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In tro ducti on

Strukturní databáze organických a organometalických 
struktur „Cam bridge Struc tural Da ta base (CSD)“
distribuovaná  støediskem ”Cam bridge Crys tal lo graphic
Data Cen tre (CCDC)” obsahuje v souèasné dobì okolo pùl
milionu publikovaných struktur organických a
organometalických látek zjištìných experimentálnì
metodami difrakce rtg záøení nebo difrakce neutronù.
CCDC soft ware umožòuje vyhledávání struktur, výpoèet
strukturních parametrù a statistickou analýzu strukturních
rozdílù. 

Ob sah da ta bá ze

CSD ve verzi “listopad 2008 obsahuje 457 000
organických a organometalických slouèenin. Pøesnìjší
definice slouèenin obsažených v databázi: 

Slouèeniny obsahující alespoò jeden uhlíkový atom, a
nepatøí do následujících kategorií : 

Polypeptidy a polysacharidy s více než 24
monomery. Tyto struktury jsou shromažïovány v
“Proteinové strukturní databázi” na WWW adresách  nebo
 http://www.ebi.ac.uk/pdbe-site/PDBeSite/

Oligonukleotidy, které jsou shromažïované v
“Databázi nukleových kyselin”
 http://ndbserver.rutgers.edu/

Anorganické struktury, které jsou shromažïované v
“Databázi anorganických krystalových struktur”
http://www.fiz-karlsruhe.de/icsd_con tents.html 

Kovy a slitiny, které jsou shromažïované v “Databázi
CRYSTMET®” na adrese http://www.tothcanada.com/da -
ta bases.htm

Soft ware pro prá ci s daty uložený mi v da ta bá zi
CSD

CONQUEST – umožòuje vyhledávat struktury nejen
podle chemického složení, sumárního vzorce ale výrazù
použitých v textu, ale též podle uspoøádání atomù èi
molekul v prostoru.  

PREQUEST – umožòuje uživateli pøidat do CSD databáze 
svoje vlastní (dosud nepublikované) struktury a provádìt
statistické analýzy s kompletní databází. 

MERCURY – Velmi praktický a snadno ovladatelný pro -
gram pro zobrazování a grafickou analýzu stavby krystalu
a pro analýzu molekulární struktury 

VISTA – Pro gram pro statistickou analýzu  dat získaných z 
CSD. Specializovaný tabulkový procesor s možností
vhodné úpravy a analýzy získaných dat, tisk grafù,
histogramù, atd. Data lze také exportovat do XLS formátu
a pracovat v jiných tabulkových a grafických programech.

Nad stav bo vé pro gra my využíva jí cí zna los tí 
zís ka ných pøed cho zí ana lý zou databází

MOGUL – Pro gram, který zobrazí statistiku
požadovaných vazebných délek, úhlù nebo torzních úhlù
pro zadaný strukturní frag ment pro všechny struktury ve
kterých byl tento frag ment nalezený. Struktury
odpovídající jednotlivým bodùm jediným kliknutím
zobrazíte a tak mùžete snadno odfiltrovat nevhodné
pøípady.   

ISOSTAR – A col lec tion of sta tis ti cal anal y ses of
intermolecular in ter ac tions con tain ing 25022 scatterplots
and 1550 the o ret i cal stud ies de rived from X-ray and NMR
de ter mined struc tures of 257162 or ganic and
organometalic com pounds and 7021 pro tein-ligand com -
plexes. It de scribes com bi na tions of 350 cen tral func tion
groups and 45 con tact groups. User can view three di men -
sional dis tri bu tion of fre quency oc cur rence of
intermolecular con tacts (so called den sity sur faces). User
has a pos si bil ity to add his own struc tures and pre pare his
own sta tis ti cal anal y sis lo cally. 

SUPERSTAR – pro gram pro identifikaci interakèních
míst in proteinech. Trojrozmìrné mapy pro pen sity
zvýrazòují vhodná místa pro interakce vybraného proteinu
s ligandy (vazebná místa proteinù). 

RELIBASE – Pro gram usnadòující analýzu struktury
proteinù. Obsahuje databázi mezimolekulárních interakcí
vytvoøenou z dat obsažených v “Proteinové strukturní
databázi” obsahující v souèasné dobì ~ 50 000
makromolekulárních structur urèených difrakcí rtg záøení
urèených zpravidla pomocí rtg difrakce. RELIBASE
obsahuje pøehledy vazebných míst pro ligandy (substráty,
in hib i tory), které byly v komplexu experimentálnì
nalezeny rtg difrakcí a NMR, nebo které byly do
experimentálnì urèené struktury proteinu namodelovány. 

