverthelessit cannot be guaranteethatthe manual
is correctandup-to-daten every detail. This manualandthe DISCUSprogrammay be changed
withoutnotice.

DISCUSis intendedasa public domainprogram. It may be usedfree of chage. Any com-
mercialuseis, however, not allowedwithout the explicit written permissiorof theauthors.

Using DISCUS

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 structurefactorswasadaptedrom the programLazy-Pulerix written by K. Yvon, W.
Jeitschk & E. Parthe.Therandomnumbermgeneratorandinterpolationgoutinesweretakenfrom
the NumericalRecipesby PressFlannery Teulolsky & Vetterling, CambridgeUniversity Press,
1989.Theroutinesfor theline editingwastakenfrom the programGNUPLOT.
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Chapter 1

Intr oduction

1.1 What is DISCUS?

DISCUS[1§] is intendedasa versatiletool to simulatecrystalstructuresandthe corresponding
intensitydistribution in reciprocalspace The programoffers seseralfeatureghatenablethe user
to easily generatea structureandto introducevariousdefects. The main intendis to simulate
defectstructuresthe program,however, is not limited in that respect. Ideal structurescanbe
simulatedaswell andusuallywill form the basisfrom which the defectstructureis developed.

The programcanreada whole crystalor the asymmetriaunit of a unit cell. Thelatteris ex-
pandedo thewholeunit cell by useof the spacegroupsymbol. Thedefinitionof rigid molecules
is supportedoy DISCUS The structurecan be storedas structurefile or certainlayersor pro-
jectionsof the crystal can be sased for graphicaldisplay The programDISCUSis part of the
diffuseprogrampackagewhich includesa speciallysuitedplotting programKUPLOT anda new
programPDFFIT [17] which allows thefull profile structuralrefinemenbf theatomicpair distri-
bution function (PDF). Severaltoolsareavailableto modify singleatomsor moleculeswithin the
structureor to alterthe completecrystal. Thesetoolsincludethermaldisplacementsyaves, mi-
crodomainsstackingfaultsandgeneralizedymmetryoperations Onefeatureof DISCUSis the
possibility to introducecorrelateddefectsand distortionsusing Monte Carlo (MC) simulations.
Varioustoolsallow theanalysisof a givendefectstructureincludingthe calculationof the PDF of
agivenstructure.

TheFouriertransformsegmentof the programallows theuserto calculatethe intensitydistri-
bution alonga line or on ary planethroughreciprocalspace.The resolutionin reciprocalspace
canbechoserby theuser Theresultingintensitymapscanbe written in several outputformats,
to be displayedby standardvisualizationprogramsthe programKUPLOT or be printeddirectly.
Neutron-aswell asX-ray scatteringcanbe calculated.DISCUSsupportsthe subtractionof the
averagestructurefactorandthe calculationof the diffuseintensitiesasaverageover mary small
crystalvolumesto createsmoothnoisefree diffraction pattern. A detaileddiscussioris givenin
chapterd. Thedirectanalysisof measurediiffusescatterings possibleusingthe ReverseMonte
Carlo sggmentof the program. The programallows the refinementof the scatteringintensity
directly aswell astherefinemenbf the PDE

The programusesa commandanguageo interactwith the user No predefinedequirement
existsfor a given sequenc®f commands.The commandsanbe typedat the DISCUSprompt,
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or readfrom a macrofile. The commandanguageancludesa FORTRAN style interpreterthat
allows the userto programloopsandlogical structures Severalrealandinteger variablesaswell
asstructuralariablescanbeusedto designtheintendeddefectstructure Online helpis provided
which givestheuserinformationon ary of the DISCUScommandsswell asexampledor typical
DISCUSsessionsMore detailedinformationhow to getfurtherhelpis givenin sectionl.3.

1.2 What is new?

If you have usedDISCUSbefore,you might askwhatis new in version3.2 of the program.The
majordifferencds theadditionof two new modules:Thefirstis thepossibilityto calculatepowder
diffraction patterngseesection4.2). SecondlyDISCUScannow calculateandrefinethe atomic
pairdistribution function(PDF). Therefinemenis doneusingthe ReverseMonte Carloalgorithm
alreadyincorporatedn DISCUS For detailsreferto chapterl0 of thisusersgguide.As usualsome
bugswerefixed and somefunctionswere added,e.g. onecannow save intensitiesin SHELXL
format. A detailedlist of all changesanbe foundin the file 'CHANGES.LOGIn the source
directoryof the DISCUSdistribution.

1.3 Getting started

After the programDISCUSis installedproperlyandthe ervironmentvariablesare set, the pro-
gramcan be startedby typing 'discus’ at the operatingsystemsprompt. Informationaboutthe
installationof DISCUSIs givenin appendixB.

| Symbol | Description \
"text” Text givenin doublequotess to beunderstoodistyped.
<text> Text givenin angledbracletsis to bereplacedoy anappropriatevalue,

if the correspondindine is usedin DISCUS It could, for examplebe
theactualnameof afile, or anumericalalue.

"text’ Text in singlequotesexclusively refersto DISCUScommands.

[text] Text in squarebraclets describesan optional parameteior command.
If omitted,a default valueis used,elsethe completetext givenin the
squarebracletsis to betyped.

{text | text} Text givenin curly bracletsis alist of alternatve parametersA vertical
line separatesno alternatve, mutually exclusive parameters.

Tablel.1: Usedsymbols

The programusesa commandanguageo interactwith theuser Thecommandexit’ termi-
nategheprogramandreturnscontrolto theshell. All command®f DISCUSconsisibf acommand
verb, optionallyfollowed by oneor moreparametersAll parametersnustbe separatedrom one
anotherby a comma”,”. Thereis no predefinecheedfor ary specificsequencef commands.
DISCUSis casesensitve, all commandsndalphabetigparametersAUST betypedin lower case
letters.If DISCUShasbeencompiledusingthe”- DREADLI NE' option(seeinstallationfiles) basic
line editingandrecallof commandss possible For moreinformationreferto thereferencenan-
ualor checktheonlinehelpusing(’help commandnput’). Namesof inputor outputfilesareto be
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typedasthey will be expectedby the shell. If necessaryncludea pathto thefile. All commands
may be abbreiatedto the shortestuniquepossibility At leasta singlespaces neededetween
thecommandrerbandthefirst parameterNo commais to precedeahefirst parameterA line can
bemarkedascommentoy insertinga‘#' asfirst charactein theline.

The symbolsusedthroughoutthis manualto describecommandscommandparametersor
explicit text usedby the programDISCUSarelistedin Tablel.1.

1.4 Morehelp

Thereare several sourcesof information, first DISCUShasa build in online help, which canbe
accessethy enteringthe commandhelp’ or if helpfor a particularcommand<cmad> is wanted
by 'help’ <cmd>. Theonlinehelpis alsoavailableasprintedversionin thefile 'dis.cmd.ps’in
thedirectory’doc’ of thedistribution. Themanualyou arereadingdescribescientificbackground
andprinciplefunctionsof DISCUSandshouldgive someinsightin the waysto usethis program.
Additionally thereis aninteractive tutorial guidingthroughthe differentfunctionsof the pro-
gram.To startthetutorial, goto thedirectory‘tutorial’ of thedistribution, startDISCUSandenter
‘@tutorial’ to begin thetour.

To find out aboutrecentupdatesof DISCUSor to get furtherinformationvisit the DISCUS
WWW homepagatthefollowing sites:

http://wwwpa.msu.edu/proffentiscus/dscus html
http://wwwuni-wuerziorg.de/mineralgie/crystl/discuddiscus.iml

1.5 Further reading

Unfortunatelytherearecurrently(at leastto the authorsknowledge)no booksavailablegiving a
modernovervien aboutdisorderectrystalsandthe analysisof diffuse scatteringaidedby com-
putersimulationmethods However, thereis a numberof recentreview articlesaboutthesetopic,
e.q.[7, 8,9, 10, 30, 31]. A verygoodbookonthebackgroundsf diffractionphysicswaswritten
by Cowley [5]. More specificliteratureaboutthe scientificbackgrounds givenin theindividual
chapterf this manual.

The programDISCUScanbe usedasan aid to teachingdiffraction physicsanddiffuse scat-
tering[15]. ThecorrespondingVWW tutorial includingDISCUSmacrofiles canbefoundonthe
sitesbelonv andon furthermirror sitesaroundthe world.

http://wwwpa.msu.edu/proffen/texching/teaching.html
http://wwwuni-wuerzhirg.de/mineralogikrystl/teachingteaching html



Chapter 2

Creating structures

Thefirst steptowardsary simulationis creatingthe desiredstructureandpossiblymaodifying it.
DISCUSofferstwo differentwaysto performthistask,the structurecaneitherbe generatedrom
the contentsof a asymmetriaunit of a unit cell or be completelyreadfrom afile. For eachatom
the programstoresits type, its fractionalcoordinategx,y,z) andanisotropicthermalcoeficient
(B). If thecrystalis generatedrom anasymmetriaunit, the programusesthe spacegroupsymbol
readfrom the datafile to generatehe unit cell from the asymmetriaunit. Prior to this generation,
the spacegroupsymbolis checled for consisteng with the lattice constants. An error message
flagsary inconsistencies.The unit cell is copiedto generatea crystal of desired(rectangular)
dimensions.

Thefollowing sectionsdescribethe structurefile formatsandhow to groupatomsto (rigid)
molecules.Oncea crystal (which could be assmallasoneatom)is generatedsereral tools are
providedto modify the crystal. Thesetools canbe groupednto thosethataffectindividual atoms
andthosethataffect thewhole crystal. Thefirst groupincludesthe following modificationsof an
individual atom: moving, replacing,removing andinsertingnewv atoms. Thesearediscussedn
chaptel6. Thesecondyroupincludesat presenthefollowing modificationsof thecrystalatlarge,
for moredetailsseechapter7: thermaldisplacementyvaves,stackingfaultsandmicrodomains.

2.1 Readingstructurefiles

A unit cell or awhole structureis readfrom file by thecommandread’. Theformatof thesetwo
file typesis identical. If a unit cell is read,the contentsof thefile is regardedasthe asymmetric
unit of theunit cell. Thespacegroupinformationis usedto generatehewholeunit cell. If, onthe
otherhand,astructures read the contentsof thefile is takenasit is.

A keyword controlledstructurefile formatis usedallowing moreflexibility, e.g. the useof
molecules. However, DISCUSis capableto readboth the old andthe new structurefiles auto-
maticallyrecognizingthe correctformat. Furthermorghe commandformat nokey’ in the'save’
segmentallows the userto save a structureusingthe old format(seesection2.3).

2.1.1 Structurefile format

The new DISCUSstructurefile is a simpletext file startingwith a sectionwith keywordssetting
parameter$ik e lattice constant®r spacegroupfollowed by a sectionwith the actualatoms.The

10
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sequenc®f keywordsis arbitrarywith two exceptions,the first line must containthe keyword
'title’ settingatitle andthelastkeyword mustbeatomsfollowedby alist of atomsand/omrmolecule
definitions(seesection2.1.2). Eachatomwithin the asymmetricunit or completestructureis
definedby its name(e.g. ZR), the fractional coordinatesx,y,z) and an isotropictemperature
factorB. A list of valid keywordswithin a structurefile is givenin table2.1.

| Keyword | Description |

# Allows commentsn the keyword sectionof the structuréfile..

atoms Marks the startof the atomlist and mustbe the last keyword exceptfor
'molecule’.

cell Parameters, b, ¢, a, 3,y definethelatticeconstant®f thecrystal. Notethat
all six parametermustalwaysbegiven.

generator Allows to definegeneratorsadditionalto the onesdefinedby the space
group.The 12 parameterslefinethe symmetryoperation.

molecule Definesrigid molecules.The keyword muststandin the atomssectionof
thestructurefile (seesection2.1.2).

ncells Parametersix, ny,nzandncdefinethesizeof thecrystalin unit cellsandthe
numberof atomswithin aunitcell. Thisinformationis neededf acomplete
structureis readin orderto allow DISCUSto determinghecrystalssize.

spcgr Setsthe spacegroupfor thecrystal.

symmetry Definesan additional symmetryoperationdefinedby the 12 parameters
given.

title Setsatitle for the structurefile. This must bethefirst keywordin thefile.

Table2.1: List of keywordsfor structurefiles

Keywordsareprocessedhe sameway asnormalcommands&ndparameterfave to be sepa-
ratedby commas,’. An exampleinputfile for cubiczirconia(ZrO,) is shavn below.

title Structure of cubic ZrQ
spcgr Fm 3m
cell 5.14,5.14,5.14,90.,90., 90.
at ons
0.00 0.00 0.5
0.250.25 1.0
Thefirst line is the required’title’ line describingthe structure. The next line specifiesthe
spacegroupFm3m. The symbolsusedshouldbe the Hermann-Mauguirsymbolsusedin Inter
nationalTablesfor Crystallographyol. A [33]. A centerof inversionasin this exampleshould
be given as’-’ sign immediatelyprecedingthe axis. Lattice typesneedto be given as capital
charactersmirror planesassmallcharactersMonoclinic cell choices2,3 or uniquec-axiswill be
assumedf the correspondingion standardHermann-Mauguirsymbolis used. DISCUSchecks
the given spacegroupsymbolfor contradictionswvith the lattice constant@andin caseof anerror
theunitcellis notread.A completdist of valid spacegroupsymbolsis partof theonlinehelpand
canbe accessedia 'help space’from the DISCUScommandine. Thenext line in the example
above givesthe lattice constantof a=b = ¢ = 5.14A anda = B = y = 90 degrees. Note that

DISCUSrequiresall six valuesto be given. The keyword 'atoms’in the examplefile which must
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bethelastkeyword startsthe sectionwith thelist of atoms.Herezirconiumoccupiessite 4(a)on
(0,0,0)andoxygenis on 8(f) at(%l, %1, %1). Theisotropictemperaturéactorsfor Zr andO aresetto
0.5A2 and1.0A? respectiely.

Additional generator&anbe definedthroughthe optional’'generator’keyword. Thesegen-
eratorsact identicalto the generatorglefinedthroughthe spacegroup symbol. All previously
generatedopiesof theatomsin theasymmetriaunit arecopiedby this generatgrandwill in turn
becopiedby ary generatorsollowing later Sincetheseadditionalgeneratorsireappliedafterthe
spacagroupgeneratorsyou canusethesegenerators$o createnon-standargroupsor to createa
setof symmetriegshatdoesnotfrom agroup. Thesyntaxof the’generatorkeyword is asfollows:

generator gll, 912,913,914, 921,922,923, 924, g31, 932,933, g34

Copiesof anatomat (x,y,z) will becalculatedusingthe following equation:

X 011 912 013 X O14
Y | = 91 92 g3 ||y |+]| G (2.1)
z O31 O32 Us33 z O34

Additional symmetryoperationscan be definedthroughthe optional’symmetry’ keyword.
Thesesymmetryoperationsact differentthanthe generatorslescribedabore which are defined
throughthe spacegroupsymbolor listedasadditionalgeneratorsThe symmetryoperationsopy
only thoseatomscreatedoy the generatorsin contrasto generatorshey do notacton copiesof
the atomscreatedby previous symmetryoperations Both keywords’generator'and’symmetry’
definethe symmetryoperationn asimilarway using12 parameterasshavn in equation2.1

Thefollowing exampleshallillustratethe differencebetweergeneratorandadditionalsym-
metryoperationsThefollowing two generators

would createthe following copiesof anatomat (0,0,0): (3,3,0),(3,0,3) and(0,3,3). In
contrasisimilar symmetryoperations

symetry 1,0,0,0.5, 0,1,0,0
symetry 1,0,0,0.5, 0,1,0,0
will only generatehe following two copiesof anatomat (0,0,0): (3, 3,0) and(3,0, 3) since
the symmetryoperationswill notacton previously generatedopiesof the atomat (0,0,0). The
secondsymmetryoperationcopiesonly the atomat (0,0,0), not the atomat (%, 0, %), sincethis
atomwascreatedy the previoussymmetryoperation.

2.1.2 Usingmolecules

The new keyword controlledstructurefile formatof DISCUSallows the definition of molecules *
usingthe 'molecule’ keyword. This keyword is allowed arnywherebetweernthe atomsof the unit
cell file. 1t marksthe beginning of a group of atomsthat are groupedto form a molecule. The
individual atomsare listed in the usualway (seesection2.1.1). The keyword 'molecule end’
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| Keyword | Description |
molecule Definesthe startof amolecule.
moleculeatoms Listsatomnumberselongingto currentmolecule.
moleculecontent Definesthe startof particularmoleculetype.

moleculegenerator Definesgeneratorgor theinternalsymmetryof themolecule.
moleculesymmetry Definesinternalsymmetryoperationgor themolecule.
moleculeend Definesendof a moleculeatomlist.

Table2.2: List of keywordsmolecules

signalsthe end of a molecule. All atomsstill listedin the unit cell file aretreatedasindividual
atoms.Themoleculerelatedkeywordsarelistedin table2.2.

The internal symmetryof the moleculecan be specifiedusingthe 'generator’and’symme-
try’ sub-leywords. The generatorareinternalsymmetryoperationsof the molecule. DISCUS
compareghelists of atomscreatedby the spacegroupandby the moleculegeneratorsidentical
sectionsare linked to one molecule. Atoms createdby other symmetryoperationsg.g. lattice
centeringwill form a new moleculeof the sametype. The generator®f the moleculesymmetry
shouldbe the generatorghat createthe site symmetry Seethe sectionon site symmetryin the
InternationalTables[33] for furtherdetails.As in the previous section,symmetryoperationswill
only acton the'original’ atomsof the moleculewhereagyeneratorsill operateon previously
generateaopiesof atomsaswell. The following examplestructurefile containsa water (H,0)
moleculein a structurewith the spacegroupCmn?.

title Water in CmR

spcgr Cme

cell 10.0,10.0,10.0, 90.0,90.0,90.0

at ons

mol ecul e

mol ecul e gene, -1,0,0,0, 0,1,0,0, 0,0,1,0
O 0.00 0.20 0.00
H 0.13 0.17 0.00
mol ecul e end

0.1
0.2
Thefirst four lines of this examplefile are similar to the previous exampleand definetitle,
spacegroupandlattice constantsin the’atoms’ section howvever, oneoxygenandonehydrogen
atomdefinethewatermoleculebetweerthe’molecule’and’'moleculeend’ keywords. Thesecond
hydrogeratomfor the H,O moleculeis generatedby ayz-mirror planedefinedoy the’gene’ sub-
keyword. The mirror planegoesthroughthe origin of the moleculewhich is definedasthe first

atomin the moleculelist, hereoxygen. The coordinateof the four createdH,O moleculesper
unit cell in thegivenspacegroupCmn?® areshavn below.

Mol ecul e Nunber : 1 Type: 1

Nane Nunber X y z B

1) 1 . 000000 . 200000 . 000000 . 100000
H(2) 5 . 130000 . 170000 . 000000 . 200000
H(2) 11 -. 130000 . 170000 . 000000 . 200000

Mol ecul e Nunber: 2 Type: 1
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Nane Nunber X y z B

1) 2 . 500000 . 700000 . 000000 . 100000
H(2) 6 . 630000 . 670000 . 000000 . 200000
H(2) 12 . 370000 . 670000 . 000000 . 200000
Mol ecul e Nunber: 3 Type: 1

Nane Nunber X y z B

1) 3 . 000000 . 800000 . 000000 . 100000
H(2) 7 -. 130000 . 830000 . 000000 . 200000
H(2) 9 . 130000 . 830000 . 000000 . 200000
Mol ecul e Nunber: 4 Type: 1

Nane Nunber X y z B

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
ary moleculedefinesthe origin of the moleculeusedby varioussubsequentommandsln case
theorigin lies ona symmetryelementof the spacegroupit mustbelocatedat the point of highest
symmetryof the molecule.If the structuredoesnot have anatomat this site you mustincludea
'void’ onthis site. This couldbethecasee.qg.if you have anemptytriangleon a threefoldaxis.

Alternatively to definingamoleculeasin theexampleabove, thecommandmoleculecontent’
and’moleculeatoms’might be usedto definemoleculetypesandthe correspondingjst of atom
indicesbelongingto thatmolecule.This procedures usedto beableto sare structuresontaining
moleculessincethe orderof theatomsrequiredby variousDISCU Sfunctionsmight preventstor
ing atomsin groupsbelongingto a particularmolecule.Checksection2.3 for moredetailsabout
saving structures.

2.2 Internal storageof a structure

All atomsare storedsequentiallyin an array If a completestructureis readusing the ’stru’
commandtheatomsarestoredn thesamesequencasfoundontheinputfile. If severalunitcells
have beengeneratedby the commandcell’ in the'read’ sublesel, thecontentsof all unit cellsare
storedconsecutiely. The’'cell commandalwaysgenerates rectangulaiblock of nx ny,nz unit
cellsalongthedirectaxes. Theinnermostfastestoopis overx, theoutermostslovestioopis over
z. Within eachunit cell, the atomsarestoredin the sequencéhatthey have beenreadfrom file.
Eachatomis multiplied by the symmetrygenerator®f therespectie spacegroup. Thesequence
of generatordhasbeenchosenidenticalto thatin the InternationalTablesfor Crystallography
[33], Vol. A. The sequencef symmetricallyequivalentatomsis thereforeidenticalto that of
the InternationalTables.In accordancevith the InternationalTables the generatorsequiredfor
centeredspacegroupsare appliedfirst. The atomsgeneratedy thesegeneratorsmmediately
follow eachpositiongeneratedy the ordinarysymmetryoperatorsasillustratedby thefollowing
example:

Spacagyroup C2 No.5,Wycof position4(c) x,y,z
Theatomsonthis siteare



CHAPTERZ2. CREATING STRUCTURES 15

(0,0,0;3,3,0)+
X’y’ Z'X,y,z

DISCUSstoregshesefour atomson position4(c) in thefollowing sequence:

X7y7z
X+3,Y+3:2
XY,2
X+3.Y+3:2

The origin within the modelcrystalis taken asthe centerof the simulatedstructurej.e. the
coordinate®f anatomon site (0,0,0)of a crystal20x20x20unit cellsin sizewould rangein X,y
andz from -10.0to 9.0.