HERMES – Pro gram pro grafické znázornìní a analýzu
interakcí mezi proteiny a ligandy (pro gram Merkury pro
proteiny nelze použít). Upraven zejména pro práci se
systémy Su per Star, Relibase, GOLD, Mo gul a IsoStar.
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GOLD (Ge netic Op ti mi za tion for flex i ble Ligand Dock -
ing) - pro gram nalezení optimálního umístìní ligandu v
molekule proteinu na základì pseudopotenciálù
nastavených tak, aby vypoèítané modely souhlasily co
nejlépe s experimentálnì stanovenými strukturami v CSD.
Formálnì jsou použity atomové a vazebné typù známé
z programu SYBYL, ale empirické potenciály (force
fields) a geometrická omezení (con straints), jsou odlišná.
Pro gram je tedy optimalizován tak, aby dával støední
geometrii obdobných fragmentù pozorovaných
v Cambridgeské [1] a Proteinové strukturní databázi [2].
Pro gram vyžaduje kontrolu strukturních typù a peèlivé
doplnìní vodíkových atomù, ale poèáteèní poloha,
orientace ligandù ani konformace boèních øetìzcù nejsou
podstatné. Pro gram používá “genetický algoritmus” pro
hledání optimální cesty pro “zagarážování” ligandu v
proteinu. Pracuje i s tìžkými atomy. Statistické
vyhodnocení výsledkù garážování ligandu pro 83
komplexù protein-ligand dalo odhad chyby (RMSD) ~2.0
C pro 81 procent pøípadù.       

GoldMine – Pro gram pro usnadnìní zpracování výsledkù
získaných programem GOLD pøi hledání optimálního
zaparkování (dock ing) skupiny ligandù v proteinu a pro
vyhodnocování optimálního ligandu pro rùzné váhy
jednotlivých pseudopotenciálù vystupujících v úèelové
fukci (eval u a tion of lig ands dock ing into pro teins us ing
dif fer ent scor ing func tions). 

DASH – Soft ware pro øešení krystalových struktur z
práškových dat, tj. na základì mìøení práškových
difraktogramù. Pro gram využívá metodu “sim u lated an -
neal ing” k hledání globálního min ima úèelové funkce. 

Cambridgeská strukturní databáze je provozována
obvykle jako lokální instalace pod systémem MS Win dows 
licencovaná pro jednu IP adresu (objednávky na adrese:
hasek@imc.cas.cz). Internetový pøístup je možný pouze po 
registraci ve Fyzikálním ústavu AV ÈR (kontakt:
dusek@fzu.cz).

Licence na používání Cambridgeské strukturní
databáze je placena jednou roènì. Nový soft ware a data
jsou dodávány v jarních mìsících na DVD a novì
pøibývající data je možné doplòovat stahováním doplòkù
ze serveru http://www.ccdc.cam.ac.uk. Licence pro èeské
uživatele se vztahují pouze na nekomerèní uživatele [3]. 

Nadstavbové programy GOLD, DASH, RELIBASE+ a 
SUPERSTAR jsou distribuovány pøímo administrativním
centrem v Cam bridge http://www.ccdc.cam.ac.uk/con -
tact/ob tain ing_prod ucts/ pouze jako lokální licence. Od
všech produktù je možné vyžádat si “ free eval u a tion
copy”.

Pøíklady aplikací Cambridgeské strukturní databáze v
rùzných vìdních oborech lze nalézt napøíklad v níže
uvedené literatuøe [1, 2, 3, 4].
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WORKSHOP ON JANA2006
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Jana2006 [1] is the last gen er a tion of the com put ing sys tem 
Jana. Its de vel op ment has started in early eight ies when
Václav Petøíèek de vel oped sev eral pro grams for anal y sis
of three-di men sional struc tures from sin gle-crys tal X-ray
dif frac tion data known as the SDS sys tem. Later on, dur ing
the stay in Buf falo, USA, he wrote pro gram Jana spe cial -
ized to re fine ment and Fou rier cal cu la tions for mod u lated
struc tures. Both sys tems were de vel op ing sep a rately un til
1998 when they have been merged into a uni ver sal sys tem
Jana98. An other im por tant mile stone was add ing a sup port
for pow der re fine ment in 2001 and pos si bil ity of an ar bi -
trary com bi na tion of data sources in 2006. The lat est de vel -
op ment aims to mag netic struc tures, elec tron dif frac tion
and, at the same time, to user friend li ness. Jana sys tem has
cur rently about 1300 reg is tered us ers around the world and
it is al most ex clu sive tool for so lu tion of mod u lated and
com pos ite struc tures. 