If the chemistryor position of an atomis modified, its positionwithin the structurearray
remainsthe same. If it is deleted,it is replacedby atomtype VOID. The positionof all other
atomsremainsunchanged.This featureenableshe userto calculatethe positionof anatomin
the structurearray irrespectie of ary changeghattook placein the structure. All new atoms
areaddedat the endof the structurearray Their sequencés entirely basedon the sequencef
generation.

Thecommandtrans’in the’chem’ sublevel of DISCUSallowsto transformbetweertheindex
of anatomandits unit cell andsite number Alternatively the atomindex I’ for anatomon sitel
in unitcell i, j,k canbe calculatedusingthefollowing equation:

I"={(k—1)-nx-ny+(j — 1) -nx+ (i — 1)} - n[3] +1 (2.2)

Here nx ny,nz are the crystalsdimensionsin unit cells and n[3] (seesection3.1) contains
the numberof atomsper unit cell. Somecalculationsof DISCUS(e.g. usageof lots in Fourier
sublevel, quickmodefor bondlengthcalculations,.) requirethis particularorderof storageof the
atoms.However, in orderto save CPUtime for the Fouriertransformanddisk spacevhensaving
a structure the'purge’ commandmay be appliedwhich will deleteall emptysitesin the crystal
andthe givenrelationbetweeratomindex andunit cell/siteis invalid. The authorsgenerallydo
not recommendhe usageof the 'purge’ command.

2.3 Saving structures

A particularstructurestoredin DISCUScan be saved to a file usingthe 'save’ command. In
casewhere’save’ is followedby afilename the structures directly saved usingthe currentlyset
options.

If 'save’ is enteredalone,DISCUSwiIll entera’sare’ sublevel which allows theuserto select
variousoptionsand selectall or only particularatomsto be sared. Note that the settingsare
valid for all subsequentalls of 'save filename’. Generallythe usercanchoosebetweerthe 'old’
structurdile format(seesectior2.1)andthenew keyword controlledstructurdfile format,whichis
therecommendetbrmatto beused.Besidetherequiredkeywordsthe useris ableto selectwhich
additionalkeyword shall be written to the file. Note thatin caseswherea structurecontaining
moleculesis saved without selectingthe 'molecule’ keyword, the moleculeinformation of the
crystalwill belost. Checkthe onlinehelpfor 'sase’ for acompletdist of options.
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Figure2.1: Exampleof structureexportoptions

Differentexport option are available in the 'plot’ sublerel of DISCUS Individual atom or
moleculetypesto be includedin the output might be selected. Atoms might also be selected
accordingo their microdomairstatus(seesection?7.3for details). The extendof the crystalto be
exportedaswell asanoptionallimitation to a givenslicewithin thecrystalallow theuserto select
specificregionswithin the crystal. Sucha sliceis definedby a pointv in real spacsits thickness
andits normal. For eachatomin the crystalthe vectorfrom the point v to the atomis projected
ontothereal spacenormalto the slice. If the lengthof this projectionis lessthanthe thickness,
theatomis plotted,elsenot. Figure2.1 shavs anexamplestructure(20x20x1unit cells) shaving
thermaldisplacementanddemonstrateanotheexportoptionof DISCUS eitherthecrystalmight
be saved (Fig. 2.1a)or the densitywithin a unit cell (Fig 2.1b),i.e. all atomsareprojectednto a
singleunit cell.

DISCUSsimply writes the coordinatesof selectedatoms. The sequencef indicesin the
outputfile canbedefinedby theuserasary permutatiorof x,y,z; x,z,y;... Theoutputfor KUPLOT
will resultin a projectionof the structurealongone of the crystallographiaxesor a projection
alongthe normalof the slice ontothe plane,while the GNUPLQOT formatcanbe usedfor athree
dimensionalviewing. The file format for KUPLOT includesmarler type, colour and size for
the individual atom or moleculerepresentation.Thesepropertiescan be alteredusingthe 'set’
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commandwithin the'plot’ sublevel. Assumingthe structurehasbeenwritten to file 'atoms.xy
thefollowing KUPLOT macrowould be appropriate:

| oad cr, at ons. xy I loading the data file
pl ot I plot it

For more information aboutthe programKUPLOT refer to the KUPLOT manualor online
help. The GNUPLOT setof commandgo plot thefile "atoms.xywould look like this:

set parametric | specifies data are x(t),y(t)
set view 60, 45 | sets nice view angles
spl ot 'atons. xy’ ! plot data file

Useary desiredvaluesfor the’setview’ commando view the structurealongdifferentdirec-
tions.

Sincethe exportedfile is a simpletext file containingthe atomscoordinatedn the defined
sequencén eachline, ary plotting software capableof importing this type of file canbe usedto
view the exportedstructure. However, only the useof the programKUPLOT allows the userto
have individual colours,marlers and sizesfor the differentatomsor moleculetypeswithin the
crystal.



Chapter 3

FORTRAN styleinterpreter

The programincludesa FORTRAN style interpreterthat allows the userto programcomple
modifications.Theinterpreteprovidesvariables)inkedto the structureandfreevariablesjoops,
logical constructionpasicarithmeticandbuilt in functions.Commandselatedto the FORTRAN
interpreterare’=’, 'break’,’do’, 'else’, 'elseif’, 'enddo’,’endif’, 'eval’, 'if ".

3.1 Variables

All variablesaredenotedoy a name followed by aleft squaredraclet [, oneor moreindicesand
aright squaréoraclet].

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

This versionof DISCUSdeletesall blanksfrom userinput lines. To keepa nicely looking
macrofile you caninsertblanksbetweerthe variablenameandthe left squarebraclet. Blanks
within the squarebracletsarenot significant. Theindex canbe ary integerexpressiongspecially
ary of theintegervariablesagain.Two freevariablesareprovided,aninteger, i[n], andareal,r[n]
variable.Eachof thesevariableds actuallyanarrayof dimensiom givenin squaredraclets. The
allowedrangefor nis 0 to MAXPARAM, whichis definedat compilationtime by the parameter
MAXPARAM in thefile 'param.in¢, seethefile INSTALL for furtherhelp.

Besidethesevariablesi[n] andr[n] for generalusea large variety of variablesis linked to
structuralinformationof the currentstructurestoredin DISCUS Someof thesevariablescannot
be modified, otherslik e the positionof individual atomscanbe altered thusallowing to modify
themodelcrystal. Thefollowing lists give a summaryof the differentvariablesavailable.

Thetable3.1 shavs a summaryof crystalrelatedvariables.Thevaluesof thesevariablescan
notbealtered.Somemoleculerelatedvariableshave beenaddedn thisversionof DISCUS Table x
3.2 lists variablesrelatedto eachatom. Thesevariablescanbe changede.g. x[1] = x[1]+0.06)
allowing the userto alter eachatomwithin the crystal. Anothervariableis res][i] which contains
theresultsof a particularDISCUScommand Thevariableres[0]containghe numberof elements
returnedn res[i]. Checkthe online helpfor the differentcommandgo seewhatresultsmight be
returnedo thisvariable.Anotherlarge setof variabless relatedto the useof microdomainsFor
alist of thesevariablesreferto chapter7.3.

18
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| Variable | Description |
n[i] Numberof atomswithin thecrystal
n[2] Numberof differentscatteringypes,i.e. atoms
n[3] Numberof atomswithin theunit cell
n[4] Numberof moleculeswithin thecrystal
n[5] Numberof differentmoleculetypes
n[6] Numberof moleculeswithin the unit cell
cdim[i,1] Lowestcoordinateof ary atom(i=1,2,3for X,y,z)
cdim[i,2] Highestcoordinateof ary atom(i=1,2,3for x,y,z)

Table3.1: Crystalrelatedvariables

| Variable | Description
m([i] Numberof scatteringype (i.e. atomtype)for atomi
X[i] fractionalx positionof atomi
ylil fractionaly positionof atomi
Z[i] fractionalz positionof atomi

Table3.2: Variablegelatedto individual atoms

3.2 Arithmetic expressions

DISCUSallows the useof arithmeticexpressionsisingthe samenotationasin FORTRAN. Valid

operatorare'+’, -, ¥, ‘[ and**. Expressionganbegroupedoy roundbraclets( and). The
usualhierarchyfor the operatordholds. Valuesof expressionganbe assignedo ary modifiable
variable.If you knowvw FORTRAN (or anothemprogrammindanguageyou will have no problems
with theseexamples.

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

3.3 Logical expressions

Logical expressionsareformedsimilarto FORTRAN. They may containnumericalcomparisons
usingthe syntax: <arithmetic expression-<opeiator><arithmetc expression-. The allowed
operatorswithin DISCUSare.lt., .le,, .gt., .ge., .eq. and.ne for operationdessthan,lessequal,
greaterthan,greaterequal,equalandnot equal respectiely.

Logical expressionganbe combinedby thelogical operatorsnot.,.and.andor. Thefollow-
ing exampleshavs anexpressiorthatis truefor valuesof i[1] within theintenal of 3and11,false
otherwise.

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

Logical operationsnay be nestedandgroupedusingroundbraclets( and). For moreexam-
plesseesection3.6.
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3.4 Intrinsic functions

Severalintrinsic functionsaredefined.Eachfunctionis referencedasin FORTRAN, by its name
followed by a pair of parenthese6and) thatincludethelist of aguments.The ( doesnot have

to immediatelyfollow the function name. Trigonometricand arithmeticfunctionsare listed in

table 3.3. Table 3.4 containsvariousrandomnumbergeneratingfunctionsand table 3.5 lists
crystallographidunctions.

| Type | Name | Description |
real sin(r) cos(r)tan(r) Sine,cosineandtangenf <r> in radian
real sind(r) cosd(ntand(r) Sine,cosineandtangenif <r> in degrees
real asin(r)acos(rjatan(r) Arc sin, cosine tangenbf <r>, resultin radian
real asind(r)acosd(r)atand(r) Arc sin, cosinetangenf <r>, resultin degrees
real sqrt(r) Squareootof <r>
real exp(r) Exponentiabf <r>, basee
real In(r) Logarithmof <r>
real sinh(r)cosh(ntanh(r) Hyperbolicsine,cosineandtangentof <r>
real abs(r) Absolutevalueof <r>
integer | mod(rl,r2) Modulo <r1> of <r2>
integer | int(r) Convert<r> to integer
integer | nint(r) Convert<r> to nearestnteger
real frac(r) Returndractionalpartof <r>
Table3.3: Trigonometricandarithmeticfunctions
| Type | Name | Description |
real ran(r) Uniformly distributedpseudaandomnumbermetweerD.0in-
clusively and1.0exclusively. Argument<r> isadummy
real gran(rltyp) Gaussianistributedrandomnumberwith mean0 andawidth
givenby <rl>. If <typ> is”s” <rl> is taken assigma,if
<typ> is"f" <rl> istakenasFWHM.
real gbox(rl,r2,r3) Returnspseudorandomnumberwith distribution given by a
box centeredt O with awidth of <r2> andtwo half Gaussian
distributionswith individual sigmasof <r1> and<r3> to the
left andright, respectiely.

Table3.4: Randommumberfunctions

Additionally the function md testallows the userto testweathera given real spaceposition
is insideary definedmicrodomain.More detailsaboutusingmicrodomainsandrelatedvariables
andfunctionsaregivenin chapter7.3.
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Type | Name | Description |
real bang(ul,u2,u3/1,v2,v3 Returnsthe bondanglein degreesbetweeru andv
[[wl,w2,w3]) atsitew. If w is omitted,the anglebetweendirect
spacevectorsu andyv is returned.
real blen(ul,u2,u3,v1,v2,v3]) Returnghelengthof thereal spacevectorv-u. The

vectorv defaultsto zero.

real dstar(hl,h2,hBk1,k2,k3]) Returnsthelengthof reciprocalvectork - hin A=,
Vectork defaultsto zero.

real rang(hl,h2,h31,k2,k3 Returnsthe anglebetweerreciprocalvectorsk - h
[,11,12,13]) andk - | atsitek. If | is omitted,the anglebetween

reciprocalvectorsh andk is returned.

Table3.5: Crystallographidunctions

3.5 Loops

Loopscanbeprogrammedn DISCUSusingthe’do’ command Threedifferenttypesof loopsare
implemented.Thefirst type executesa predefinechumberof times. The syntaxfor this type of
loopis

do <variable> = <start>,<end> [, <increment-]
...commandso beexecuted ..
enddo

Loops may contain constantsor arithmetic expressionsfor <start-, <end>, and
<increment. <increment defaultsto 1. Theinternaltype of the variablesis real. The loop
counteris evaluatedfrom (<end> - <start>)/<increment- + 1. If thisis negative, theloop is
not executedat all. The parameter$or the countervariable,startendandincrementvariablesare
evaluatedonly at the beginning of the do - loop andstoredin internalvariables.It is possibleto
changethe valuesof <variable>, <start> and/or<end> within the loop without ary effecton
the performancenf the loop. This practiceis not encouragedgould, however, be an unexpected
sourceof errors.

Thesecondypeof loop is executedwhile <logical expressiop is true. Thusit mightnotbe
executedatall. Thesyntaxfor thistypeof loopis

dowhile <logical expression-
...commands$o beexecuted ..
enddo

The lasttype of loop is executeduntil <logical expression- is true. This loop, howvever, is
alwaysexecutedonceandhasthefollowing syntax

do
...commandso beexecuted ..
enddountil <logical expression-
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In the body of commandsary valid DISCUScommandcanbe used. This includescalls to
thesublevels, furtherdo loopsor macrosevenif thesemacroscontaindo loopsthemseles. The
maximumlevel of nestingis limited by the parameteMAXLEVin thefile "doloop.in¢. If neces-
saryadjustthis parameteto allow for deepemnesting.All commanddrom thefirst’do’ command
to the correspondingenddo’ arereadandstoredin aninternalarray This arraycantake at most
MAXCOM (definedin file "doloop.in¢ aswell) commandsat every level of nesting. If lengthy
macrofiles areincludedin thedoloop, this parametemight have to be adjusted.

If adoloop (or anif block) needsto be terminatedthe 'break’ commandwill performthis
function. The parameteon the 'break’ commandine givesthe numberof nestedevels of 'do’
and’if ' blocksto beterminated.The interpretemwill continueexecutionwith the first command
following the correspondingenddo’ or 'endif’ command.An exampleis givenbelow, note,that
theline numbersareonly givenfor betterorientationandareno actualpartof thelistedcommands.

doi[2]=1,5
doi[1]=1,5
if ((i[1]+i[2]) .eq 6) then
break 2
endi f
enddo
enddo

~NOo ok~ oM

In this example,the executionof the inner do-loopwill stopassoonasthe sumof the two
incrementvariabled[1] andi[2] is equalto 6. The programcontinueswith the’enddo’line of the
outerdo - loop. Noticethattwo levels needto be interrupted theif block andthe innermostdo
loop. If the parametehadbin equalto one,only theif block would have beeninterruptedwhile
theinnermostdo loop would have continuedwithoutbreak.

3.6 Conditional statements

Commandganbe executedconditionallyby usingthe’if* command.Analogousto FORTRAN,
theif-control structuretakesthefollowing form:

if ( <logical expression- ) then
...commandso beexecuted ..
elseif( <logical expression- ) then
...commandso beexecuted ..
else

...commandso beexecuted ..
endif

The logical expressionsare explainedin section3.3. Enclosedwithin anif block any valid
DISCUScommandcanbe used. This includescalls to the sublevels furtherif blocks,do loops
or macros.evenif thesemacroscontainif blocksor do loopsthemseles. The 'elseif and’else’
sectionis optional. The maximumlevel of nestingis limited by the parameteMAXLEVin the
file "doloop.in¢. If necessaradjustthis parameteto allow for deepemesting. All commands
from thefirst'if* commando the correspondindgendif’ arereadandstoredin aninternalarray
This arraycantake at most' MAXCOM'’ (definedin file 'doloop.in¢ aswell) commandst every
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level of nesting.If lengthymacrofilesareincludedin thedoloop, this parametemighthave to be
adjusted.

If anif block (or a do loop) needsto be terminatedthe ’break’ commandwill performthis
function. The parameteon the 'break’ commandine givesthe numberof nestedevels of 'do’
and’if ’ blocksto beterminated.The interpretemwill continueexecutionwith the first command
following the correspondingenddo’ or 'endif’ command. Seethe examplein section3.5 for
furtherexplanations.

#

# Read crystal file

#

read

cell cell.cll, 10,10, 10
#

# Renove atons with probability 0.3
#

do i[0]=1,n[1]

10 if(ran(0).1t.0.3) then
11 remove i[0]

12 endi f

13 enddo

O NOoO O WN

©

The examplelisted abore illustratesthe useof loopsandconditionalstatementsvithin DIS-
CUS Again,theline numberaregivenfor easyreferenceandnot partof theactualDISCUSInput.
Thefirst threelinesarejust comments.In lines4 and5 anasymmetriaunit is readfrom thefile
"cell.cll andexpandedo a crystalsize of 10x10x10unit cells. In line 9 startsa do-loopover all
atomswithin thecrystal. Thevariablen[1] containghisinformation(seetable3.5in section3.1).
Sincethefunction’ran’ producesa uniformly distributed pseudaandomnumberin therange0.0
to 1.0,theif statemenin line 10is truein about30%of its calls,at leastfor large enoughcrystal
sizes.Thusapproximately30%of theatomsareremored(line 11),andthe correspondingmount
of vacanciegVOID) createdwithin thecrystal.

3.7 Filenames

Usually file namesare understoodas typed, including capital letters. Unix operatingsystems
distinguishbetweerupperandlower casetyping! However, sometimest is requiredto be able
to altera file namee.g. within aloop. Thus,DISCUSallows the userto constructfile namesby

writing additional(integer) numericalinputinto thefilename.The syntaxfor thisis:

"string%dstring”, <integer expression-

Thefile formatMUST be enclosedn quotationmarks. The positionof eachinteger mustbe
characterizetdy a'%d’. Thesequencef stringsand’'%d’s canbemixedatwill. Thecorrespond-
ing integerexpressionsnustfollow aftertheclosingquotationmark. If thecommandine requires
furtherparameterglik e 'addfile’ for example)they mustbegivenaftertheformat-parameterghe
interpretatiorof the'%d’s follows the C syntax.Up to 10 numbersanbewritteninto afilename.
All of thefollowing exampleswill resultin thefile name’al.?:
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i[5]=1

outfile al.1

outfile "a%. %", 1,1
outfile "a%. %", 4-3,i[5]

The secondexampleshavs how filenamesare changedwithin a loop. Herethe output(e.g.
Fouriertransform)will bewrittento thefiles’datal.calt to’datall.calt

do i[1]=1,11
outfile "data%l. cal c",i[1]

endao
3.8 Macros

Any list of valid DISCUScommandsanbe written to an ASCII file andexecutedindirectly by
the command@ <filename>'. The commandsnuststartin the left mostcolumnof thefile and
are otherwiseexecutedastyped. Macrofiles canbe written by ary editor on your systemor be
generatedy the’learn’ command.’learn’ startsto remembeiall the commandghat follow and
sarestheminto thefile givenon the 'learn’ command.The learnsequencés terminatedoy the
'lend’ command.Thedefault extensionof the macrofile is".mac. Macrofiles canbenestedand
evenreferencgahemselesdirectly or indirectly This referencingof macrofiles is, however, just
anestingof thecorrespondingext of eachmacro,nota call to afunction. All variableretaintheir
values. If anerroroccurswhile executinga macro,DISCUSimmediatelystopsexecutionof all
macrosandreturnsto the interactive prompt. If the macroswitchedto a sublerel, andthe error
occurredinside of this sublerel, DISCUSwiIll remainwithin this sublevel the interactive prompt
correspondindo this sublevel is returned. The command stop’ allows the userto interruptthe
executionof a macro,entercommandsandcontinuethe macrousingthe commandcont’. Note,
thatthe macroneedgo continuedn the samesublevel it wasinterrupted.

Onthecommandine of themacrocommand@’, optionalparametersanbesupplied.Within
the macrothesehave to be referenceds’$l’, '$2’ etc. Uponexecutionof the macrothe formal
parameter$dn’ arereplacedy the charactesstring of the actualvaluesfrom the commandine.
As ary othercommandparameterstheseparametersnustbe separatedy comma. If a formal
parameteis referencednsidea macrowithout a correspondingparameteon the commandine,
anerrormessagés given. An exampleis givenbelow:

# Adds two nunbers supplied as command |ine paraneters.

# 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 resultis storedin variable
i[4] which now hastheintegervalue3.



Chapter 4

Fourier transform

4.1 Calculating scatteringintensities

BasicallyDISCUScalculateghe Fouriertransform(neutronor X-ray) accordingto the standard
formulafor kinematicscatteringgivenin equatiord. 1.

Bl

F(h) = _i fi(h)e?™Mi. e 72" (4.1)

The sumis over all N atomsin the crystal,where f; is the atomicform factor (or scattering
lengthin caseof neutrons)f; the fractionalcoordinateof the atom. The sumis calculatedat all
pointsh in reciprocalspace. The form factorsare tatulatedand calculatedonceat eachh for
all speciespresentin the crystal. Optionally the Debye-Viller factoris calculated.Isotropic B
areusedfor therepresentationf thermaldisorder It shouldbe keptin mind, thatthis is strictly
true only for elasticneutronscattering. Alternatively the atomscan be displacedaccordingto
their B valuesusingthe commandtherm’ andB is ignoredfor the subsequentalculationof the
Fouriertransform.DISCUScancalculateneutron-andX-ray intensitiesincludinganomalous<-
ray scattering.The calculationof the explicit Fouriertransformhasseveral advantagesover the
useof a Fast-FourierTransform(FFT) in termsof requiredmemoryfor a suitableresolutionin
atompositionsandrepresentationf the scatteringdensityfor X-rays. A moredetaileddiscussion
canbefoundin [18]. Therealizationof the actualcodeto calculatethe Fouriertransformis based
onthe programDIFFUSE[3]. By limiting the calculationto anequidistangrid andsplitting the
suminto sumsover equalatomtypes,the computingtime requireddroppedby a factorof 4 to 6
(dependingon compilerandhardware)comparedo calculatingthesumgivenin equatiord.1in a
straightforwardway. More detailsaboutthe algorithmusedcanbefound[3].

4.1.1 Finite sizeeffects

The simulatedcrystalswill generallybe small comparedo the crystal size usedin a scattering
experiment(althoughcomputersggetmorepowerful every day). Finite sizeeffectsresultfrom the

convolution of the scatteringdensitydistribution within one unit cell with a finite train of delta
distributions. Sincethe scopeof the programis to calculatethe scatteringoy real crystals,it is

helpfulto write the scatteringdensityof arealcrystalas:

25
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P(r) = Pw(r)-boxr)

— [)+ po(r) % Z 3(r —R;) | -boxr) (4.2)

j=—o0

Herep(r) is thescatteringlensityof therealcrystal,p..(r) is thescatteringlensityof theinfi-
nite crystalandboxX(r) is thefunctionlimiting thecrystal.If anaveragestructureof thecrystalcan
sensiblybe defined,p.(r) canbe separatedhto the averagescatteringdensitypo(r) corvoluted
with therealspacdattice andthe deviation from thataveragescatteringdensityAp(r).

TheFouriertransformof the scatteringdensitygivenin equatiord4.2is then:

F(h) = AF (h) xBOX (h) + (Fy(h) - G*) xBOX (h) (4.3)

Here Fy is the Fourier transformof the averageunit cell and G* is the reciprocallattice.
BOX(h) is the Fourier transformof the crystallimiting function boxr). Even for a sizeof a
few unit cells,the corvolution of thedefectscatteringAF (h) with theBOX (h) canbeneglectedin
mostcases Sincethe mainscopeof DISCUSis the calculationof diffusescatteringa reasonable
way to separatéhe subsidiarymaximaof the Braggreflectionsfrom the defectscatterings thus
to subtractthe scatteringof the averagestructurefrom the scatteringof the whole crystal. The
averagestructurefactor(F) = (Fo(h) - G*) x BOX (h) canbe calculatedrom a userdefinedpartof
the crystalandsubtractedrom the calculated~ouriertransform.For furtherinformationreferto
the commandeferenceandthe examplegivenin section4.1.3. However, this procedurewill fail
for defectghatarewell orderedandthusproducesharpsatellitesandthe convolution of thedefect
scatteringwvith BOX (h) canno longerbe neglected. Theresultingsatelliteswill shav subsidiary
maxima. The Fouriertransformfor a perfectcrystalis zeroat the positionsof the satellites,and
thereforenointensitywill be subtractedtthe positionof the subsidiarymaximanearsatellites.

An alternatve possibilityto avoid finite sizeeffect contritutionsaresocalledperiodicbound-
aries. Let us assumehe crystalis limited by a box of thelengtha in onedimension. Thusthe
FouriertransformBOX (h) of thebox functionis givenby:

sin(mah)
Th

HerethefunctionBOX(h) is zerofor all pointswherea- hisinteger This conditionis fulfilled
for all pointswhich areon agrid givenby

BOX (h) =

(4.4)

/

h= hg with h' € integer numbes (4.5)

If the scatterings calculatedonly at pointsin reciprocalspace for which Ah = 1/a with a
the dimensionof the model crystal, the contritution of the averagestructurevanishesand the
calculatedntensityis free of finite sizeeffect contritutions. Using this conditiona suitablegrid
sizein reciprocalspaceshaving nofinite sizeeffect contritutionswould be Ah = 0.05 reciprocal
lattice unitsfor acrystalsizeof 20 unit cells. This concepis sometimesgalledsupercell thinking
of the completecrystalasa superunit cell and calculatingthe Fouriertransformonly for Bragg
positionswhich arefree of finite size effect contrilutions. This straightforvard calculationdoes
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apply only to crystalslimited by a block of unit cells. If the crystalis limited by, for example,
a sphere,periodic boundariescannotbe defined. Sincethe propertyof interestis the diffuse
scatteringratherthantheshapdunctionof amodel,thecrystalcanalwaysbearrangedo consist
of a block of unit cells.

4.1.2 Coherence

In adiffractionexperimentonly atomswithin the lateralandtransersecoherencef theincident
radiationwill scattercoherently Averagingover spaceandtime givesincoherentscatteringoy
addingthe intensities. However, when calculatingthe Fourier transformgiven by the equation
4.1 all atomsaretreatedasif they scattercoherently Eventhough,theremight be no structural
coherencéetweerdifferentpartsof the crystal,the calculationneverthelessaaddsthe amplitudes
of all waves. For large crystalsthis may leadto unexpectedhigh frequeng oscillationsseverely
modulatingthediffusescattering Smallcrystalsizes however, mightgive only a statisticallypoor
descriptionof the particulardisordemmodel.

A tentatve explanationfor theseoscillationswill now be given. The contritution to the scat-
teringamplitudef;(h) for two atomsatr; andr; + R canbewrittenas:

Ri(h) = fi(h)e™"i 4 fj(h)e?mMitR

= fi(h)e?m (1+ N eZT"'hR> (4.6)
fi(h)

Theterme”™R = cog2mhR) + i sin(2mhR) representshe discussedscillationasa function
of thevectorR. For R « crystaldimensiona large numberof differentatomswill be separated
by R or vectorsof very similar length. Their contrilution will give a goodapproximatiorof the
expectedvalueof aninfinite crystal.If thelengthof R becomegomparabléo thedimensiorof the
crystaldimensiononly few atomswill be separatethy R andtheir contritution to the scattering
might be far from the expectedaveragefrom a infinite crystal. Obviously theseargumentsare
independenfrom theactualsizeof themodelcrystal,but for large crystalsthe above contrikution
representa high frequenyg wave moreseverelymodulatingthe obsered scattering.

In orderto beableto calculatesmoothdiffractionpatternsDISCUSoffersanoption(’lots’) to
calculatghescatteringntensitiesasaverageof intensitiescalculatedrom smallrandomlychosen
volumes(lots) within the crystal. It shouldbe noted,thatusinglots will give only intensitiesand
it is not possibleto save structureamplitudesor phasesswould otherwisebe possiblef the’lot’
optionis switchedoff. It is importantto make surethatthe selectechumberof lots is sufficiently
large to cover the completemodelcrystal. Furthermoredhe size of the lots mustbe large enough
to includeall significantneighbouiinteractiondor the givendefectstructure.

4.1.3 Example

In this sectionthe differentoptionsavailablefor calculatingdiffraction patternswill be demon-
stratedusinga disordered2D structureof 50x50unit cellsin size. Eachunit cell containsa Zr

on (0,0,0)with anoccupang of 0.83. The vacancieshav shortrangeorderandsizeeffect dis-

tortions. Thefollowing macrofile wasusedto generatehedifferentdiffraction patternsshavn in

figure4.1.



CHAPTER4. FOURIERTRANSFORM 28

1 #

2 # Read structure first
3 #

4 read

5 stru denp.stru

At thebgginning of this macroin lines4 and5 of this macrothedisorderedstructurestoredin
file ’demo.struis read.

#

# Calculate 'plain Fourier
#

9 four

10 «xray

11 wle nmoal
12 11 0.0,0.0,0
13 Ir 2.0,0.0,0.0
14 ul 0.0,2.0,0
15 na 81

16 no 81

17 set aver,0.0
18 lots off

19 run

20 exit

21 #

22 @utput plain.scat

0 N o

This secondpartof the macrofile calculateghe Fouriertransformstraightforwardaccording
toequatiord. 1. After enteringheFouriersgmentof DISCUS(line 9), MoKa radiationis selected
in lines10and11. Next the lower left, lower right andupperleft cornerof the desiredplanein
reciprocalspacearespecified(lines 12-14). The numberof grid pointsin bothdirectionsareset
in lines15and16. Notethatthe selectedyrid sizeAh = 0.025r.1.u. doesnot matchthe periodic
boundaryconditiondescribedn section4.1.1.Finally the subtractiorof (F) is disabled(line 17)
andthe lot optionis switchedoff (line 18). After the Fouriertransformis calculated(line 19),
the scatteringntensitiesarewritten to the file ' plain.scat usingthe macrofile ' output.matThe
resultingscatteringpatternis shavn in figure 4.1 in the lower left corner The finite size effect
contritutionscanclearlybeseenas’dottedlines’ intersectinghe Braggpositions.

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 @utput period.scat

The seconddiffraction pattern(Figure 4.1, lower right corner)is calculatedon a grid corre-
spondingo Ah = 1/(dimensiorof themodelcrystal}= 0.02r.I.u.. Thusthenumberof grid points
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Figure4.1: Diffusescatteringcalculatedusingthe differentDISCUSmModes

29

is increasedaccordingly(lines 28-29). Note thatall previous settingsarestill valid. The Fourier
transformis recalculateqline 30) andthe outputwritten to thefile period.scdt As expectedthe

finite sizeeffect contritutionshave disappeare@Figure4.1).

34 #

35 # Nowrecalculate with subtracted
36 # <F> calculated from50% of the
37 # nodel crysta

38 #

39 four

40 na 81

41 no 81

42 set aver, 50

43 run

44 exit

45 #

46 @utput aver.scat

As analternatve to the useof periodicboundariegsbefore,the averagestructurefactor (F)
canbesubtractedFirstthenumberof grid pointsarereturnedo theirpreviousvalueglines40-41)
and(F) will becalculatedrom 50 % of thecrystalvolume(line 42). Especiallyfor large crystals
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thisvaluemightbereducedn orderto save computingtime. TheFouriertransformis recalculated
(line 43) andthe outputwritten to the file "averscat. The correspondingliffraction patternis
shavn in figure 4.1 top left corner Again the finite size effect contritutions have disappeared
althoughthe original grid sizewasusedandthe patternlooks remarkablysimilar to the previous
onecalculatednagrid matchingheperiodicboundaryconditions Actually theBraggpeakshave
disappearedswell whichis hardto seein this example,becausdliffuse scatteringcontrikutions
exist atthe positionsof the Braggpeaks.

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 @utput |ots.scat

Finally the diffuse intensityis calculatedusingthe lot option, i.e. the intensityfrom small
crystalvolumeschosenat randomis averaged.Herethosevolumesare setto be ellipsoidswith
a sizeof 10x10x1unit cells. A total of 100 lots is averaged(line 52). The Fourier transform
is recalculatedline 53) andthe outputwritten to the file ’lots.scat Inspectionof the resulting
diffraction pattern(Figure4.1top right corner)revealsa muchsmoothepictureof the significant
diffusescatteringeatures.

Moredetailsaboutthecommandsn theFouriertransformsegmentof DISCUScanbefoundin
thereferencemanualandthe onlinehelp. Additionally thereis a Fouriertransformdemonstration
macroaspartof theinteractve tutorial (seel.4).

4.2 Powder diffraction

In additionto the calculationof singlecrystalscatteringntensities DISCUScanalsocomputera
powder diffraction patternof a given structure.The currentalgorithmis not optimizedfor speed
andworksasfollows: Theintensityalongaline parallelto h in reciprocakpacés calculatedising
the’plain’ Fouriertransform.Therangein h thatis actuallycomputediepend®ntheuserdefined
rangeof the scatteringangle20in, < 20 < 20max The calculatedntensityis thanmappedonto
the 20 array Next k is incrementecaindoncethe completeplanein reciprocalspaceis covered,
the coordinate is incrementeduntil all reciprocalspacein betweenthe two sphereglefinedby
20min and20n,ax IS covered.

Let usconsidera simpleexample,which is alsopartof theinteractve DISCUStutorial. The
macrofile is listed below, theline numbersareonly for easyreferenceasbefore.

1 read

2 cell Im.cll,5,55
3 #

4 powder

5 set dh, 0.2

6 set dk,0.2
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Powder diffration pattern — LaMnOg4
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Figure4.2: Simulatedpowder diffraction patternof LaMnOs;.

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

Lines1-2readtheunit cell file andexpandit to a crystalof 5x5x5unit cellsin size.Next we
enterthe powvder diffraction sublevel (line 4). Thegrid sizein h,k andl is setto 0.2r.l.u in lines
5-7. As we have alreadydiscussedn sectiond.1.1we needto choosea grid in reciprocalspace
of 1/N to avoid finite sizeeffect contritutionsto our scattering.Next we specifythe grid in 20
(line 8) andthe minimum (line 9) andmaximum(line 10) value of 20. Thosevaluesaregiven
in degrees. Lines 12—13selectneutronscatteringat a wavelengthof A=1A anddisablethermal
factorsrespectiely. Now we arereadyto startthe calculation(line 16). Finally we needto save
theresult,whichis donein lines19—-23.Theresultingdiffraction patternis shavn in figure4.2.
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4.3 Fourier methods

Additional to the Fourier transformof a real spacestructure threeother Fourier transformsare
availablein the currentversionof DISCUS differenceFourier, inverse Fourier andcalculationof

the Patterson (Fourier transformof scatteringntensities). All threeof theseFouriertransforms
usethefollowing equation:

p(r) = \—i.iﬁ(h)e—Zﬂihri (4_7)

Theresultingdensityfunction p(r) andthe Fourier coeficient F (h) take differentmeanings
dependingn theintendednverseFouriertransformatiodistedin table4.1.

| Command | F(h) | p(r) |
"diff’ Fobs— Fealc differencescatteringdensity
inv’ Fobs scatteringlensity
'patt’ lobs Pattersordensity

Table4.1: List of availableFouriermethods

TheFouriercoeficientarein generatomplex numbers Therefore DISCUSrequiresin most
caseswo inputfilesfor theinverseFouriertransforms.Theallowedcombinationarelistedin the
helpfile andthecommandeference.

4.4 Output file formats

All resultsof theFouriertransformsarewrittenatthe’output’ sgmentof DISCUS Thefollowing
valuescanbesaved:

intensity amplitude real part, imaginary part and phaseangle(in degrees)

TheFouriertransformcalculategherealandimaginarypart,all othervaluesarecalculatechat
thetime of output. If the averagestructurefactor(F) wassubtractediuringthe calculationof the
Fouriertransform the correspondingaluesof (F) canbe saved aswell. Notethatif 'lots’ were
usedto calculatethe Fouriertransform,only the intensityvaluescanbe savedto afile. Thereis
no needto calculatethe Fourieragain,if several of thevalueslistedareto be writtento file. Just
defineanew outputvalueandoutputfile nameandruntheoutputagain.Thedesiredutputformat
is selectedisingthe’format’ command.The availableoutputformatsarelistedin thetable4.2.

Thefirst two outputformatswrite theactualnumbersalculatedyy the Fouriertransform.The
KUPLOT or standardile formatis definedas:

1 na, no
2 Xmi n, Xxnax, ym n, ynmx
3ff 2,2,2,2,2

Thevalues’na’ and’'no’ givenin thefirst line definethe size of the sectionandareidentical
to the valuesgiven for the 'na’ and’no’ commandsat the Fourier sggment. KUPLOT usesthe
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| Output format | Description |
‘stan’ Outputis saved asreal numbersin a format suitablefor KU-
PLOT whichis partof the DISCUSprogrampackage.
‘gnu’ Realnumberssuitablefor theprogramGNUPLOT which canbe
obtainedon mostsoftwarearchie sites.
‘pgm’, ‘ppm’ Integer bitmapsin PNM format as definedby Jef Poskanzer

(gray scaleandcolour). Variousprogramsare capableof read-
ing PNM files andthe ' pnmplus-pakage’ is a freely available
collectionof toolsandconversionprogramsrom PNM to virtu-
ally arny othergraphicsormat.

'post’ Createsa Postscripbitmapsuitablefor direct printing or to be
importedby otherprograms.

Table4.2: Outputformatsfor scatteringntensities

coordinateslongthe abscissandordinateto scaletheresultingpicture. Sinceonly two pairsof
coordinatesreread theuserhasto definethe necessarindices.’xmin’ and’ymin’ aretheis the
X' and’y’ coordinate®f the lower left cornerin reciprocalspace,xmax’ the'x’ coordinateof
thelowerright cornerand’ymax’ the’y’ coordinateof theupperleft corner Which of theindices,
h,korl isinterpretedas’x’ and'y’ coordinatedepend®n the valuesgivenfor the’abs’ and’ord’

commandsat Fouriersublevel. If for examplethe (hK ) * [110] = 0.0 layeris calculatedsuitable
valueswould be’absh’ and’ord I'. Now theh index of thelower left corneris written as’xmin’,

andthel index as’'ymin’. Thevaluesarewritten row by row, eachrow consistingof the values
alongthe abscissaAn emptyline separatetherowsin theoutputfile.

The GNUPLOT outputis written row by row, eachdatapoint within eachrow in its own line
of output. Theformatof onesuchrow is: "hy, hy, z— value h3”. Againthesequencef indicesh,k
andl depend®nthevaluesgivenfor thecommandsabs’ and‘ord’ at Fouriersubmenu.

For thebitmapoutputthe calculatedvalueis scaledinearly to valuesbetweerD and255. All
valuedessthanadefinablehresholdusingthe’thresh’commandaresetto zero,all valuesabore a
maximumthresholdaresetto 255. Again, thebitmapis written row by row. A colormapincluded
in file 'colormap is usedto attribute colorsto the outputvalues.
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Crystallography

In this chaptercrystallographiccalculationssuchas corversionfrom directto reciprocalspace
andvice versa arediscussedswell assymmetryoperationsandunit cell transformations.The
mathematicabackgrounaf the describedtalculationscanbefounde.g.in Sandq25].

5.1 Crystallographic calculations

In orderto determinethe properplaceof a new atom,or to checkexisting atomsseveralfunctions
performcalculationsthat are basedon the metric of the crystal. Several intrinsic functionsare
provided by DISCUS They arelistedin table3.5in section3.4 of this manual. Thosefunction
allow theuserto calculatee.g.bondlengthandbondangleswithin the currentcrystal.

| Command | Description |
d2r Corversionfrom direct(real) spaceto reciprocalspace
r2d Corversionfrom reciprocalspaceo directspace
vprod Vectorproductin realor reciprocalspace
proj Calculatesheprojectionfrom onevectoronanotheiin realor reciprocal
space

Table5.1: Commanddor crystallographicalculations

The crystallographicalculationcommandgrovided by DISCUSareshavn in table5.1. All
commanddglisplaytheresultson the screerandstorethemin the variableres|i] (seesection3.1)
which allows furtheruseof theresultsin macrofiles.

The commandsd2r’ and’r2d’ calculatethe component®f a given vectoru in the comple-
mentaryspace.Thevectorproductw = u x v givesa vectorw thatis normalto thetwo vectorsu
andv. Thelengthof theresultingvectorw is givenby |u| - |v| - sin(Z(u,Vv)) which is the areaof
the parallelogranspannedy the vectorsu andv. This vectorproductis calculatedby the com-
mand’vprod’ andary of the threevectorsu, v andw may bein director reciprocalspace.The
commandproj computeghe projectionof avectoru ontothevectorv or ontheplanenormalto
vectorv. Thelengthof the projectedvectoris givenby u-v/|v|. Againall inputor resultingvec-
torscanbein director reciprocalspace More detailsaboutthesecommandanbe foundin the
online helpof DISCUS This versionof DISCUSdoesnot offer a specialcommandor the scalar

34
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productof two vectors.You canreadily calculatethe scalarmproductby keepingin mindits defini-
tion: |ul| - |v|-cog/(u,V)). You cancalculatethis valueby the expression:bleng)*blen(v)*cosd
(bang(, v)).

5.2 Generalizedsymmetry operations

Letsassumehatyou wantto rotatethe oxygenatomsof a SO, tetraedermroundoneof the Si-O
bonds. Or you wantto createthe twinnedstructureof a triclinic crystal. The operationgequire
theapplicationof a symmetryelementwvhoseaxisis not parallelto ary of the basevectorsand/or
whoserotationangleis differentfrom 60,90,120,0r 180°. Needlesso say theresultingsymmetry
matrixwill notcontainjustonesandzeros. In generah symmetryoperatiorwill becharacterized
by:

Orientationof the symmetryaxis

Rotationangle

Properor improperrotation(i.e. purerotationor rotationplusinversion)

Translationatomponents

A generasymmetryoperationcanbe describedy a 4x4 matrix of thefollowing form:

Wi Wi Wiz I
Woi Woo Wpg t
S— 21 Woo Woz 1o (5.1)
W31 W32 Wsz I3
0 0 0 1

Herethe componentsy;; definethe rotationandt; the translationapartof the symmetryop-
eration. A detaileddescriptionfor the derivation of this generalsymmetryoperationis foundin
Sandq25].

Additionally DISCUSallows oneto selectthe atom or moleculetypesto beincludedin the
symmetryoperationusing the 'sele/deseand 'msel/mdes’commands. The user can specify
whetherthe atom or moleculecreatedby the symmetryoperationreplacedts original or is in-
sertedasa new atomor moleculein the crystal. Thedirectionof the symmetryaxis caneitherbe
givenin director reciprocalspace A puremirror operationis performecdby animproperrotation
by 18C°.

The useof generalizedsymmetryoperationswill be illustratedby the following example.
Figure5.lashavsaunit cell containingfour H,O molecules Themoleculen thelowerleft corner
(moleculel) 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 be a nev moleculetype andreplacethe original molecule.
Theresultis seenin figure 5.1h Note thatthe rotatedmoleculeis plottedin a differentcolour
from the othermoleculesindicatingthe new type. The DISCUSmacrofile usedto performthis
symmetryoperationis listedbelon. Againtheline numbersareonly includedfor betterreference
andnot part of the actualmacrofile. Furthermorethe partsreadingand generatinghe starting
crystalareomitted.
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Figure5.1: Exampleof a symmetryoperationof H,O molecule

synm
#

uvw 0,0,1

angl 30.0

orig 0,0,0, nol
trans 0,0,0
type proper
power 1,single
mode repl, new
10 #

11 nsel 1

12 minc 1,1

13 #

14 run

15 exit

0O N Ol WN -

©

After enteringthe 'symm’ level of DISCUS(line 1), the direction of the symmetryaxis is
setparallelto the z-axis (line 3). Next the rotationangle(line 4), the origin for the symmetry
operation(lines5) andthetranslationpart(line 6) areset. The additionalparameteimol’ in line
5 specifiegheorigin relative to the origin of themoleculeratherthanthatof the crystal. Sincewe
only wantto operatethe 3(Q° rotationonce,the paweris setto one(line 8). Replacingheoriginal
moleculeandcreatinga new typeis selectedn line 9. Finally we selectmoleculetypel (line 11)
andincludeonly moleculenumberl (line 12) beforethesymmetryoperations executedline 14).

Thecurrentsettingsn the’symm’level asin ary othersggmentof DISCUSaredisplayedvia
the’shawv’ command For this example the screeroutputwould look lik e this:

General i sed Symmetry Operation

Axis in direct space : . 0000 . 0000 1. 0000

Axis in reciprocal space : . 0000 .0000 100. 0000

Oigin of symetry el enent: . 0000 . 0000 .0000 rel.to nol ecul e
Rotation angle : 30. 0000

Transl ation part : . 0000 . 0000 .0000

Real space matrix : . 8660 -. 5000 . 0000 . 0000
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. 5000 . 8660 . 0000 . 0000
. 0000 . 0000 1. 0000 . 0000
Reci procal space matrix . 8660 -. 5000 .0000
: . 5000 . 8660 . 0000
. 0000 . 0000 1. 0000
Power of symetry el enent : 1
Mode of power |evel : Single copy of original
Type of symretry element : Proper rotation

Mode of symmetry operati on: Move atonf mol ecul e to new position
Mol ecul e status : Create new nol ecul e type

Sel ect status : M crodomai ns and host structure
Gven originrelative to Mol ecul e

Sel ected mol ecul e types 1

Range of sel. nolecules 1to 1

Besidegheinputsuchassymmetryaxisor rotationangle thetransformationmatrixasdefined
in equatiorb.1. Thenewly creatednoleculetypecouldnow bedistributedwithin the crystalwith
agivenprobabilityusingthe 'replace’commandseesectiont.2).

5.3 Unit cell transformations

A commontaskin crystallographys to transformthe unit cell of a crystal,i.e. useanalternatve x
settingfor somespecificreason Subsequentlgneneedgo transformthecoordinate®f theatoms
within the crystalto the new setof basisvectors. The 'trans’ sggmentof DISCUSgivesvarious
optionsto performthis type of task. The transformatiorcaneitherbe definedasnew unit cell in
termsof theold unit cell or in termsof the new atomcoordinatesvith respecto theold onesand
viceversa Independentf thischoice theorigin canbeshiftedby auserdefinedamount.DISCUS
allows the userto selectindividual atomsor to transformthe completecrystalto the new system.
If all atomsin the crystalaretransformedo the new basevectors,thenthe unit cell dimensions
andthemetrictensoraretransformedaswell.

Letusassumave have acubiccrystaldefinedoya=b=c= 5A. Thebasevectorsfor theold
systemarea,b,c. The new setof basisvectorsdefiningthe new unit cell shallgivenby &,b’, ¢
which are given by the relationsa’ = a+b, b’ =a—b andc = c. After enteringthe 'trans’
segmentof the programDISCUS thesedefinitionscould be enteredasfollows:

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

Notethattherelationbetweernthe old andthe new systemcould alsobe definedwith respect
to the atomcoordinates All thoserelationshipsarecalculatedoy DISCUSandcanbe displayed
usingthe’shav’ command Part of the outputfor our examplecanbefoundbelow:

(a = ( 1.00000, 1.00000, .00000) ( a(old) )
( b(new ) = (  1.00000, -1.00000, .00000 ) * ( b(old) )
(c = (  .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 atriclinic systems neededthis partof DISCUSbecomeshe mostpopularfeature.
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Simple crystal modifications

How to createamodelcrystalfrom theinformationof its asymmetrianit wasdiscussedh chapter
2. This sectionwill give an overview of simple modificationsof single atomswithin a model
crystal.Section7 will describeDISCUStoolsto modify acompletecrystal.

6.1 Modifications using variables

Eachatom<i> within themodelcrystalstoredby theprogramDISCUSis associatedvith asetof

variablesx[<i>], y[<i>] andz[<i>] describingts positionandthe variablem[<i>] containing
theatomtype (seealsosection3.1). In principle every desireddefectstructuremight berealized
usingthesevariablesandthe FORTRAN style loopsand conditionalstatementgseesection3).

Oneshouldbe awarethatthis proceduranaybevery slow for complex problemsandlarge model
crystals. Sincethe variablesare addressedising the atomindex <i>, a knowledgeaboutthe
internalstorageasdescribedn section2.2is very important. The commandtrans’in the’chem’

segmentof DISCUSallows oneto convertbetweeratomindex andthecorrespondinginit cell and
site.

To illustrate the use of variables,the following type of defectshouldbe constructedusing
DISCUS Thestartingstructureis a 10x10x1unit cell squaresymmetriccrystalwith Zr on (0,0,0)
anda lattice constanbf a=5A. The defectsconsistof randomlyintroducedvacanciesn Zr sites
andnearesheighbourssurroundinghe vacanyg shouldbe relaxed towardsthe vacantsite. The
perfectstartingstructureandtheresultingdisorderedstructureareshavn in figure 6.1.

Hereis themacrousedto createthedescribedlefects Againtheline numbersareonly shavn
for corvenienceandnot partof the macroitself. To archive a high degreeof flexibility valueslike
crystalsize or the numberof defectsto be createdare storedin variablesat the beginning of the
macro.Thedesireccrystalsizeis storedn variabled[1], i[2] andi[3] (lines1-3). Thevariablei[4]
(line 5) givesthenumberof defectso becreatedandr[1] (line 6) specifiegherelaxation(here30
%) of the surroundingneighbourgowardsthe vacantsite.

10
10

i[1]
i[2]
i[3]
#

i[4]
r{1]

o O WwN
I n
o o
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Figure6.1: Structuresreatedoy crystalmodificationexample

7T #

Next we readthe unit cell from file "cell.cll andexpandit to the desiredsize(lines8-9). The
macro’plot.mac (line 11) saresthe startingstructuresuitablefor plotting with KUPLOT asseen
in figure6.1a).

8 read

9 cell cell.cll,i[1],i[2],i[3]
10 #

11 @l ot before. plot

12 #

Thenext part(lines13-15)is neededo switch off periodiccrystalboundariegorm the com-
mandfind’ (line 24), otherwiseour simpleway of relaxingthe neighboursvould notwork.

13 chem
14 set node, qui ck, noperi odic
15 exit

Now thecreationof thedisorderedstructurestartswith aloop overthenumberof defectgo be
createdline 19). Next a crystalsiteis choserat random(line 20). Note thatthe functionran(0)
producesarandomnumberetweerD and1 whichis multiplied with the numberof atomswithin
the crystal(n[3] containsthe numberof atomsperunit cell, seesection3.1). If anoccupiedsite
waspicked (line 22) theatomis removed(line 23). Thecommandfind’ (line 24) returnsall atoms
of thetype'Zr' aroundthe positionof the selectedsite within a radiusof 5.5A. Theatomindices
of thesenearesneighboursarestoredin the variablesen/[<i>] andernv[0] containsthe number
of foundneighboursFinally the positionsof all neighbouringatomsreturnedoy 'find’ aremoved
towardsthevacantsite (lines27-29).

16 #
17 # Loop nunber 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(n{i[6]].eq.1) then

23 n{i[6]]=0

24 find env,zr, x[i[6]],y[i[6]],2[i[6]],5.5

25 #

26 do i[7]=1, env[0]

27 x[env[i[7]]]=x[env[i[7]]]- 6] ]
28 ylenv[i[7]]]=y[env[i[7]]]-r[1]*(y[env[i[7]]]-y[i[6]])
29 z[env[i[7]]]=z[env[i[T7]]]- 6] ]

30 enddo
31 #

32 endi f
33 #

34 enddo

35 #

r](xfenv[i[7]]]-x[i[6]])

r{*(zfenv[i[7]]]-z[i[6]])

36 @lot after.plot

The resultingstructurecan be seenin figure 6.1b The introducedvacanciesare shavn as
yellow circles (or light grey). Sincethis simple macrois not checkingwhetherneighbouring
atomsarealreadydisplacedthe clustereddefectsn theupperright quadranof figure6.1bhave a
differentlocal ervironmentcomparedo theisolateddefects.

6.2 Build in functions

This sectionwill give an overview of those DISCUS functions modifying single atoms or
molecules. Someof thesefunctionscan be realizedusing variablesaswell, otherscannotlike
thecommandinsert’ to inserta new atomin the modelcrystal. Table6.1 summarizeshe avail-

ablecommands.

| Command | Description |

append Appendsanatomata givenpositionwithin thecrystalif no otheratoms
arepresenin agivendistance.

copy Copiesan atomto a differentpositiongiven absoluteor relative to the
otherposition.

insert Insertsanew atomatthe given positionwithout condition.

kick Insertsa new atom at a given position and remaoves all other atoms
within a givendistancefrom the new atom.

remove Remawesanatomor moleculefrom the crystal.

switch Swapstwo givenatomsor moleculeswithin the crystal.

pumge RemawesvacanciegVOID) from thecrystal(usewith care)

replace Replace®neor moreatomsor moleculeswith thegiventype.

Table6.1: DISCUScommanddor singleatomsor molecules

Basically there are three commandgo inserta nev atomin the structure. The command
'insert’ just createsa newv atomat a specifiedpositionwithout taking notice of its environment.
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Thusthe new atommight be on top of an existing one. In orderto avoid this problem,DISCUS
providestwo othercommandsappend’which will not insertthe atomif thereare otheratoms
within a given distanceand’kick’ which will remove thoseatomscloseby beforeinsertingthe
new one. Thecommandcopy’ allowstheuserto copy anexisting atomto a new positionthatcan
be givenin absolutecoordinatedor relative to the positionof the atomto be copied. Note, that
thesecommandsrelimited to atoms.New moleculetypescanbe createdandmoleculescopied
usingthe generalizedymmetrysggmentof DISCUSdescribedn chapter5.2.

Thecommandsremore’ and’switch’ work for atomsaswell asmolecules.Not surprisingly
‘remove’ removesan atomor moleculeand’switch’ swapstwo atomsor moleculeswith respect
to theirlocationwithin thecrystal.

The commandsnentionedn this sectionso far operateonly on a singleatomor molecule.
The commandreplace’canreplacea single atomor moleculeby a given type or replacemore
until a given concentratioris reached Althoughthis canbe easilyrealizedusingthe FORTRAN
interpreterandvariablesassociateavith thecrystal,theinternalfunctionis muchfasterespecially
for large crystalsizes.Thecommandpurge’ will remove all vacanciegVOID) within thecrystal.
Notethatif youremove anatomor amoleculeby the’remore’ commandDISCUSwill notactu-
ally remove atomsbut ratherreplacetheir atomtypewith VOID. Thuswhensaving the structure
alargenumberof VOID’s might appeaitn thenumber Theuseof 'purge’ actuallyremosesthose
VOID 'atoms’. However, the useof the’purge’ commands not recommendedsincemary DIS-
CUSfunctionrequirethecrystalto bebuild in agivenorder i.e. having the samenumberof atom
siteswithin every unit cell eitheroccupiedby anatomor a VOID.



Chapter 7

Build in defectmodels

The following built in defectmodelsmodify the whole structure. They offer extendeddefects
thatincludemodificationof mary atomsthroughouthewhole crystal. While suchmaodifications
could be achieed aswell by the userthroughextendeduseof the FORTRAN interpreter this
would requireextremelylengthyandnecessarilyslov macros.Defectmodelsbuilt in the source
codeof the programon the otherhandare calculatedn muchshortertime. The defectmodels
were implementedwith asmary generalfeaturesas seemechecessary They useseparatesub
menugo definetheintendeddefectstructure.

7.1 Thermal displacements

Thecommandtherm’ canbe usedto randomlydisplaceall atomsor rigid moleculesof the crys-
tal asto be expectedby purely randomthermaldisorder The direction of the displacements
distributed with a uniform randomsphericaldistribution. The amplitudeof the displacements
distributedby a Gaussiaristribution. Themeanof thedistribution is zero,its sigmais calculated
from theisotropicthermalcoeficient, B, of eachatomas:
5 B
()=g2 (7.1)

After thecommandtherm’is executed a summaryof theoreticabndachiezed displacement

averagess displayedon the screen An exampleis shavn below:

Thermal di spl acements summary :

| nput Achi eved Maxi mum di spl acement
At om 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
q3) 0.50 0.0063 0.0061 0.0063 0.0064 0.2827 0.3518 0.3011
Q' 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 and correspondingu?)
value. The next threecolumnsshav the achieved (u?) valuesfor the x-, y- andz-direction. The

43



CHAPTERY. BUILD IN DEFECTMODELS 44

lastthreecolumnsgive the maximumdisplacements the threedirectionsthatwereintroduced.
Thevaluesaregivenin A2 andA.

The parametefmol’ will displacerigid moleculesaccordingto the B value of the atom at
theorigin of themolecule.Furthermordhe parametei2d’ allows to restrictthe displacementto
directionswith morethanoneunit cell extensionof the crystal. This might be usedwhenwaorking
with 2-dimensionaimodelcrystalswherea displacemenin thethird directionis notwanted.

7.2 Waves

The given structurecanbe modulatedusingthe 'wave’ sggmentof the programDISCUS Three
differenttypesof waves are available, densitywaves modulatingthe occupationof siteswithin

the crystal, displacementsvaves modulatingthe position of atomsor moleculesand as a hew

featurerotationalwaveswhich modulatethe orientationof moleculesby rotatingthemarounda
userdefinedaxis. Firstcommonfeatureshallbedescribedollowedby detailsaboutthedifferent
wave typesin separateections.

DISCUSoffersthreedifferentwave functionsw(r), sinusoidal squareandsav tooth defined
in equationsr.2, 7.3 and 7.4, respectiely. The paramete® for the box shapedwvave functions
determinedts asymmetry The symmetriccaseis given by & = 0.5. The computedvalue of
w(r) modulatedensity positionor orientationasa function of the positionr within the crystal
dependingn thewave type selected.

w(r) = Acos(ZTt[l;—r+llJ])+Ao (7.2)
[ ArAy ford<|d 18

W) = {pHRe ey Tl <1 &

wir) = Al Y A (7.4)

) = [T+%]+ .

The following list describeghe different propertiescommonto all wave typesthat canbe
definedby theuser Examplemacrofiles to furtherillustratethe 'wave’ segmentof DISCUSare
givenin thedifferentsectionshelow.

e \\avevectork:
Thewave vectork defineghe’traveling’ directionof thewave. Thevectoris definedusing
the’vect’ commandn multiplesof the basevectorsof thecrystal,i.e. in unit cell units.

e \WavelengthA:
Thewave lengthA of themodulationwave is enteredusingthe’len’ commandNotethatA
mustbegivenin A.

o AmplitudeA:
The amplitudeA definesthe upperlimit of displacementgin A) or rotationangle(in de-
grees).In caseof densitywavesthe probability of replacinganatomor moleculeoscillates
betweeranupperandlower limit (seesection7.2.1). Thecommando setthe amplitudeA
is’amp’.
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e ConstanbffsetA:
A constandisplacemenbr rotationanglecanbe addedto all selectecatomsor molecules
usingthe commandamp0Q'.

e Phase:
Thephasap of theatomor moleculeat (0,0,0)canbealteredvia thecommandphase’. Al-
ternatvely arandomphasa) canbeusedwhichin caseof usingmicrodomaingseesection
7.3)leadsto adifferentrandomphaseor themodulationwithin eachselectednicrodomain.

Theargumentlkr /A + y/360] of thewave functionsis limited to therangeof -1 to 1 for the
box andsaw tooth functionandto a rangeof +2m for the sinusoidalwave function. The origin
of the vectorr is eitherthe crystalsorigin or the origin of the currentmicrodomain. DISCUS
allows theuserto selectwhich of theatomsin the crystalareto be modifiedby thewave function.
Besideschoosingdifferenttypesof atoms,onecanchoosehow to treatatomsthatareinsideary
microdomain(seesection7.3). The wave will displaceall selectedatomsof the whole crystal
or the selectednicrodomainsoherently At presentno phaseshift which in itself is a function
of spaceis included. In orderto simulatethe effect of waves of finite coherencdength, small
crystalsor microdomainsshouldbe simulated.By default, the initial phaseshift is equalto zero
and identical for all microdomains. The phaseshift can also be definedto assumea random
valuewithin eachof the selectedmicrodomains.This canbe usedto createfinite wave trainsof
incoherenphase.

7.2.1 Densitywaves

Displacementwavesareselectedisingthe’dens’command A densitywave replacesanexisting
atomor moleculeby anotheiatomor moleculetypeor alternatvely removestheatomor molecule.
An examplefor suchawave is displayedn figure 7.1. Thedirectionof the sinusoidalwave is the
x-direction. Thewavelength\ is 40A andthelattice constanbf this cubicsamplestructureis 5A.

A lower andupperprobability B oy andPhign for replacinganatomor moleculemustbe pro-
vided usingthe commandplow’ and’phigh’. The probability for the currentatomor molecule
to remainin the structureoscillatesbetweerthesetwo values. The parameter#\ andAg arecal-
culatedfrom thesetwo probabilities. In caseof a sinusoidalwave the parameteré\ and Ag are
definedby:

1
A = é(phigh_ HOW)

1
A0 = é(phigh‘f‘ HOW) (7-5)

In caseof a box or sav tooth shapedvave function,the parameterg\ andA, aredetermined
by thefollowing equations:

>
|

I::high_l:ﬁow
Ao = Pow (7-6)
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Density wave
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Figure7.1: Exampleof adensitywave

A randomnumberis calculatedevery time anatomis encounteredhathadbeenselected If
thisrandomnumberis lessthanw(r), theamplitudecalculatedoy the wave function,the atomor
moleculeis retainedaswas,otherwiseit is deletedor replacedoy anotheratomor molecule. Its
positionis notchanged.

7.2.2 Displacementwaves

Displacementvavesare selectedusingthe 'trans’ command.For displacementvaves,the wave
function w(r) determineghe displacemendf an atom or moleculealong a given direction of
oscillation. Thecommandosci’ definesthe oscillationdirectionin lattice units. DISCUSallows
ary direction of that vectorrelative to the propagationdirection of the wave. In caseswhere
propagatiorandoscillationvectorare parallel,we speakof longitudinalwaves. An examplecan
beseenin figure7.2a.

Bothdirectionsthewave vectorandtheoscillationvector areparallelto x in ourexample.The
wavelengthA is 354 correspondingo the lengthof 7 unit cellsfor our cubic examplestructure.
Although settingthe oscillationvectorto the samedirectionasthe wavespropagatiorvectorwill
createlongitudinal waves, DISCUSadditionally pravides the command'long’ which doesthe
same,but ignoresthe 'osci’ command. In caseswhere propagatiorand oscillation are normal
to eachotherwe speakof a transersalwave. Figure 7.2 shavs sucha transersalwave 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 shaws three
displacedatomsandfour atomsat their averageposition. This is dueto thefactthatthe selected
wavelengthof 7 unit cellswould require3.5atomsto bedisplacedvhichis obviously notpossible.
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Figure7.2: Examplesf displacementvaves

The following macrowas usedto generatea sinusoidalmodulationof a 20x20x1 unit cell

o

cubicteststructurewith alattice constanbf 5A andaZr on (0,0,0).

read
cel

1
2

20,1

.cll,20

cel

3 #
4 wave

5

trans

6 acco

7
8

func sinus
len 35.0

9 amp 2.0
10 phase 0.0

shift 0.0
12 vect 1,0,0
13 osci

11

0,1,0

zr

se

14
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15 run
16 exit

After theunit cellis readandexpandedo a crystalof 20x20x1unit cellsin size(lines1-2),the
wave sggmentof DISCUSIs enteredline 4). Transwersalacoustiovavesareselectedline 5 and
6) andthe wave functionis setto sinusoidal(line 7) correspondindo the expressionn equation
7.2. Next thewave definingparameterareset: wave lengthA (line 8), amplitudeA (line 9), phase
Y (line 10), constantAq (line 11), propagationvector (line 12) and oscillationvector (line 13).
The Zr atomshallbe displacedandis selectedn line 14. Finally the modulationis computedvia
the’run’ commandline 15). The otherexamplesshawvn in figure 7.2 simply usea differentwave
functionw(r).

The default displacemenmodeis setto acoustic,i.e. all atomsare displacedin the same
direction.An (admittedlycrude)opticalmodewill displaceall atomsthatareidentifiedasnegative
ionsin the oppositedirectionto all others.Negative ions arerecognizedhroughtheir respectie
name,e.qg. 'CL1-. As asideeffect, if chagedions are used,the Fourier transformwill use
the correspondingscatteringcune. If this is to be avoided, calculatethe desiredwave twice,
oncewith positve amplitudeandoncewith negative, while selectingthe correspondingtoms.If
atomsinsidemicrodomaingseesection7.3)areselectedandthe phasemodeis setto random the
identicalwave canonly berecreatedif therandomnumbergeneratois resetby 'seed’eachtime
beforethewave functionis calculated.

7.2.3 Rotational waves

A new featureof DISCUSarerotationalwaveslimited to be usedwith molecules.Obviouslyro- *
tatinganatomarounditself makesno sense RotationalWwave areselectedvith the’rot’ command
followed by parameterslefiningthe rotationaxis relatve to the moleculesorigin in lattice units.
The wave functionw(r) thenmodulateghe rotationangle @ aroundthis axis. Additionally an
optional offset relative to the moleculeorigin for the rotation axis canbe specifiedby the 'rot’
command.

An exampleof sucha rotationalwave canbe seenin figure 7.3. Herea cubic crystalwith a
sizeof 20x20x1unit cells (a= 108) wasused,eachcontainingfour H,O molecules Therotation
axisis normalto the drawing plane,i.e. in z-direction. The wave vectoris parallelto x andthe
wave lengthA is eightunit cells (80 A). TheamplitudeA wassetto 45.0,i.e. therotationangleq
oscillatesbetweent45 degyrees.

7.2.4 Sideeffectsfor the Fourier transform

Evenfor afairly smallcrystal,the satelliteswill befairly sharpdiffractionpeaks.Thereforethe
statemenin section4.1.1thatthe convolution of thediffusescatteringwith the Fouriertransform
of theboxfunctioncanbeneglectednolongerholds. If you subtractheaveragestructureto avoid

finite sizeeffects,this will not remove thefinite sizeeffectsfrom the satellites.Also, be careful
whenusinglots. If you uselots thatarejustafew timeslargerthanthewave length,the satellites
will bemuchbroadeithanthey really are.
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Rotational wave
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Figure7.3: Exampleof arotationalwave

7.3 Microdomains

In the contet of this manualthe term microdomainrefersto ary smallregion intergrown in the
lattice of the hostcrystal. Theauthorsarewell awareof thefactthatthis doesnot matchthe exact
crystallographidefinitionof adomain.A microdomairmay consistof justa singlevacang with
relaxed next neighbouror a completelydifferentstructureextendingover severalunit cells of the
hostlattice. A theoryfor diffuse scatteringby correlatednicrodomainsvasintroducedby [14].
Subsequentlyhis theory was appliedto the diffuse scatteringof cubic stabilizedzirconia[13,
20, 19]. DISCUSfollows anothempathandoffersthe possibilityto definedifferentmicrodomain
typesanddistribute thesetypesthroughoutthe crystal. The diffuse scatterings thencalculated
from the simulatedcrystal containingthe microdomaindistribution. Dependingon the type of
microdomain the hostatomsareremaoved andreplacedby the microdomainatoms. The options
arelaid out in a very generalfashionin orderto facilitate generatiorof mary differenttypesof
defects. With this technique,small defects,extendeddefects,anti phasedomains,finite wave
trainsor anincoherenintergronth of two phasesanbegenerated.

7.3.1 Propertiesof microdomains

DISCUSusesseveral propertieso characterizehe individual microdomainsandthe distribution
of microdomainghroughouthecrystal. Thepropertiecharacterizingnindividual microdomain
arebriefly listedbelow anddiscussed somaevhatmoredetailatthe endof this section.

e Shape
Theshapeof theinterfacebetweerthe microdomairandthe surroundinghoststructurecan
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take four differentforms: a spherea setof faceshkl, arectangulablock of {100} facesor
anirregulargroupof atomswithout a clearlydefinedooundary

e Size:
Thedimensionof the microdomaincanbe setby theuser Thesedimensionsaneitherbe
identicalfor all microdomain®f a giventypeor be Gaussiaristributed.

e Content

Thetype of structurethatfills the spacensidethe microdomain.It is usuallya previously
generatedtructure.

e Orientation:

Microdomainscanhave differentorientationsgeneratedy userdefinedsymmetryopera-
tions.

e Distribution type:
DISCUSallows theuserto selectarandomdistribution for themicrodomainsaswell asdis-
tributing themon alattice or usinga paracrystallinalistribution. Furthermoremicrodomain
originscanbereadfrom afile (seebelow).

e Correlations:
Probabilitiesfor the differentmicrodomaintypesto be nearesheighbourscanbe defined.
Alternatively, a desireddistribution could be generatedisingMonte Carlosimulationgsee
section9).

e Forceto hostlattice:
The origins of the microdomainsaneitherbe at ary real spacepositionwithin the crystal
or canbeforcedto coincidewith a hoststructurdattice point.

Four stepsare necessaryo modify a crystalby microdomains.First, a list of microdomain
typesmustbe setup. Secondlythe distribution of thesemicrodomaintypesmustbe character
ized. Oncethemicrodomainsindtheir distribution have beencharacterizedalist of microdomain
origins covering the hostcrystalis setup in the third step. This list canstill be editedby the
userbefore,in thefourth step,replacingthe structureinsidethe microdomaingdy the new struc-
ture. Thesestepscanberepeatedindaftereachstepthe previous stepscould be repeatedefore
continuingwith the next step. For examplea list of microdomaintypesmight be createdandthe
correspondingjst of microdomainoriginsbe created. A new list of microdomaintypescannow
be definedaswell asa new distribution type. After creatinga secondist of origins, the crystal
structurds finally modified,usingbothlists of microdomairorigins. Theprogramdoesnotdelete
thepreviousmicrodomairtypes.Insteadhenew typesareaddedo thelist. Thefirst set,however,
is notusedagain.This ensureghata uniquemicrodomaintype numberexists.

Micr odomain distributions :  The microdomainscan be distributed throughoutthe crystalby
threedifferentdistribution types. They may be distributedat random,on a perfectlattice or on a
paracrystallindattice. For the randomdistribution, an averagedensityof microdomainger host
unit cell is to be supplied. Microdomainsare createdwithin the crystalat randompositionuntil
this densityis reached.DISCUSchecksfor a possibleoverlapof microdomains.The procedure
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stopsoncetheestimatechumberof microdomaindhasbeencreatedpr if theintroductionof anew
microdomainfails for ten consecutie trials. Note, thatif the crystalis not limited by a block of
unit cellsthealgorithmwill give erroneouslensities.

For thelatticetypes,the userhasto supplythe basevectorsin unitsof thedirector reciprocal
sublattice.A microdomainis introducedat every grid point of the superlattice. No needexists
for ary commensurateslationshipbetweerthe two lattices. This type of distribution will create
a perfectlyperiodicdistribution of microdomainsand subsequentlgharpsuperlatticereflexions
will appear

In caseof the paracrystallinaistribution, the basevectorsrepresenthe averageseparation
betweenneighboringmicrodomains. The actualseparatioris modified by a threedimensional
Gaussiardistribution with definablesigmas.At arny grid point of the paracrystallinesuperlattice
amicrodomairis introduced.Thepositionof a nev microdomainis calculatedrom the positions
of threepreviousmicrodomainsThefirst microdomairusedis the microdomairseparatethy one
time the superlatticebasevectora in negative direction. The othertwo areseparatedby —b and
—c respectiely. Thebasevectora is addedto the positionof thefirst microdomain.A Gaussian
distributed valueis addedto eachof the threecomponent®f the vector The sameprocedurds
usedfor the secondmicrodomainwith respecto superlatticevectorb andthe third microdomain
respectiely. The averageof thethreepositionsis usedasthe positionfor the nev microdomain.
The distribution of microdomaingrows from the negative mostcornerof the crystalto the pos-
itive mostcornerof the crystal. A paracrystallinaistribution resultsthatis characterizedby an
averageseparatiorbetweermmicrodomaingout no long rangeorder The methoddescribeddoes
notintroducedefectdnto the paracrystallinglistribution. Eachunit cell of thedistribution, though
of obliqgueshapeconsistf eightmicrodomainsat the corners.No irregularly shapedinit cells
arecreatednordodislocationsappear

DISCUSalsoallows amicrodomairdistribution to bereadfrom afile. Thefile typeisidentical
to the normalstructurefiles andthe atomtype numberis taken astype of the microdomain.This
enablegheuserto e.g.generate microdomairdistribution usingMC simulationgseesection9).

By default, the origin of the microdomaindistribution coincideswith the position0,0,0within
the crystal. The usercandefinea vectorthatis addedto eachmicrodomainorigin beforeit is
insertedinto thelist. No constrainsapplyto this vector Two or more microdomaindistributions
canbecreatedwith differentshift andotherwiseidenticaldistribution.

Thefit of the microdomainoriginsto the hostlattice defineswhetherthe microdomainorigin
canbeat ary positionwithin the sublatticeor whetherit is constrainedo integer (andcentering)
vectorsof the sublattice. If constrainedthe origin of eachmicrodomainis shiftedto the next
nearessublatticepoint. You cansetthetype of fit to bothvaluesfor eachdistribution type,but the
effectson the microdomaindistributionswill be differentfor eachdistribution type. In caseof a
randomdistribution, the microdomainorigin shiftsto the next nearessublatticevector Testsfor
overlapof microdomainsareperformedafterthe shift. In caseof a lattice distribution, the initial
positionof eachmicrodomainorigin is calculatedasan integer multiple of the superlatticebase
vectors.Eachindividual microdomairis thenshiftedto the next nearessublatticevectorwithout
effecting the othermicrodomains.In caseof the paracrystallinalistribution the positionof each
microdomainis calculatedrom the actualpositionof threeprevious microdomainslf thefit type
is setto coincidewith the sublatticegrid, the necessarghift of ary onemicrodomainwill effect
thenext microdomaimaswell.

A correlationmatrix canbe setup definingprobabilitiesfor two microdomairtypesto be next
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neighbordn caseof thelattice or paracrystallinalistribution. The correlationmatrix is currently
usedasanisotropiccorrelation.For bothdistribution types,the type of a currentmicrodomainis
determinedrom the typesof thethreemicrodomainseparatedy —a, —b and —c respectiely.

The correlationsgrow’ from the negative mostcornerof the crystalto the positve mostcorner
The correlationmatrix C is internally normalizedsuchthatthe sumof all elementds one. The
elementc;; givesthe probability of microdomairtype j to be next neighborto microdomairntype
i. Thesumof a columng;, givesthe a priory probability for thefirst microdomainto be of type
i. Thethreerows of the correlationmatrix representinghe three neighborsare averagedand
thetype of microdomaindeterminedy randomnumbergeneratiorweightedwith the respectie
probabilities.

Micr odomain properties: For eachmicrodomaintype anorigin is assumedThe positionsof
atomsarereferencedvith respecto this origin, andthe origins of the actualmicrodomainsare
distributedthroughouthecrystal. Theshapeproperty definedby the’boundary’commandiefines
theboundarysurfacebetweerthe microdomainandthe surroundinghoststructure Currentlythis
boundarysurface canbe a spherea setof planes,a rectangulatlock of atomsor anirregular
conglomerat®f atomslimited by afuzzy boundary Theboundartype’sphere’createsa sphere
of definableradiuscenteredat the microdomainorigin. Alternatively a microdomaintype can
be limited by a setof planes,type 'face’. The usermustsupplyall faces,even symmetrically
eguivalentfaces.Thedistanceof eachfacefrom theorigin canbesetindividually, whichallowsfor
avery flexible adjustmento differentshapesSincethedistanceds setwith a separateommand,
the two setof faces(1 0 0) and (2 0 0) representhe identical surface, unlessthe distanceis
modified. DISCUStries to checkwhetherthe form createdby the facesis closed. The origin
must be inside the microdomain,while the six pointsat 10° along eachof the threesublattice
basevectorsmustbe outside. This testis certainly not a foolproof algorithm, yet a reasonable
compromiseAn openfacewill includeall atomsupto thelimits of thecrystal. Thethird boundary
type, 'block’, is a specialcaseof the second andidenticalto the only type offeredin DISCUS
version1.0. The microdomainis limited by the six {100} faces.The distancego the origin are
determinedrom the extendof the structureread.The block definedby thesesix faceds cutfrom
the hostcrystaland replacedby the atomsreadfrom the structurefile. It is necessaryhat the
contenttypeof thesemicrodomaings a structure DISCUShasno way of finding out, whetherthe
new structurethatwasread,completelyfills up the block, or whetherary voids areleft. For this
reasorit is betterto usethe boundarytype 'fuzzy’. Thefourth type of microdomainboundaries,
'fuzzy’, doemnotsetupadefinablesurface.Insteadheextendof themicrodomairis solelydefined
throughthe atomsthatarereadfrom thestructurefile. As for shapetype’block’ the contentmust
besetto 'structure’.Contraryto type’block’, novoidsarecreatedFor all atomsof thehostcrystal
the distanceto all microdomainatomsis calculated.If ary of thesedistancess lessthana user
definablevalue,the hostatomis remaoved. In effectthe boundarybetweerhostandmicrodomain
becomeduzzy anda microdomainof boundarytype’fuzzy’ doesnotevenhave to becontiguous.
Closely associatedvith the boundarypropertyis the radiusof the boundarysurface. This
propertyappliesonly to boundarntypes’'sphere’and’face’. For boundarytype’block’ it is deter
minedautomaticallyandfor boundarytype’fuzzy’ it doesnotapply For boundarytype’sphere’,
theradiusgivestheradiusof the microdomainsurface.For boundarytype’'face’,theradiusgives
the distancebetweenthe microdomainorigin andthe face. Internally the hkl of eachfaceare
corvertedto new hkl thatrepresenthedistancgrom themicrodomairorigin. The averageradius
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of the boundarysurfaceis the samefor all microdomainghroughoutthe crystal. The individ-
ual radiuscanbe subjectto a Gaussiardistribution with userdefinablesigma. All atomswithin
this boundarysurface are consideredo be part of the microdomainstructureand are replaced
accordingly

The contentof the microdomaincanbe a completelynewn structureor a modificationof the
presenstructure If thecontentis definedasstructureanew structureis readfrom afile identical
in formatto the crystalstructurefile. The spacegroupandlattice constant@recurrentlyignored.
All fractional coordinatesare interpretedin multiples of the hostlattice. This limitation will
hopefully be correctedsoon. The positionsof the atomsare the sumof the microdomainorigin
andthe fractionalcoordinateseadfrom thefile. If applicable,a symmetryoperationis applied
to the fractional coordinateseforeaddingthemto the microdomainorigin. The programtests
whetherthe positionsareinsidethe hostcrystalandinsertedf inside. SinceDISCUScannottest
for left over VOIDs, the userhasto make surethatthe structures large enoughto coverthewhole
microdomain.

Eachtypeof microdomainganfurtherbecharacterizetdy theorientationof themicrodomain
structure.Symmetrymatricescanbereadthatwill transformthe structureandthe corresponding
boundarysurface. The symmetryoperationincludesboth a rotationalanda translationapart, as
describedn section5.2. This symmetryoperationis appliedto eachmicrodomainatom prior
to insertingit into the crystal. The rotationis equally well appliedto the boundaryof the mi-
crodomainwhile thetranslationis not. After the symmetryoperatiorhasbeenapplied,DISCUS
testswhetherthe atomis insidethe microdomainor not. A large translationcanthereforemove
atomsout of the microdomain,andtheseatomswill not be insertedinto the microdomain.If a
shift of themicrodomainis neededmove the origin of themicrodomainwith the shift propertyof
thedistribution.

7.3.2 Relatedvariables

Thecrystallographidunction’md_test’anda numberof variabledistedin table7.1areassociated
with microdomainsVariablesnarkedwith '(ro)’ arereadonly variablesandcannotbealteredby
theuser

The function 'md_test’ returnsan integer value which correspondgo the index of the mi-
crodomainnearesto the pointin real spacegiven by the threeargumentsx, y, z of the function.
As for thevariablesmd_next’ and’md_dist’, a nggative resultingnumberindicatesthatthe given
positionis insidethe microdomain. In contrasta positve numbershavs that the given point is
outsidethereturnedmicrodomain.

Theuseof thesevariablesallows a flexible useof microdomainsithin the programDISCUS
However, the interpretermight be quite slov whenwaorking with large model crystals. As an
alternatve, a microdomaindistribution can be 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 only atomswithin or outsideof microdomainshallbeusedoy
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| Variable | Description

md.num|[1] Numberof differentmicrodomaingro).

md_cre[1] Numberof differentmicrodomainslreadycreatedwith the 'create’
commandout notyet usedto modify the crystal(ro).

mc_num[1] Number of microdomainswhose origins have been distributed
throughouthe crystalwith the’create’commandro).

md_rad<i>,<j>] Radiusof the microdomaintype <i>. For boundarytypes’block’
and’fuzzy’ <j> mustbe0, for type’sphere’<j> mustbe 1 andfor
'face’<j> is thenumberof thefacetheradiusis returnedor (ro).

mc_run[1] Numberof microdomainaisedto modify the crystalwith the 'run’
commandro).

mc_type[<i>] Returnghe microdomaintypefor microdomain<i> (ro).

mc_origli,<j>] Coordinategor microdomain<j> (i=1,2,3for x,y,z). This variable
canonly be modifiedfor microdomains<j> which have beencre-
atedbut not usedto modify the crystalvia the commandrun’.

mc_rad[<i>] Individual radiusfor microdomain<i>. This variablecanonly be
alteredfor microdomains<i> notusedwith the’run’ commande-
fore.

md_next[<j>] Numberof themicrodomaimearesto atom<i>. Negatve numbers
indicatethat the atomis within the microdomain positve numbers
arefor atomsoutside.

md_dist[<i>] Distanceof theatom<i> to thesurfaceof thenearesmicrodomain.
If the numberis negative, the atomis insidethe microdomain else
outside.

Table7.1: Variablesrelatedto microdomains

selectingthe correspondingnicrodomainstatuswith the commandsele’. The following choices
canbemade:

e Everything : Themicrodomairstatuss ignoredandall atomswithin thecrystalaretreated
identically

e All : Now all atomsthatarewithin ary microdomainareincludedbut all atomsof the host
structureoutsideary microdomainareexcluded.

e None: Justthe oppositefrom aborve, only atomsthat are outsidearny microdomainare
included.

e Individual : This modeallows oneto only selectatomsthat are within a specific mi-
crodomaintypeandto excludeall otheratoms.

Oncea microdomaindistribution is establishedvithin the crystal, this selectionmechanism
allows the userto modify only atomsoutsideor inside thosemicrodomainsg.g. to generatea
modulationwave. A shortexampleshallillustratetheuseof themicrodomairsectionof DISCUS
Theresultingstructurecontainingmicrodomaingn form of atriangleareshavn in figure 7.4.
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Figure7.4: Exampleof microdomaindistribution within acrystal

Thecorrespondingnacrdfile islistedbelov. Asin previousexamplestheline numbershavn
allow easyreferenceo thedifferentpartsof the macrofile but arenot partof the actualfile.

mcro

init

di st random

dens 0.1

grid host

radi 5.10

bound fuzzy

sep fuzzy,1.0

#

10 content struc,md.inp
11 orient 1
12 insert

13 #

14 nmrow 3, 0.0,
15 mow 2, 0.0, -
16 mow l1,-1.0
17 orient 2

18 insert

19 #

20 create

21 run

22 exit

0O NO Ol WN -

©

er o
o oo
eoer
c oo
eee
o oo

After the microdomainlevel is entered(line 1), the sublevel is initialized becauseave starta
new microdomaindistribution. A randomdistribution with a densityof 10% is selectedlines
3-4). Thegeneratedriginsareforcedto coincidewith the hostlattice (line 5) andthe sizeof the
microdomainss setto 5.1 A. Thisis to prevent microdomaingo overlap. The shapeof the mi-
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crodomainis setto 'fuzzy’ (line 7) which meanghatthe actualshapeof the microdomaindefined
by its contentss used.All atomswithin the hoststructurecloserthan1.0A to the microdomains
will beremoved (line 8). Next the structurefile 'md.ing containingthe microdomainstructure
itself is read(line 10). The original structureis insertedasorientationl (lines11-12). A second
orientationis obtainedby simple inversiongiven by the matrix definedin lines 14 to 16. This
'upsidedown’ microdomainis insertedassecondrientation(lines 17-18).Now theorigin distri-
bution is generatedline 20). Sofar the crystalitself hasnot beenmodified. This is donein line
21whenthe’'run’ commandjenerateghe crystalwith the givenmicrodomaindistribution asseen
in figure7.4.

7.4 Stackingfaults

All crystalswhosestructurescanbe describedoy layersare proneto stackingfaults. A stacking
faultis ary defectthataltersthe periodicsequencef layers. Thesedefectanaybeawronglayer
insertedinto the sequencea changeof the layer sequencer a differenttranslationbetweenwo
subsequeriayers.Thesedefectanayaffectthewholecrystalor afinite regionif e.g.anadditional
layeris presenbetweeran otherwiseperfectsequencef layers. DISCUScontainsatool to cre-
atelayeredcrystalstructuresandto introducestackingfaultsinto thesecrystals. The crystalsare
formedin atwo stepprocedureFirst, the origin andtype of eachlayeris determinecandsecond,
the atomscorrespondindo eachlayer areintroducedinto the crystal. The usercandefineeach
layertype,thetranslationvectorsbetweenconsecutie layersandthe correlationbetweemeigh-
bouringlayers. A new featureof the stackingfault part of DISCUSis the additionof rotational
disorderfor thelayersequences.

The stackingfault sequences definedby several parameterghat can be setin the 'stack’
sublevel of DISCUS

e Typeoflayers:
Thepositionsof all atomswithin alayerarereadfrom a DISCUStype structurefile. These
layer files have to be createdfor eachlayer type involved beforehandusing the various
DISCUStools.

¢ Translations
A translationvector betweenneighbouringlayersof eachtype mustbe provided. Thus
for N differentlayertypesresultin a N*N matrix of translationvectors. An examplefor
translatiorvectorsin a cubicfacecenteredstructures givenin table7.2.

¢ Uncertaintiedor translationvectos:
In somematerialssmall deviationsin the translationvectorsmight occur This behaiour
canbesimulatedn DISCUShy settinga standardleviation o to eachof the elementof the
translationvectormatrix. DISCUSwill calculatethe actualtranslatiorvectorassumof the
'ideal’ vectorplusa Gaussiaristributedpartdefinedby the valueof o.

e Correlations:
A correlationmatrix is usedto definethe probabilitiesof two layer typesto be nearest
neighboursNo furthercorrelationsaretakeninto account.
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e Crystalshape
Theresultingcrystalcanbe generatedisingtwo differentmodes:First, the crystalcontin-
uouslygrows in onedirectionasgiven by the translationvector(s). Secondlyone or two
coordinatesanbe constrainedo a finite range,which resultsin a zig-zagshapeccrystal.
If any of the parameterss not equalto zero,the correspondingoordinateof the origin is
takenmodulothis parameterNote,thatDISCUSdoesnot checkwhetherthe modulivectors
aretranslationvectorsof the currentspacegroup.

| Layer type A | Layer type B | Translation vector |

A A (1,1,1)
A B 11,10
A C i(1, 0,1)
B A 2(‘,1 0)
B B (1,1,1)
B C (0,1,1)
C A 5(1,0,1)
C B 3(0,1,71)
C C (1,1,1)

Table7.2: Translationvectorsfor stackingfaultsin a cubicfacecenteredstructure

The commandcreate’in the 'stack’ sgmentof DISCUScreateghe list of layeroriginsand
‘run’ actually generateshe correspondingrystal by decoratingthe origins with the individual
layertypes. In orderto speedup the calculationof the Fourier transform,ratherthanusingthe
resultingcompletestructure the scatteringntensityis calculatedn the following way. The scat-
teringdensityp(r) of alayeredstructurecanbeexpressedsthescatteringlensityof theindividual
layertypesconvolutedwith thelayerorigin distribution.

nl no
p(r):_zl{zloij(r)}*li(r) (7.7)
i=1 | j=

Theoutersumrunsover all nl layertypesandtheinnersumrunsover all originso;; of layer
typei. Thevariablel; is the scatteringdensityof layertypei. Usingthe convolution theoremthe
Fouriertransformof this expressiorbecomes

no

nl
F{p(r)} :_ZT{ZOij(r)} F{li(r)} (7.8)
i= i=

Here & denoteghe Fouriertransform.This procedurenot only speedsip the calculationbut
it alsoallows the usageof muchlarger crystalsizessincethe actualstructuredoesnot have to be
createdn orderto calculatethe Fouriertransform.

A simpleexampleof the stackingfault sgmentof DISCUSwill be givenhere.Theresulting
layeredstructureis shavnin figure 7.5. Thefilled circlesrepresenatomsof layertype A whereas
the emptycirclesstandfor atomsof layertype B. The layersarestacled in y-directionandare
shiftedin x-directionby +0.5 lattice units betweerthelayers. The structureconsistf preferred
AB andBA sequencesiowvever AA andBB pairsarepresenaswell.
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Stacking faults
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Figure7.5: Exampleof stackingfaults

Thefollowing DISCUSmacrofile wasusedto generatehe layersstructureshavn in figure
7.5. Note thatthe line numbersare only given for easyreferenceandare not part of the actual
macrofile.

st ack

layer |1.stru
layer |2.stru
number 50

#

O NOoO O WN

trans 1,1, 0.0,1.0,0.0
trans 1,2, 0.5,1.0,0.0
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 nmod 1,0,0,0,0,1
15 set nod, 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. The next commandline 4) setsthe numberof layersto be stacledto 50. Thetrans-
lation vectorsbetweerlayertypesAA, AB, BA andBB aresetto (0, 1,0), (%,1, 0), (—%, 1,0) and
(0,1,0) respectiely (lines6-9). The correlationmatrix is given in rows andgivesa probability
for AA andBB neighboursf 30% and AB or BA neighboursof 70% (lines 11-12). Note that
thesumof all elementsn the correlationmatrix is actuallynot unity but two. DISCUSinternally
normalizesghosevaluesto give correctprobabilities. In lines 14 to 16 the shapeof the resulting
crystalis determined Theresultingcrystalis limited in x- andz-directionandthe crystalgrowth
is determinedyy the averageof the given translationvectorsweightedby the appropriateproba-
bilities. Finally the origin distritution is createdline 19) andthe resultingstructureis generated
(line 20).

For moreinformationreferto the commandreferencethe online help or studythe stacking
faultexampleof theinteractve DISCUStutorial (seesectionl.4).



Chapter 8

Analyzing defectstructures

After describinghow to createandchangestructureghis chaptemill give asummaryof DISCUS
functionsto analyzea givendisorderedstructure All thosecommandsireaccessedia the’chem’
sublevel of the program.This segmentis enteredusingthe commandchem’ andleft againby the
commandexit’. The commandmode’ determinesvhetherthe enteredcommandperateon
atoms(’'mode atom’) or moleculeg’mode mole’). If working with moleculesghe moleculetype
numbemreplacegsheatomnameor numberasparametefor thedifferentcommandsNotethatnot
all commandsreavailablein moleculemode.

8.1 Occupancies

The commandelem’ will displaythe chemistryof the currentmodelcrystal. Dependingon the
selectednode('atom’ or 'mole’), therelative alundanceof the presentatomor moleculetypesis
written onthe screen A sampleoutputcanbe seerbelow:

Size of the crystal (unit cells) : 5 X 5 X 5

Total number of atons : 1500

Nunber of atoms per unit cell : 12

Nurber of different atons : 2
Element : VO D(0) rel. abundance : .065 ( 98 at ons)
El ement : ZR(1) rel . abundance : .333 ( 500 atoms)
Element : Q(2) rel . abundance : .601 ( 902 atoms)

Somegenerainformationaboutthe crystalis given aswell asthe numberandrelative alun-
dancefor the atomtypespresentin the crystal. The resultsare saved in the variableres]i] (see
chapter3.1). However, therelative abhundancegiven by thecommandelem’ arefor the complete
crystalandcontainno furtherinformationaboutits homogeneityDISCUSallows the userto ob-
tain concentratioraswell ascorrelation(seesection8.3) distributionswithin the crystalusingthe
commandhomo’. Thisis achiered by samplingthe crystalusing’lots’ analogougo thoseused
to calculatesmoothdiffraction patterngseesection4.1.2). Thefollowing shortmacroillustrates
theuseof the’homo’ command.The’chem’ sublevel is enteredn line 1. The sizeof thesample
volumeis setto an ellipsoid of 5x5x1 unit cells. A total of 2000lots will be used(line 2). Next
the numberof binsis setto 20 (line 3). Olviously the largestnumberof bins correspond$o one
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Figure8.1: Analysisof crystalhomogeneity

In this examplethe relative abundanceof Zr givenby 'elem’ is 0.75. The commandhomo’
determinegnaverageof 0.76+ 0.05. Viewing figure 8.1 revealsthatthe crystalactuallyconsists
of two phasespnewith a concentratiorof 0.5andonewith a concentratiorof 1.0. This canalso
beseerin theconcentratiomlistribution ontheright handsideof thesamdigure. Thetwo maxima
correspondo a concentratiorof 0.5and1.0. By adjustingthe size of the samplevolume(’lots’)
additionalinformationaboutthe sizeof the phaseregionscanbe obtained.

8.2 Distortions

After analyzingconcentrationsvithin a crystal, this sectionwill focuson the analysisof distor
tions. The simplestway is to computeaveragedistance$etweerdifferentatomtypesin a given
range. An exampleis givenbelow. Firstthe desiredrangeof interatomicdistancess limited to
valuesbetweend.5A and5.54 (line 1). Next thebondlengthdistritution is calculatedusingthe
DISCUScommandblen’. Heredistancedbetweeriall’ atomswill beconsidere@ndtheresulting
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’ asparameteror thecommandblen’, atomnamesor numberscould
be usedto calculatethe averagebondlengthonly for specifyatomtypes. The screenoutputfor
theabore examplelookslike this:

Cal cul ating bond-length distribution
Al'lowed range : 4.50 Ato 5.50 A/ File: chem2.blen ( 250 pts)
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Figure8.2: Examplefor bondlengthdistribution

In this examplethe Zr-vacany distancesireshorterthantheaveragedistanceof 5.0 whereas
the Zr-Zr distancesreslightly longer This describesizeefectlike distortionswherethe atoms
surroundinga vacang aredistortedtowardsthe vacang. All vacanciesreattheir averageposi-
tion indicatedby the averagedistanceof 5.08 with a standardieviation of 0.0. An examplehow
to createthesekinds of disorderedstructuresusingMonte Carlo simulationsis givenin chapter
9. Theresultingbondlengthdistribution from the previous exampleis shavn in figure8.2. The
individual peakscorrespondo the variousZr-vacany andZr-Zr distancesNote thatthe output
of DISCUSgivenabore only lists theaveragedistancegor the specifiedbondlengthintenal, e.g.
thereare someZr-vacany distancedongerthan5A andsomeZr-Zr distanceshorterthanthe
averagaldistancgseeminimalandmaximalvaluesabove). Thusit canbehardto identify theindi-
vidualpeakgpresentn figure8.2. Oneway to obtainfurtherinformationwould beto calculatehe
bondlengthdistributionsfor Zr-Zr ('blen zr,zr,zz.blen’) and Zr-vacang (’blen zr,void,zvblen’)
individually.

Thecommandblen’ averagesll distancesvithin thegivenrangespecifiedwith 'setblen’. In
casewheremorespecificinformationaboutdistanceén givendirectionsis neededthecommand
"disp’ mustbeused.Now it is necessaryo enterneighbourdefinitionswhich caneitherbe speci-
fied by adistancecriteriaor by individual vectors.In theexamplebelowv thecommandsetvec’ in
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line 1 definesvectorl (first 1) to be from site 1 in oneunit cell to site 1 (2ndand3rd parameter)
in thenext unit cell in x-direction(1,0,0- last3 parameters)Next this vectoris usedasneighbour
definition1 (line 2). Finally thelatticeaveragesarecomputedetweerall presenatomtypes(line
3).

1 set vec,1,1,1,1,0,0

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

More examplesof neighbourdefinitionscanbe foundin section8.3. The outputof the 'disp’
commands shavn below:

Cal cul ating distortions
Atomtypes : A= all and B = all

Neig. AtomA Atom B distance sigm # pairs
1 VvODO0) VO D( 0) 5. 000 .000 332
1 vaDo) ZR(1) 4. 880 . 037 372
1 ZR(1) ZR(1) 5.022 . 032 3824

Again averagedistancesand standarddeviations are listed giving a Zr-vacanyg separation
shorterthan5 A anda Zr-Zr distanceslightly longer However, the actualnumbersaredifferent
from theresultsof the 'blen’ command.Thereasorfor thisis that’blen’ averagedall distances
in the givenrangewhereaghe secondexampleis limited to neighboursn x-direction. By adding
theotherdirectionsto the neighbourdefinitionsthe sameresultasbeforewould be achiered.

8.3 Correlations

Diffuse scatteringcontainstwo-body information of the systemunderinvestigationandis thus
a valuablesourcehow atomsor moleculednteract. In contrastBraggscatteringcanonly reveal
aveiage one-bodyinformationsuchasatomicpositions,site occupancieandthermalellipsoids.
In this chapterthe conceptof correlationsasa measurdor thosetwo-bodyinteractionswill be
introduced. Although diffuse scatteringcontainsonly information abouttwo-body interactions
the conceptglescribecherecaneasilybe extendedo includemulti-site correlations It shouldbe
notedthatalthoughthesemulti-site interactiongdo not shav up in the diffraction patterndirectly,
they canhave a constrainingnfluenceon two-bodyinteractionsandthuseffectingthe diffraction
pattern.However, DISCUSSs currentlylimited to thecalculationof two-bodyinteractionaverages.

We will talk aboutatomtypesin the following section,however, all correlationrelatedcom-
mandsareavailablefor moleculesaswell. To work with moleculesisethecommandmodemole’
andspecifymoleculetypesratherthanatomtypesor namesasparameterfor thecommandsThe
commandhomo’ (seesection8.1) canalsobe usedto determinghe homgenietyof correlations
within thecrystal.

8.3.1 Occupationalcorrelations

First occupationakorrelationswill be discussed.One definition of the correlationcoeficient
cij betweena pair of sitesi and j basedon a statisticaldefinition of correlation[28] is givenin
equationS.1.
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o Pi—@
" e(1-9)

Rj is thejoint probabilitythatbothsitesi andj areoccupiedoy thesameatomtypeand®o is its
overalloccupang. Negatve valuesof ¢;; correspondo situationsvherethetwo sitesi and j tend
to be occupiedby differentatomtypeswhile positve valuesindicatethatsitesi and j tendto be
occupiedby thesameatomtype. A correlationvalueof zerodescribes randomdistribution. The
maximumnegatie valueof ¢;j for agivenconcentratio® is —6/(1— 6) (RB; = 0), themaximum
positve valueis +1 (R; = 6). Thisdefinitionof correlationsaneasilybe corvertedto theWarren-
Cowley short-rangeorderparameten) . = 1—PR} /6 [5]. As anexamplethe correlationsc;,
andc1yy of the disorderedstructureshavn in figure 8.1 arecalculatedusingthe DISCUSmacro
file listedbelow:

(8.1)

read
stru chem1.stru

et mode, qui ck, periodic

0N O WN

set vec
set vec
10 set vec
11 set vec
12 #

13 set vec
14 set vec
15 set vec
16 set vec
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

©
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The macrostartswith the readingof the disorderedstructure(lines 1-2). After the 'chem’
sublevel is enteredline 4) periodiccrystalboundariegsreselectedline 6). The parametelquick’
selectsa fastemeigbouringfinding algorithmwhich only worksfor crystalsarrangedn the DIS-
CUSstorageorder(seesection2.2). Notethatc1o standsfor the nearesheighbourcorrelations
in all four symmetricallyequvalent<10> directionsof thetwo dimensionatubictestcrystal,i.e.
C10, C10, Co1 @ndcgg. All eightneigbouringdirectionsfor c(1) andc;11) aredefinedasvectorsl to
8in lines8 to 16 of themacrofile. Next vectorsl to 4 aregroupedasneighbouringdefinitionfor
Cq (line 18)andvectorss to 8 for ¢1yy (line 20). Thecommandsetneig,add{(line 19) storeghe
currentneighbouringdefinitionandallows the definitionof anew one.Finally the correlationgor
thedefinedneighbouringlirectionsarecalculatedline 22). The screeroutputfor the disordered
structureshavn in figure 8.11ookslik e this:
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Cal cul ating correl ations
Atomtypes : A=ZR and B=VAD

Nei g. AA AB BB # pairs correl ation
1 50.49 %  48.99 % .51 % 40000 -. 3061
2 71.04 % 7.89 % 21.07 % 40000 . 7897

The programlists the probabilitiesfor AA, AB andBB pairsandthe correspondingorrela-
tionscij. Herethevaluefor ¢y is negative, i.e. vacany neighboursn <10> directionstendto
be avoided. Neighbouringvacanciesn <11> directionon the otherhandaremuchmorelikely
comparedo a randomvacany distribution indicatedby the large positve value of ¢/1yy. This
leadsto the large areaswith a doubledunit cell anda Zr concentratiorof 0.5 asseenin section
8.1.

8.3.2 Displacementcorrelations

The correlationcoeficient ¢;j for displacementorrelationsbetweentwo sitesi and j is defined
as:

Gj = ——— (8.2)

Herex; is the displacemenbf the atomon sitei from the averagepositionin a given direc-
tion and(-) standsfor the averageover the crystal. Again a negative valuedescribes situation
wherethe pairing of correspondinglisplacementare lesslikely thanin a crystalwith random
displacement#/hereasa positive valueindicatesa largerthanrandomprobability The definition
of neighbourgs identicalto the examplein the previous section.Additionally the commandset
neig,dir’ is usedto determinethe displacementlirectionto be used. Note that the displacement
directionfor the two sitesi and j is not necessarilfhe samee.g. onecould be interestedn the
correlationbetweerthe x-displacemenbn onesite andthe y-displacemenbn the neighbouring
site.

8.3.3 Correlationfields

In the previoussectionsa correlationc;j for agivenpairof neighbouringatomsvascomputed An
interestingnformation,however, is how thesecorrelationsextendwithin thecrystal. Theprogram
DISCUSallowsthecalculationof correlatiorfieldsfor occupationadnddisplacementorrelations
(command!field").

Again taking the disorderedstructuredisplayedin figure 8.1 asan example,the correlation
fieldsin <10> and <11> directionareshawvn in figure 8.3. This figure shavs the correlation
betweera sitei andsitesseparatedby integer multiplesof the vectorsusedin the neighbordef-
initions. The neighbouringdefinitionsare the sameasin the examplefor a single correlation
coeficientin section8.3.1. Thefirst neighbourcorrelationis negative for ¢, and positie for
Cay asin section8.3.1. The correlationcyy is decayingasa functionof the distancewithin the
crystal,giving a measuref the extensionof the areawith preferred<11> vacanyg neighbours.
Eventuallythevaluegetsnegative for distancesbore about26timesthec; 3y vectorwhichcanbe



CHAPTERS. ANAI YZING DFFFCTSTRICTIIRES 66

1
T
1

0.2 04 06 0.8

Correlation <10>

| /\’/\A/’\/\/\’/\M\’\wm
UL

-02 0
1
[ ————1

O ——=F

10 15 20 25 30 35
Neighbour [unit cells]

1

0.2 04 06 0.8

Correlation <11>

-02 0

15 20 25 30 35
Neighbour [unit cells]

o
(3.}
[y
o

Figure8.3: Examplefor a correlationfield

understoodakingthe sizeof the two phaseregions(figure 8.1) into account.The absolutevalue
of correlationc;, decaysaswell but oscillatesbetweemegatie an positve values. This canbe
understoody thinking of a perfectABAB sequenceAll oddneighbourdi.e. 1,3,5,...) areAB
or BA resultingin a negative correlationwhereasvenneighbourdi.e. 2,4,6,...) areAA or BB
giving a positive correlation.

8.4 Other tools

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

The averagestructureof a crystalcanbe calculatedusingthe commandaver’. Occupancies,
averagepositionsandstandardieviationsfor thesepositionsarecalculated.This commands not
available whenworking with molecules. The neighbourhoodf a given atom or moleculecan
be examinedusingthe commandsneig’ and’env’. The commandneig’ will usethe currently
storedneighbourdefinitionswhereasenv’ will displayall atomsfoundin a givendistancefrom
thechoserorigin. Finally the corversionbetweeratomindex andunit cell / atomsite canbemade
usingtheequationgivenin section2.2 or via thecommandtrans’in the’chem’ level of DISCUS
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Monte Carlo simulation

In generalMonte Carlo methodscanbe describedhsstatisticalsimulationmethodsnvolving se-
guence®f randomnumberdo performthe simulation.In the pastseveraldecadeshis simulation
techniquehasbeenusedto solve comple problemsin nuclearphysics,quantumphysics,chem-
istry aswell asfor simulationsof e.g. traffic flow or econometricsThe name’Monte Carlo’ was
coinedduringthe ManhattarProjectof World War Il, becaus®f the similarity of statisticalsim-
ulationto gamesf chanceandbecauséhe capitalof Monacowasa centerof gambling.In this
analogythe’game’is a physicalsystemandthe scientistmight’'win’ a solutionfor his particular
problem.An excellentapplicationfor this kind of statisticalmethodds the studyof diffusescat-
teringandsubsequentlyhe solutionof the underlyingdefectstructure.Onepossibleapproachs

the (direct) Monte Carlo (MC) modelingof a defectstructuredescribedn this section. Further
informationaboutthe MC methodin solid statephysicscanbe foundin [2]. A review article
coveringMC simulationgto analyzediffusescatteringvaswritten by [30]. An alternatve method
usingthe MC algorithmis the so-calledReverseMonte Carlo simulationtechniquedescribedn

chapterll.

9.1 Intr oduction

A brief summaryof the MC algorithmoriginally inventedby [12] shouldbe givenhere.Thetotal
enegy of the crystalis expressedasa function of randomvariablessuchasassite occupancies
or displacementfrom the averagestructure.The simulationprocesgproceedsasfollows: A site
within the model crystalis chosenat randomandthe associatediariablesare alteredby some
randomamount. The enegy differenceAE of the configurationbeforeand after the changeis
computed.Thenew configurations acceptedf thetransitionprobability P givenby

__op(—%F)
1+ exp(—%£E)

is lessthanarandomnumbem, choseruniformly in therang€[0,1]. T is thetemperatureand
k Boltzmanns constant.Thusthe enegy of themodelcrystalin minimizedby theMC simulation.
Note the a highertemperaturel meansthat more moveswill be acceptedhatleadto a higher
total enegy E. In orderto analyzethe defectstructureof a particularsystem,the diffraction
patternof the generatediefectstructurecanbe calculatecandcomparedo the experimentabata.

(9.1)

67
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By adjustingnearneighbourinteractiongdefiningthe enegy E the modelcanbe changeduntil a
matchwith the experiments obtained.On the otherhandMC simulationscanbe usedto explore
the relationshipbetweencertaincorrelationsand the correspondingliffraction pattern,e.g. for
teachingpurposes.

9.2 Intr oducingcorrelations

In orderto be ableto carry out MC simulationsthe enegy E of the crystalneedsto be defined.
Thefollowing sectionggive enegiesfor occupationahswell asdisplacementorrelationdased
ontheenegy for anlsing model.

9.2.1 Occupationaldisorder

To representhe distribution of atomor moleculetypeswithin a crystal, it is convenientto use
Ising spinvariabless; = +1. Hereo; = 1 meanssitei is occupiedwith typeA andc; = —1 stands
for type B beingpresenton sitei. Usingthesevariablesthe Hamiltonian(or enegy) takesthe
following form:

Eocc= ZHO’i-i-ZZJnO'iO'i_n-i-... (9.2)
[ A

Thesumsareover all sitesi andneighbours. The valueo;_,, refersto the occupang (spin)
of theneighbouringsitei — n of sitei. Thequantities), arepairinteractionenegiescorresponding
to the neighbouringvectordefinedby i andn. Althoughthe Hamiltoniancaneasilybe extended
to includemulti-siteinteractionswe will negglectthosein this manual. The quantityH is asingle
siteenegy which hasthe effect of anexternalfield in magnetidsing models.Hereit controlsthe
overall concentration.

The interactionenegies H and J, areinitially unknavn and DISCUSemplg/s a feedback
mechanismto determinetheir values. This is donein the following way: After a MC cycle *
hasbeencarriedout, the resultingcorrelationsare computedand comparedo the tamget values
definedby the user If the computedattice averagesaretoo low, thenthe correspondindd and
Jn are decreasedby an amountproportionalto the differencebetweencalculatedand required
valueandviceversa It shouldbe notedthateventhe simplest2D Ising modelpossesseaphase
transitionwhichis importantto avoid whenusingthedescribedeedbacknechanisnduringaMC
simulation.

Thefollowing examplemacrowasusedto generatahe disorderedstructureshawvn in figure
8.1.

mc
set neig,rese

#

# <10> nei ghbours
#

set vec,1
set vec, 2
set vec, 3

0N U WN

11
11, -
11

oSrkE
Po e
coo

1A MC cycleis definedasthe numberof MC stepsneededo visit every crystalsite onceon average
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9 set vec,4,1,1, 0,-1, O
10 set neig,vec,1,2,3,4
11 set neig, add

12 #

13 # <11> nei ghbours

14 #

15 set vec,5,1,1, 1, 1, O
16 set vec,6,1,1,-1,-1, 0
17 set vec,7,1,1,-1, 1, O
18 set vec,8,1,1, 1,-1, 0
19 set neig,vec,5,6,7,8

20 #

21 set atomzr,void
22 set node, swchem
23 set energy, cocc, al
24 #

25 set target,1,-0.3
26 set target,2, 0.8
27 #

28 set tenp, 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
definedthe sameway asfor the calculationof correlationgseesection8.3.1). Notethatthecom-
mand'setneig,add’(line 11) is notgivenafterthelastneighboumefinition(lines15-19) because
the actualneighbourdefinition is usedaryway andthe command setneig,add’putsthe current
definitionon a stackof definitionsto beused.If youwould give thecommandsetneig,add’after
line 19 again thesecondceighbourdefinitionwould be usedtwice.

The atomsto be usedfor the MC simulationareZr andvacanciegline 21) andthe operating
modeis 'swchem’.More informationaboutthedifferentoperatiormodesaregivenin sectionl1.4
in the RMC chapterof this manual. The enegy to be usedis for occupationatiisorderasdefined
in equation9.2 (line 23). Next the desiredtarget correlationsof ¢;1g = —0.3 andc13y = 0.8 are
set(lines 25-26). Thevalueof KT is setto 1.0? A total numberof 200*100*100MC moveswill
becomputedline 30). We will referto aMC cycle asthenumberof MC movesnecessario visit
every crystalsite onceon average.In our casel00x100stepscorrespondo one MC cycle, thus
werunthesimulationfor 200cycles. Notethattheamgumentdor thecommandssetcyc’ and’set
feed’ aregivenasnumberof movesratherthancycles.Eachmove consistof asingleswapof two
randomlychoseratoms.Thefeedbackshouldbe executedevery cycle,i.e. every 100x100maoves
for the crystalsizeof 100x100x1unit cells (line 29). The MC simulationis startedwith the'run’
commandline 31).

Every 10000moves or every cycle (intenal setby 'setfeed’) the following informationis
writtento thescreen:

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

2Thisis recommendedhenusingthefeedbackmechanisnsincethe J, valuesarethendeterminedn unitsof kT.
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Figure9.1: Interactionenegiesandcorrelationgduringa MC simulation

Nei g. 2 const: -0.485 achieved: 0.788 target: 0.800

Thefirst line containsthe numberof generatedndtried MC stepsfollowed by the number
of acceptednoveswith AE < 0 (good)andAE > 0 (bad). Next theinteractionenegy J, andthe
achieved anddesiredcorrelationvalueis givenfor eachneighbourdefinition. Notethatthe mode
'swchem’actuallyswapsthe atomtypesof two sitesandthereforethe overall concentratiorof the
atomtypesremainsconstaniandno termH is neededn the Hamiltonian. Figure9.1 shavs the
interactionenegiesJ, andachieredcorrelationssafunctionof theMC feedbackiumber(line 29
of theexample).Thesolidline representthe <10> neighbourenegiesandcorrelationsvhereas
the dashedine marks<11> neighbours.It canbe seenthat after about75 cyclescorrelations
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andinteractionenegiesJ, have stabilized.Ratherthanusingthe feedbackmechanismo achiee

a certainsetof correlationvalues,a disorderedstructurecandirectly be createdoy enteringthe

interactionenegy valuesJ, usingthe command'set const’in the 'mc’ sublevel. In this case
thetemperaturd becomesa parametenf the modeling. The command setconst’ alsoallows

to influencethe feedbackprocesdy alteringthe size of the changeof J, for a given difference
betweerachiered anddesiredcorrelationvalue.

9.2.2 Displacementdisorder

The MC simulationtechniquedescribedabove to createstructureswvith certainoccupationator
relationscan quite simply beenappliedto the caseof displacementsDisplacementorrelations
were alreadydiscussedn section8.3.2. The Ising spin variableso; arereplaceshy continuous
variablesx; describingthe displacemenbf the atomor moleculeon sitei. Furthermorewe as-
sumethatthevariablex; is Gaussiamistributedwith meanzero((x) = 0). Thusthe Hamiltonian
becomes:

Eqis = z ZJnXiXi—n (9.3)

Here,asbefore,the first sumis over all sitesi andthe secondsumis over all neighbours
of thesitei. In this equationis no termdependingsolely on x; sincethis would introducea shift
in the averagevalue (x;). The MC simulationoperatesasdescribedbefore. Note thatthereare
two differentmodesto modeldisplacementsshift’ and’swdisp’. Furtherdetailscanbe foundin
sectionl1.4.

Notethatthe displacements; aretakenin the directiondefinedby 'setneig,dir’ andthe en-
ey definedin equation9.3is 'blind’ to displacementomponentsn otherdirections.lt is rec-
ommendedo usethe’swdisp’modeto maintainthe overall displacementsvithin the crystal. In
caseshowever, wherethe’'shift’ modeis used the generatedhifts shouldbe restrictedto direc-
tionscorrespondingp thecorrelationslesiredn theMC simulation.If e.g.thex-displacementef
oneatomarecorrelatedvith they-directionof neighbouringatoms the shiftsshouldberestricted
viathecommandsetmove’ to thexy-plane.

9.3 Creatingdistortions

In the previous sectiondisplacementorrelationsvereintroduced but the averagedisplacements
remainectonstantThemodelingof distortionsvia MC simulationsvorksin a similarway, using
aHamiltonian(equatior9.4,wheretheatomsor moleculeanove in harmonigpotentialfHooke’s
law).

En=> > knldin— Tindo]? (9.4)

Thesumsareover all sitesi within the crystalandall neighboursh aroundsitei. Thedistance
betweenneighbouringatomsor moleculesis given by di, andthe averagedistanceis dy. The
desireddistortionsaredefinedby thefactortj,. Thevaluek, is aforceconstanfor eachindividual
neighboutypen.
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The following examplewill illustrate the usageof the MC distortionmode. A sizeeffect
[4, 29, 5] like distortionshall be introducedin the disorderedstructurecreatedin section9.2.1.
NeighbouringZr atomswill be shiftedtowardsthe vacanciegpresentin the crystal. The Zr-Zr
distanceshall be slightly larger thanaverageto keepthe averagestructureconstant.Hereis the
DISCUSmacrofile to createthedistortions.

1 nt

2 set neig,rese

3 #

4 # <10> nei ghbours

5 #

6 set vec,1,1,1, 1, 0, O
7 set vec,2,1,1,-1, 0, O
8 set vec,3,1,1, 0, 1, O
9 set vec,4,1,1, 0,-1, O
10 set neig,vec,1,2,3,4

11 #

12 set atomzr,void

13 set node, shift

14 set nove, zr, 0. 05, 0. 05, 0.00
15 set energy, disp

16 #

17 set target,1,Zr,Zr, 5.05
18 set target,1,2Zr,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 examplegivenin section9.2.1,i.e. definingthe neighbours
(hereonly <10>) andselectingheatoms.Now ’shift’ modeis selectedline 13) which displaces
the selectechitomsby a Gaussiaristributedrandomamountin arandomdirection. Thewidth of
the distribution is setto 0.05lattice unitsin x andy-direction(line 14). Sincethe modelis only
two dimensionalno shiftsin z-directionshouldbe created.Next the Hamiltonianaccordingto
equation9.4is selectedline 15). The desireddistancesresetto d,, = 5.05A for Zr-Zr <10>
neighboursandto d,, = 4.80A for Zr-vacang pairs. Note thatthe ratio of the distortionscorre-
spondsto the averageratio of Zr-Zr andZr-vacang pairsfor this disordereccrystal. The force
constank in equatior9.4is setin lines19 and20. The constanig (line 19) describes restoring
forceto thelattice,i.e. a situationwheret;, = 0. Theforce constanfor kg in this exampleis set
higherthanthe valuek for the nearesneighbourinteractionto avoid atomsmaving to far away
from their averageposition. Every neighbourdefinition canhave anindividual valueof k. The
settingsin lines 22 and23 correspondo thoseof the examplein section9.2.1. Finally the MC
simulationis startedusingthe’run’ commandline 25).

9.4 Working with molecules

DISCUSallows the use of molecules. The command'set mole’ selectsthe moleculetypesto
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be usedfor the MC simulationand automaticallyswitchesDISCUSto moleculemode. On the
otherhand’setatoms’will returnto atomsmodeandselectthe atomtypesto be usedfor theMC
simulation.

All neighbouringdefinitionswork exactly asfor atoms.However, thesite labelusedto define
neighbouringrectors('setvec’) still refersto the atomsitewithin thecrystalregardlesof thecur-
rentworking mode.Thustheuserhasto checkwhich site of the unit cell is occupiedby theorigin
of the selectednoleculesand definethe vectorsaccordingly The useof the’distance’modeto
defineneighboursvorks straightforward, however, this modeis muchslover comparedo using
thevectordefinitions.All operatiormodeswork on rigid moleculesNote,therearecurrentlyno
MC (or RMC) movesdefiningrotationsof the molecules. Rotationsand other symmetryoper
ationscanberealizedby creatingthe wanteddifferentorientationsof the moleculesasdifferent
typesusingthe symmetrysegmentof DISCUS(seechapter5.2) andsubsequentlysingthe’swap
chemistry’mode.
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Atomic pair distrib ution function

The atomic pair distribution function (PDF) can be obtainedfrom powder diffraction dataand
is a valuabletools for the study of the local atomic arrangementin a material. This chapter
describehov DISCUScanbe usedto calculateandrefinea PDF It mightbeinterestingto know

aboutthe existenceof the programPDFFIT [17] which allows the full profile structuralleast
squarerefinemenbof a PDFE PDFFIT usesa commandanguageandstructurefile formatsimilar
to DISCUSandcanbe obtainedrom the samesource.

10.1 Intr oduction

The determinatiorof crystalstructuress animportantpart of chemistry physicsandof course
crystallography Cornventionalstructuredeterminatioris basedon the analysisof the intensities
and positionsof Braggreflectionswhich only allows oneto determinethe long rangeaveiage
structureof thecrystal. Determinatiorof theaveiage structurebasecn powderdiffractiondatais
now routinelydoneusingthe Rietveld [24] method.As we have discussedbefore,ary deviations
from theaveiage structureresultin the occurancef diffusescatteringvhich containdnformation
abouttwo-bodyinteractiond31, 7]. Onemethodto revealthe local structureof a crystalsis the
analysisof thePDE Thismethods longknown in thefield of studyingshortrangeorderin liquids
andglasse$ut hasrecentlybeenappliedto crystallinemateriald6, 1]. ThePDFis obtainedfrom
the powder diffraction datavia a simple Fourier transformof the normalizedscatteringntensity

Q)
6(r) = 4mlp(r) — pol = % [ QIS(Q) - Usin(Qr)dQ (10.0

wherep(r) isthemicroscopigairdensity po is theaveragenumberdensityandQ is themagnitude
of the scatteringvector for elasticscatteringQ = 4msin(8) /A with 26 beingthe scatteringangle
andA the wavelengthof the radiationused. Details aboutthe determinatiorof an experimental
PDFcanbefounde.g.in [6, 27] andarenotdiscussedhere.

Sincethe PDFcontainBragganddiffusescatteringtheinformationaboutiocal arrangements
is presered. The PDF canbeunderstoodsa bond-lengthdistribution betweerall pairsof atoms
i and j within the crystal (up to a maximumdistance) however eachcontritution hasa weight

74
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correspondindo the scatteringoower of the two atomsinvolved. The PDF of a given structure
canbecalculatedusingtherelation:

IR 3 [alr—ri | — o, (10.2)
wherethe sum goesover all pairs of atomsi and j within the model crystal separatedy r;;.
The scatteringpower of atomi is by and(b) is the averagescatteringpower of the sample. In
caseof neutronscatteringb; is simply the scatteringlength, in caseof X-raysit is the atomic
form factorevaluatedat a userdefinevalueof Q. Thedefault valueis Q = 0 in which caseb; is
simply the numberof electronsof atomi. Generallytherearetwo differentwaysto accountfor
displacementgeitherthermalor static)from theaverageposition.Firstonecanusealargeenough
modelcontainingthe desireddisplacementandperformanensembleverage.Thisis themethod
usedby DISCUSwherethermaldisplacementsanbeintroducedaccordingto a given (isotropic)
Debye-Waller factor Secondlyonecancorvolute eachcontrilution givenby d(r —rj;) in (10.2)
with a Gaussiaraccountingor thedisplacementwhichis donee.g.in PDFFIT.

In orderto carry out the Fourier transformin (10.1) we would needto measuredataup to
Q = o, whichof coursds notpossible Thustheterminationat avalueof Q = QmaxWill causeso-
calledterminationripplesin the PDFwhich canbe simulatedoby corvoluting the calculated”DF
with the Fourier transformof a box function. With the availability of modernsynchrotronand
neutronsourcest is possibleto collectpowderdiffractiondataup to high valuesin Q, howeverin
mary casesa suficient PDFcanbe obtainedusinga corventionalX-ray tube.Onelastcorrection
appliedto the calculatedPDF, G¢(r), accountsfor the limited resolutionof the experimentin
Q-space. This leadsto a decreasef the PDF peakasa function of r accordingto the relation
@(p(—cérz/Z). A detaileddiscussiorof theaccurag of PDFanalysiss givenin [26].

10.2 Calculating the PDF

Thecalculated®?DFfor Nickel is shawvn in figure 10.1. The PDFwascalculatedor two different
situations:The PDF shavn asdottedline wascalculatedwithout applyingconvolution given by
Qmax Thisis achiedin DISCUSby settingthe value of Qmaxto zero. The secondPDF shavn
assolidline in figure 10.1wascalculatedor Qmax= 20A- 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 qnmax, 20.0

9 set gsig,0.0

10 set rad, xray

11 #

12 calc

13 #

14 save pdf, ni. pdf
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Figure10.1: CalculatedPDFsof Ni
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Themacrofile usedto calculatetheNickel PDFsis listedabove. Firstwe readthe unit cell for
Nickel andexpandit to asizeof 5x5x5unit cells(lines1-2). Next we introducethermalvibrations
accordingothegivenisotropicDebye-Vallerfactor(line 4). After enteringghe PDFsublevel (line
6) we specifythe maximumvalueof r andgrid sizeAr (line 7). In our casewe calculateupto a
valueof r = 10A usinga grid of Ar = 0.02A. The next command(line 8) specifieshe value of
Qmax to be setto 2081, Finally we setog to zero(line 9) meaningno Q-resolutioncorrection
andselectX-ray radiation(line 10). Now we arereadyto calculatethe PDF, donein line 12. All
we have to do now is to sase theresultto afile (line 14). Theresultis shavn in figure 10.1.

10.3 Refininga PDF

In principleanexperimentaPDF canberefinedbasedn a structuraimodelin two differentways.
A relatively smallmodelcanberefinedusingPDFFIT. On the otherhanda larger modelcanbe
refinedusingthe ReverseMonte Carlo (RMC) algorithmin DISCUS Detailsaboutthe principle
of RMC arediscussedh chapterl1 of this manual.The only differencds thatratherthanrefining
the scatteringntensity directly, the PDF is refined. An examplerefinementof a Nickel PDF is
partof theonlinetutorial of DISCUS



Chapter 11

ReverseMonte Carlo

This chaptergives a shortintroductioninto the RMC level of DISCUS DISCUScan be used
to eitherrefinethe scatteringntensitiesdirectly of to refinethe atomicpair distribution function

(PDF)(se€el0). A moredetaileddescriptiorof thevariouscommandganbefoundin thereference
manualor the online help function. Additionally thereare RMC demonstratiomacrosincluded
in theinteractve tutorial.

11.1 Intr oduction

TheReverseM onteCarlo (RMC) method11] is anotherpplicationof theMonteCarloalgorithm
discussedn chapter9. Here,ratherthanminimizing thetotal enegy of the crystal,the difference
betweenobsered and calculatedntensityis minimized. Although the methodhasbeenaround
for about10 years,the methodwasfirst appliedto singlecrystal diffuse scatteringin a neutron
diffractionstudyonice Ih [16].
TheRMC processtartsalsowith the selectiorof arandomsiteandchangingts variabledik e

occupanyg or displacemenby a randomamount. The scatteringntensityis recalculatedor the
generatednove andthe goodness-of-fiparameteg? asgivenin equationl1.1is computed.

N A )12
o 3 e v’ 1)

The sumis over all measurediatapoints h;, |l standsfor the experimentaland I, for the
calculatedintensity The changein the goodness-of-fiis given by Ax? = X2y — X2av- EVery
move which improvesthefit to the data(Ax? < 0) is acceptedThosemoveswhich worsenthefit
(Ax? > 0) areaccepteavith aprobabilityof P = exp(—Ax?/2). Theparameteo is assumedo be
independentf h andis treatedasa parameteof themodeling.Thevalueo canbeidentifiedwith
thetemperaturdl in the (direct) Monte Carlo methoddescribedn chapter9. How mary 'bad’
movesareacceptediependonthevalueof o or T.

Although this methodgenerallyis ableto generateone disorderedstructureconsistenith
the obsered data, the questionremainsif the resultingstructurein plausiblefrom a chemical
or physicalpoint of view. Certainconstraindgntegratedin DISCUS e.g. userdefinedminimal
allowed distancesdhetweendifferent atom types, allow to avoid certainunlikely structures. A
seriesof test RMC refinementd22], using scatteringdatafrom simulateddisorderedstructure
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with know propertiesasinput, investigatedhe viability of the RMC method. It couldbe shavn
thatthe RMC methodis capableio determinghe correcttype of defectstructureavenfor systems
shaving occupationaanddisplacemendisorderin combination Absolutevalues however, must
be interpretedwith care. RMC studiesof the diffuse scatteringof stabilizedzirconia[23] and
TISbOGeQ [32] revealeda problemregardingthe sizeof the modelcrystalchoserfor the RMC
refinementLargecrystalsizesallow theRMC *fit' to beobtainedby adjustingmary longerrange
interactiongatherthanthefew shortrangeinteractionsof interest(in mostcases)A smallmodel
crystalresultsin apoorstatisticaldescriptiorof the defectstructureandnoisydiffractionpatterns.
A new extensionof the RMC segmentallows to use’lots’ asdescribedn section4.1.2duringthe
RMC refinement.Thusa large crystalis used,but the RMC processactsonly in thelimited area
of onelot. First RMC simulationsusingthis nev methodaredescribedn [21].

11.2 RMC in moredetail

For practicaluseit is necessaryo includea scalingfactor f andabackgrouncgarameteb in the
definitionof thegoodness-of-fig%. A weightw(h) is includedaswell. DISCUSallows the userto
choosea particularweightingschemeor to readweightsfrom a separaténputfile. Thedefinition
of X2 usedin the programis givenin equationl1.2.

N ) N (f. . 2
Xzz.ziw(hl)[le(hl) cg |c(h|)+b)] (11.2)

As in the previous sectionleg(h;) standsfor the measuredntensityat the reciprocalpoint h;,
andl¢(h;) is the calculatedntensityin thatpoint. The summations overall N experimentadata
points. Thevalueo is a parameteof themodelingandcontrolsthefractionof 'bad’ moveswhich
areacceptedThecorrespondingarametemn (direct)Monte Carlosimulationds thetemperature
T.

Threedifferentwaysto calculatethescalef andbackground areimplementedFirsttheuser
candefinefixed valuesfor both: f = fo,b = by. Secondlythe backgroundcanbe setto a fixed
valueb = by andthe scalingfactor f is computedaccordingo equation11.3.

3 wih)l(h)(h) — b 3 w(h)ie(h)
f — 1= 1=

. (11.3)
> w(hi)12(h)
i=1

Alternatively bothvaluesf andb canbe refinedduringthe RMC refinement.Equation11.4
shaws the correspondinglefinitions.

N N N N
iglw(hi) > whi)le(hi)le(hi) — 3 W(hi)le(hi)glw(hi)lc(hi)

i=1 i
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5 wih)le(hi) — £+ 3 w(hy)le(hy)
b — =L = (11.4)
> w(hi)

The scaling factor which the programprints on the screenduring the RMC refinementis
actually (for someyet unknavn reason)l/ f. The parameter§ andb arecomputedduring each
RMC cycle and usually have large startingvaluesas long asthereare big differencesbetween
calculatecandobsenred data.After every RMC move theresultingscatteringntensityandthe x?
valueis calculated.In orderto save computingtime only the contritution of the modifiedatoms
to thescatterings calculated ThedifferenceAx? = X34 — X2 is takento decideif themove will
beacceptear not. If Ax? < 0 theagreemenbetweercalculatecandmeasuredatahasimproved
andthemove is acceptedMoveswhichresultin aAx? > 0 areonly accepteavith a probability of
P = exp(—Ax?/2). As thevalueof Ax? is proportionako 1/0?, thevalueof ¢ hasaninfluenceon
the amountof 'bad’ moveswhich will be accepted Obviously therearetwo extremes:For very
largevaluesof o, theexperimentabataareignored(x? ~ 0) andwith very smallvaluesof o thefit
endsupin thelocalminimumclosesto thestartingpoint, becausehereis anegligible probability
for 'bad’ moves. In orderto be moreindependenbf the actualnumberof datapointsused,the
goodness-of-fiparameteusedin the programis given by x?/ 5 w(h;). The programcalculates
separatescalingfactorsand backgroundoarametergor every usedplaneof experimentaldata.
This allows to simultaneouslysedatameasuredavith X-raysandneutronsdifferentwavelengths
or from differentinstruments.The goodness-of-fii? is displayedasits total valueandseparate
for eachdataplane.

11.3 Settingup a modelcrystal

Thefirst stepin an RMC refinementis the creationof a modelcrystalof suitablesize. In mary
caseghestartingstructurewill bethe (knowvn) averagestructurefor the compoundunderinvesti-
gation. Sincecertaininformationof the crystal(e.g. symmetry)is usedin the RMC segment,it
is advisableo to setthe crystal before entering the RMC segment Dependingon the kind of
disorderto be modeledt mightbe necessaryo introducedisplacementaccordingo thetemper
aturefactors(commandtherm’, seesection?.1) or createthe needecamountof vacanciebefore
startingthe RMC refinementHow to generate crystalis describedn chapter2, toolsto modify
thecrystalarediscussedn chapters and?.

It is obviously importantto avoid finite sizeeffect contrilbutionsto the calculateddiffusescat-
tering. In casesvherethe averagestructurewill remainconstanduringthe RMC refinementthe
averagestructurefactor<F> mightsimply be subtractedThe correspondingommandsetaver’
is thesameasusedin the Fouriertransformpart(seesectiord.1.1)of DISCUS However, in cases
where<F> mightchangesignificantlyperiodicboundaryconditionsmustbeapplied(seechapter
4.1.1).Now therequiredsizeof thecrystalis determinedy theresolutionof theexperimentablata
to beused.A grid sizeof Ah = 0.05r.1.u. for examplewould requirea modelcrystalof 20x20x20
unit cells. Limitationsof computermemorymayrequirea rebinningof theexperimentadatato a
largergrid in orderto reducethe sizeof themodelcrystal.
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11.4 Operation modes

Sofarchangego thecrystalmadeduringthe RMC refinementveresimply called’moves’. These
movescaneitherbe a displacemenof an atomor the changeof the occupang of an atomsite.
Becausé¢herelative alundanceof theelementss notallowedto changeduringthesimulation the
later move is actuallymadeby switchingthe atomsof two siteswithin the crystal. The program
knows threedifferent operationmodeswhich involve threedifferentkinds of moves shavn in

figure11.1. Additionally userdefinedmovescanbeincludedin anexternalsubroutindinkedto

theprogramDISCUS

(a) swap atoms

O ® o ®

w
x

® ® ® O

(b) shift atom

O O \®O

O O O O

(c) swap displacements

¥ a9 & )

GF\@) - ¥

Figure11.1:RMC operatiormodesof DISCUS

A shortdescriptiorof thedifferentRMC operatiormodesds givenin thelist belov. For details
checkthe onlinehelp,commandeferenceor referto the RMC tutorial example.

1. switch chemistry
This mode(Fig. 11.1a)allows to simulateoccupationatlisorderby selectingtwo different
atomsrandomlyandswitchthesewo atoms.This operatiormodecanobviously work only,
if atleasttwo differenttypesof atomsarepresenwithin the crystal. This modeis selected
by thecommandsetmode,swchem’'.
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2. shiftatom
If thismode(Fig. 11.1b)is set,arandomlyselectedatomis shiftedby arandomamountin
arandomdirection. Thesizeof thegenerateahift is choseruniformly in theintenal [-1,1]
unit cell. The actualshift appliedto the atomis the generatedhift multiplied with a user
definedfactor('setmove <x>,<y>,<z>’). Thesefactorsarealsogivenin unit cell units.
Theshift modeis selectedy with 'setmode,shift’.

3. switch displacements
This mode(Fig. 11.1c)is selectedby the command setmode,swdispby swappingthe
displacementi.e. the differencebetweenthe averageandthe actualposition, of two ran-
domly selectedcatomsof the sametype andthusthe overall averagedisplacementgsemain
constanin contrasthe previousmode.Theuserhasto make surethatinitial displacements
arepresenin the startingstructure(e.g. thermaldisplacements.g. by usingthe command
"therm’.

4. external
The programDISCUSallows the userto definemorecomplexk RMC movesvia anexternal
subroutine. This subroutineis definedin the file "extrmc.f. For more detailsaboutthe
constructiorof sucha subroutinereadthe commenteaxamplein thefile 'extrmc.f which
is partof thedistribution.

The programallows to select('sele <typl>, <typ2>, .)) and deselect(’dsel <typl>,
<typ2>, .)) atomtypeswhich shouldbe taken into accountduring the RMC simulation. Al-
ternatvely moleculeqif presentranbeselectedisingthecommandsmsel <typl>, <typ2>,..
and’'mdes <typ1l>, <typ2>, ... Here<typ> is the correspondingnoleculetype. All modes
listed abore canbe usedfor theserigid moleculesaswell. Rotationsand othersymmetryoper
ationscanberealisedby creatingthe wanteddifferentorientationsof the moleculesasdifferent
typesusingthe symmetrysggmentof DISCUS(seechapter5.2) andsubsequentlysingthe’swap
chemistry’mode.

After every generatednove the minimal allowed distanceg’setmdis, <atom>, <atomZ1>,
<dist>") betweerall selectecatomsarechecled andif atomsaretoo close themaove s rejected.

11.5 Running RMC

Finally, the experimentaldataneedto be readbeforethe RMC refinementcan start. The file

format for the experimentalinput datais similar to the outputformatsKUPLOT and PGM for

the Fourier transform(seesection4.4). It might be necessaryo remove Bragg peaksandother
unwantedscatteringle.g. powvderrings from a sampleholder)from the input dataset. With the
'data’ commandthe method(neutronor X-ray), weightingschemeandthe cornersof the input
datasetin reciprocalspaceareentered More thanoneplaneof experimentaldatacanbereadby

repeatinghe’data’commandAfter thedatahave beenread,selecthedesiredRMC mode select
theappropriatatomsandstartthe refinementvith 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 screenoutputis updatedin a userdefinedinterval, an exampleoutputis shavn aborve.
Thefist line givesthe numberof generateanoves ('Gen’) andhow mary of thosewereactually
tested(’'try’). Thedifferenceis dueto selectingatomsthatshouldnot take partin therefinement
andmovesthatviolate minimal atomdistances.The next two numbersgive the numberof good
(Ax? < 0) andbad(Ax? > 0) movesthathave beenacceptedThelastnumberis the currentvalue
of the overall x? for all dataplanes.Additionally the scalingfactor f andthe backgroundo are
givenfor eachdataplane(onein this example)followed by x? for the correspondinglataplane.
Theresultingstructureaswell asthe calculatedscatteringcanbe saved with the’saze’ command.

It shouldbe noted, that DISCUSmay requirea large amountof memoryto run an RMC
simulationespeciallyusingthe’lot’ option,sincethe structurefactorfor eachdatapointfor each
lot needgo be storedin memory Typically severalhundredots areused.Thearraysizesareset
in thefile configinc. Detailedinformationaboutall commandsn the RMC sectioncanbe found
in the online help or the commandreference.The RMC sectionof the interactve tutorial might
alsogive afurtherinsighthow to useDISCUSfor RMC simulations.



Appendix A

List of commands

In this appendix.a list of all currentDISCUScommandss given. Note thatcommandsnarked

with anasterix* branchto a sublevel of DISCUSwherefurthercommandsiotincludedin these
lists are used. Detaileddescriptionsof all commandscan be found in the commandreference
manualandthe online help of the program.

A.1 Alphabetical list of commands

Command
#
@

addfile
append
asym
break
chem *
continue
copy

d2r

do

diff *
echo

else

elseif
enddo
endif

eval

exit

find

fourier *
help

Description

Commenttherestof theline will beignored
Executionof a macrofile

Assignsthe valueof anexpressiorto avariable
Addsthe contentsof two files
Appendsanatomor moleculeif locationis notoccupied
Shaws the contentof theasymmetriaunit
Interruptsaloop or conditionalstatement
Switchedo thechemistrylevel of DISCUS
ContinuedDISCUSafter’stop’ command
Copiesanatom

Corvertsavectorfrom realto reciprocalspace
Startof adoloop

Switchego the DifferencefFourierlevel of DISCUS
Echoesstring
Defaultblockin anif construction

Alternative blockin anif construction

Endof adoloop

Endof anif construction
Evaluatesanexpressiorfor interactie display
Endsthe DISCUSprogram
Findstheervironmentaroundanatom
Switchego the Fourierlevel of DISCUS
Givesonline help
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if

ins
inverse
kick
learn
lend

*

m[j]= <exp>

mc
micro
output
patterson
pdf

plot
powder
proj
purge
rad
read
remove
replace
rmc
sae
seed
set
shawv
stack
stop
switch
symm
system
thermal
trans
vprod
wait
wave

*

*

*

*

*

*

X[j]= <exp>
ylil= <exp>
Z[j]l= <exp>

Begin of anif construction

Insertsanatom

Switchego the InverseFourierLevel of DISCUS
Deletesatom/molecul@ndinsertsa nenv one
Startsalearnsequence

Endsalearnsequence

Changescatteringype of atom j to valueof expression
Switchego the Monte Carlosimulationlevel
Switchego themicrodomainevel of DISCUS
Switchego theoutputlevel of DISCUS

Switchedo the Pattersorevel of DISCUS
Switchegso the PDFlevel of DISCUS

Writesthe structuren aformatreadyfor display
Switcheso the powderdiffractionlevel of DISCUS
Projectavectorontoanotherr ontoa plane
Deletesemptylinesfrom thecrystal
Corvertsavectorfrom reciprocalto realspace
Switchego thereadinglevel of DISCUS
Deletesanatomfrom the crystal
Replacesaatom/moleculavith given probabilitywith anew type
Switchego the ReverseMonte Carlolevel of DISCUS
Savesthecurrentstructureto file

Initialize therandomnumbergenerator
Setvariousparameters
DisplaysvariousDISCUSsettingsandresults
Switchedo Stackingfault sublevel of DISCUS
StopsDISCUSmacro,resumewith 'cont’
Switcheghepositionof two atomsor molecules
Switchesto symmetrycalculationsublerel of DISCUS
Executesashellcommand
Introducingdisplacementaccordingio thetemperaturdéactor
Switchedo theunit cell transformatiorsegment
Calculateghevectorproduct

Wait for userinput

Switchego thewave generatindevel of DISCUS
Changex positionof atomj to valueof expression
Changey positionof atom j to valueof expression
Changez positionof atom j to valueof expression

A.2 Functional list of commands

Program control

Command

Description
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@

break
continue
do

else
elseif
enddo
endif
exit

if

learn
lend
seed
set
stop
system
wait

Executionof a macrofile

Assignsthe valueof anexpressiorto avariable
Interruptsaloop or conditionalstatement
ContinuedDISCUSafter’stop’ command
Startof adoloop

Defaultblockin anif construction
Alternative blockin anif construction
Endof adoloop

Endof anif construction

Endsthe DISCUSprogram

Begin of anif construction

Startsa learnsequence
Endsalearnsequence

Initialize therandomnumbergenerator
Setvariousparameters
StopsDISCUSmacro,resumewith 'cont’
Executesa shellcommand

Wait for userinput

Crystallographic calculations

Command
d2r

proj

rad

vprod

Description

Corvertsavectorfrom realto reciprocalspace
Projectavectorontoanotherr ontoa plane
Corvertsavectorfrom reciprocalto realspace
Calculateghevectorproduct

Modification of individual atoms

Command
append
copy

ins

kick
remove
switch
m[j]= <exp>
X[]= <exp>
ylil= <exp>
z[j]= <exp>

Description

Appendsanatomor moleculef locationis notoccupied
Copiesanatom

Insertsanatom

Deletesatom/molecul@ndinsertsa new one
Deletesanatomfrom the crystal
Switcheghepositionof two atomsor molecules
Changescatteringype of atom j to valueof expression
Changex positionof atomj to valueof expression
Changey positionof atom j to valueof expression
Changez positionof atom j to valueof expression
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Structur e modifications at large

Command
mc

micro
purge
replace
stack
symm
thermal
trans
wave

Fourier levels

Command
diff

fourier
inverse
patterson
powder

*

*

*

Description

Switchego the Monte Carlosimulationlevel

Switchego the microdomainlevel of DISCUS
Deletesemptylinesfrom thecrystal
Replacesaatom/moleculavith given probabilitywith anew type
Switchedo Stackingfault sublevel of DISCUS

Switchego symmetrycalculationsublerel of DISCUS
Introducingdisplacementaccordingto thetemperaturdéactor
Switchego theunit cell transformatiorsegment

Switchego thewave generatindevel of DISCUS

Description

Switcheso the DifferenceFourierlevel of DISCUS
Switchesto theFourierlevel of DISCUS
Switchesto the InverseFourierLevel of DISCUS
Switchesto the Pattersorlevel of DISCUS
Switcheso the powderdiffractionlevel of DISCUS

Input and Output

Command
addfile
output
plot

read

save

*

*

*

Description

Addsthe contentsof two files

Switchego theoutputlevel of DISCUS
Writesthe structuren aformatreadyfor display
Switchego thereadinglevel of DISCUS
Savesthecurrentstructureto file

Information and crystal analysis

Command
#

asym
chem
echo

eval

eval n[1]
eval n[2]
eval n[3]
eval n[4]

*

Description

Commenttherestof theline will beignored

Shaws the contentof theasymmetriaunit

Switchego thechemistrylevel of DISCUS
Echoesastring

Evaluatesanexpressiorfor interactie display
Displaysthe numberof atomswithin the crystal
Displaysthe numberof differentatomswithin the crystal
Displaysthe numberof atomsin (original) unit cell
Displaysthe numberof moleculeswithin the crystal
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eval n[5]
eval n[6]
eval m[<i>]
eval x[<i>]
find

help

rmc *
pdf *
set

shaw

Displaysthe numberof differentmoleculetypeswithin thethe crystal
Displaysthe numberof moleculesn (original) unit cell
Displaysatomtypeof atom<i>

Displaysx-coordinateof atom<i>, similarfor y andz
Findstheernvironmentaroundanatom

Givesonline help

Switchego the ReverseMonte Carlolevel of DISCUS

Switchegsto the PDFlevel of DISCUS

Setvariousparameters
DisplaysvariousDISCUSsettingsandresults
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Appendix B

Installation

This appendixcontainsa shortintroductionhow to obtain, compile and customizethe program
DISCUS DISCUSis part of the diffuse scatteringsoftware packagewhich consistsof the three
programsDISCUSitself, the plot programKUPLOT andthe nev programPDFFIT. However,

DISCUSis alsoavailablein a stand-alonelistribution. We assumehatyou install the softwareon

aUNIX typeplatform.In orderto installthe programsa FORTRAN andC compilerarerequired.
TheGNU compilergycc andg77 usedn thedevelopmenbf theprogramsareavailablefor various
platformsandcanbedownloadedrom theinternetfreeof chage. However, thesourcecodemight
be successfullycompiledon otherplatforms. Thanksto a’gcc cross-compiler’ MSDOSbinaries
of DISCUSand DISCUScan be obtainedfrom the authors. ContactThomasProffen (Email:

proffen@pa.msu.edidor details.

Obtaining and unpacking DISCUS

First one needsto obtainthe complete’diffuse’ archive nameddi f f use- xx. xx. xx. tar. gz or

just the DISCUSarchive calleddi scus- 3. 2. t ar. gz from the internet. Note thatxx. xx. xx in

thefile namestanddor thecreationdateof thecompletearchie. For theremaindepof this section
we assume/ou obtainedthe completearchive andyou needto unpackit usingthecommands

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

Thiswill createadirectory'diffuse’ containingthedistribution. Within this directorythereare
separatalirectoriesdi scus, kupl ot anddi scus containingthe threedifferentprogramsaswell
asadirectoryl i b_f 77 which containscommandanguagerelatedroutinescommonto all three
programsln eachprogramdirectory you will find thefollowing directorystructure:

.Iprog : Contains the source code
.Idoc : Contains POSTSCRI PT version of the documentation
.ltutorial : Contains the tutorial for the program
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Customizingand installing DISCUS

After proceedingo thedi scus/ pr og directoryyou needto choosea Makef i | e that suitsyour
needsandcustomizeheMakef i | e aswell asoneconfiguratiorfile 'confi g. i nc’. Therearefour
differentMakefilesfor UNIX platformsdependingpnthe FORTRAN compileryou areusing.

cp Makefile.f77 Makefile (f77 conpiler version
cp makefile.f2c Makefile (f2c conpiler version
cp nmakefile.g77 Makefile (g77 conpiler version
cp makefile.f90 Makefile (f90 conpiler version

)
)
)
)

Next edit the Makefile andalterthe locationwherethe program(s)xhall be installeddefined
by the variableBl NDI R Readthe commentsn the Makefile to selectthe appropriatecompiler
switchesfor your platform. Finally edit’'confi g. i nc’ andadjustarraysizesto suit your needs.
An explanationof the variablesin arefoundin the headerof thefile 'confi g.inc’. Keepthe
memorysize of your computerin mind whenadjustingthosearraysizes! Next the programis
compiledandlinkedby executingthecommandrake followedby make i nst al | if all wentwell.
Make sureanappropriatgathfor thebinariesto beinstalledis setin the Makefile. After thatyou
canperformanake cl ean to remove the binaryandthe objectfiles from the sourcedirectory If
youwantto install the programmanuallyyou have to putthefiles'di scus’ and’di scus. hl p’ in
thesamedirectory

Beforeyou actuallycanusethe online help of the program,an environmentvariableDl SCUS
hasto be setto the path where the programis installedin. This can be donee.g. in the
.login or.cshrc file usingthe commandset env DI SCUS / pat h/ t o/ di scus for thecsh of
set DI SCUS=/ path/to/di scus; export DI SCUSisyouareusingthebourneshell.If thispath
is alsoincludedin your searchpathyou canstartthe programsimply by enteringdi scus.

TheprogamDISCUScanalsobeinstalledona DEC VMS machine.Toolslike gzi p andt ar
arefreely availablefrom theinternet. Thefile Makef i | e. vax is acompilationscriptthatis partof
thedistribution.

Pleaseregister

Pleaseegisteryourselfasa userof oneor moreprogramsf the DISCUSprogrampackageln the
top directoryof the distribution you will find the file REG STER Pleasdill in the corresponding
information and sendthe file via email to proffen@pa.msu.eduThankyou for registering,a
feedbackis always a strongmotivation to proceedwith the programdevelopmentand making
it availableto the public. By registeringyou alsoenableusto inform you of programupdates,
workshopsandotherrelatedtopics.



Bibliography

[1] S.J.L.Bilinge and T. Egami. Short-RangeAtomic Structureof Nd,_,CeCuO4_y De-
terminedby Real-SpaceRefinementof Neutron-PavderDiffraction Data. Phys.Rev. B,
47:14386-144061993.

[2] K. Binder, editor TheMonte Carlo Methodin Condensed atter Physics, volume 71 of
Topicsin AppliedPhysics. Springey 1 edition,1995.

[3] B.D.ButlerandT.R.Welberry Calculatiorof DiffuseScatteringrom SimulatedDisordered
Crystals:a Comparisorwith Optical Transforms J. Appl. Cryst, 25:391-3991992.

[4] B.D. Butler, R.L. Withers,and T.R. Welberry Diffuse Absenceglueto the Atomic Size
Effect. ActaCryst.A, 48:737-7461992.

[5] J.M.Cowley. DiffractionPhysics. Elsevier ScienceB.V., 3 edition,1995.

[6] T. Egami. PDF Analysisappliedto CrystallineMaterials. In S. J. L. Billinge andM. F.
Thorpe,editors,Local Structue from Diffraction pagel, New York, 1998.Plenum.

[7] F. Frey. DiffuseScatteringrom DisorderedCrystals. ActaCryst.B, 51:592—6021995.

[8] F. Frey. DiffuseScatteringrom PeriodicandAperiodicCrystals. Z. Kristallogr., 212:257—
282,1997.

[9] H. Jagodzinski. DiffuseX-ray Scatteringrom Crystals. Prog. Cryst. Growth 14:47-102,
1987.

[10] H. JagodzinskandF. Frey. Disorder DiffuseScatteringof X-raysand Neutons, interna-
tional tablesof crystallographyo 4.2, pages392-432.1UCr, 1993.

[11] R.L. McGreery andL. Pusztai. ReverseMonte Carlo Simulation:a New Techniquéfor the
Determinatiorof DisorderedStructures Mol. Simul, 1:359-3671988.

[12] N. Metropolis,A.W. RosenbluthM.N RosenbluthA.H Teller, andE.J. Teller. Equationof
StateCalculationdy FastComputingMachines. J. Chem Phys, 21:1087—-10941953.

[13] R.B.NederF. Frey, andH. Schulz. DefectStructureof Zirconia(ZrggsCap.1501.85) at290
and1550K. ActaCryst. A, 46:799-8091990.

[14] R.B.NederF. Frey, andH. Schulz. DiffractionTheoryfor DiffuseScatteringoy Correlated
Microdomainsin Materialswith Several Atoms perUnit Cell . ActaCryst.A, 46:792—-798,
1990.

90



BIBLIOGRAPHY 91

[15] R.B. NederandTh. Proffen. Teachingdiffractionwith the aid of computersimulations.J.
Appl.Cryst, 29:727-7351996.

[16] V.M. Nield, D.A. Keen,andR.L. McGreeary. The Interpretatiorof Single CrystalDiffuse
ScatteringusingReverseMonte CarloModelling. ActaCryst.A, 51:763—7711995.

[17] Th. ProfenandS.J.L.Billinge. PDFFIT, a Programfor Full Profile StructuralRefinement
of the Atomic Pair Distribution Function.J. Appl. Cryst, 1999.in press.

[18] Th.ProffenandR.B.Neder DISCUS,aProgranfor DiffuseScatteringandDefectStructure
Simulations J. Appl.Cryst, 30:171-1751997.

[19] Th. Profien, R.B. Neder andF. Frey. Neutronand X-ray Diffuse Scatteringof Calcium
StabilizedZirconia. ActaCryst.B, 52:59-65,1996.

[20] Th. Profien, R.B. Neder F. Frey, andW. Assmus. DefectStructureandDiffuse Scattering
of ZirconiaSingleCrystalsdopedwith 7 mol% CaO. ActaCryst.B, 49:599-6041993.

[21] Th. ProfenandT.R. Welberry An Improved Methodfor AnalysingSingleCrystalDiffuse
Scatteringusingthe ReverseMonte Carlo Technique Z. Kristallogr., 212:764—7681997.

[22] Th. Profen andT.R. Welberry Analysisof Diffuse Scatteringvia ReverseMonte Carlo
Techniquea Systematidnvestigation. ActaCryst. A, 53:202-2161997.

[23] Th.ProfenandT.R.Welberry FOURDEM:A DemonstratiorProgranfor FourierSynthe-
sisandOtherCrystallographicConcepts J. Appl.Cryst, 30:567,1997.

[24] H.M. Rietweld. A profile refinementmethodfor nuclearand magneticstructures.J. Appl.
Cryst, 2:65-71,1969.

[25] D.E. Sands. \ectoss and Tensos in Crystallggraphy. Dover Publicationsnc., 1 edition,
1995.

[26] B.H. TobyandT. Egami. Accurag of Pair Distribution FunctionAnalysisAppliedto Crys-
talline andNon-CrystallineMaterials. ActaCryst. A, 48:336—3461992.

[27] B.E.Warren. X-ray Diffraction. Dover Publicationdnc., New York, 1990.

[28] T.R. Welberry Diffuse X-ray Scatteringand Models of Disorder. Rep.Prog. Phys,
48:1543-15931985.

[29] T.R.Welberry Multi-Site Correlationsandthe Atomic SizeEffect. J. Appl.Cryst, 19:382—
389,1986.

[30] T.R. WelberryandB.D. Butler. Interpretationof Diffuse X-ray Scatteringvia Models of
Disorder. J. Appl.Cryst, 27:205-2311994.

[31] T.R.WelberryandB.D. Butler. DiffuseX-ray Scatteringrom DisorderedCrystals. Chem.
Rev, 95:2369-24031995.



BIBLIOGRAPHY 92

[32] T.R. Welberryand Th. Proffen. Analysisof Diffuse Scatteringfrom Single Crystalsvia
ReverseMonte Carlo: I. Comparisorwith Direct Monte Carlo. J. Appl. Cryst, 1997. in

press.

[33] A.J.C.Wilson, U. Shmuelli,andT. Hahn. InternationalTablesfor Crystallagraphy. Dor-
drecht,Holland, 1 edition,1983.