The scope of Jana2006 is broad, from semi-au to mated
ser vice crys tal log ra phy to dif fi cult mod u lated struc tures.
The user tools are uni ver sal; us ing Jana2006 for stan dard
struc tures is there fore an ad van tage for any body go ing to
switch to mod u lated or dif fi cult struc tures. In the field of
ba sic crys tal log ra phy the pro gram of fers usual tasks like
au to matic de ter mi na tion of space group, search ing for
higher sym me try, call ing of SIR or Superflip [2] for struc -
ture so lu tion, eval u a tion of Fou rier maps, add ing of hy dro -
gen at oms etc. Ad vanced tools can be used for
trans for ma tions, cal cu la tion of gen er ally ori ented Fou rier
sec tions, def i ni tion of twinning or rigid bod ies, multiphase
re fine ment, multipole re fine ment, in tro duc tion of lo cal
sym me try etc. We should point our elab o rated trans for ma -
tion tools en abling seam less group-sub group trans for ma -
tions nec es sary for in ves ti ga tion of merohedric twinning.
The rigid body ap proach is very im por tant for de scrip tion
of dis or der of or ganic mol e cules and for low er ing num ber



Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 16,  no. 2a (2009)       k71

of re fine ment pa ram e ters when the struc ture model gets
com pli cated. An other pow er ful con cept are user equa tions, 
re straints and con straints which can de fine ar bi trary lin ear
re la tion ship be tween the pa ram e ters of the struc ture model.

In com men su rate struc tures can be in ves ti gated up to
the di men sion 3+3. The superspace sym me try can be found 
from the dif frac tion pat tern us ing the same semi-au to matic
tools like for stan dard struc tures. Jana2006 of fers tra di -
tional har monic mod u la tion func tions for oc cu pancy, po si -
tion and ADP as well as  discontinous  func tions (crenel
and sawtooth). In the crenel-like de scrip tion the po si tions
and ADP pa ram e ters can also be de scribed with Legendre
poly no mi als. Rigid bod ies can also be mod u lated. The
mod u lated struc tures can be vi su al ized by call ing an ex ter -
nal plot ting pro gram for a struc ture trans formed to P1 sym -
me try, by plot ting mod u lated pa ram e ters as func tion of t
co or di nate or by in ves ti gat ing two-di men sional sec tions by 
3+d-di men sional Fou rier map. For so lu tion of mod u lated
struc tures Jana2006 can di rectly call pro gram Superflip
based on charge flip ping which can also be used for ver i fi -
ca tion of superspace sym me try. Com men su rate struc -
tures rep re sent very use ful con cept for de scrip tion of
struc ture fam i lies. Jana2006 can de ter mine a supercell
sym me try cor re spond ing to the t value used for the cal cu la -
tion and it can trans form com men su rate struc ture for a
given t to the equiv a lent three-di men sional supercell.
Com pos ite (or intergrown) struc tures are also sup -
ported.

Jana2006 can com bine pow der and sin gle crys tal dif -
frac tion data from X-ray, syn chro tron and neu tron dif frac -
tion. The most prac ti cal is sue is com bi na tion of pow der
neu tron data with sin gle crys tal syn chro tron or X-ray data
mea sured at sim i lar con di tions, which is use ful for dif fer -
en ti a tion of chem i cal el e ments in mixed sites or re li able de -
ter mi na tion of hy dro gen po si tions. An other pos si bil ity
con cerns the lat est op tion just be ing de vel oped in
Jana2006: it is pos si ble to com bine re fine ment of mag netic
struc ture from pow der data with nu clear struc ture from
syn chro tron data. The lat est ver sion of Jana2006 con tains a 
con ver tor be tween rep re sen ta tion anal y sis and mag netic
(super)space groups which en ables crys tal lo graphic ap -
proach to mag netic struc tures. 

A work shop on all top ics cov ered by Jana2006 would
last many days. Be cause in the Czech Re pub lic Jana soft -
ware is rather rarely used the main fo cus of the pres ent
work shop will be on stan dard three-di men sional struc tures. 
Us ing sin gle crys tal and pow der dif frac tion data of a sim -
ple struc ture we shall pres ent the ba sic “phi los o phy” of the
pro gram. The rest of the work shop will deal with mod er -
ately dif fi cult prob lems like twinning, mixed-sites re fine -
ment and dis or der. Fi nally, so lu tion of a sim ple mod u lated
struc ture will be pre sented.  

1. www-xray.fzu.cz/jana

2. superspace.epfl.ch/superflip
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1. In tro ducti on

Dur ing last de cades, it has been shown many times that
prop er ties of ma te ri als are not de ter mined only by phase
com po si tion and crys tal struc ture but very of ten the
so-called real struc ture plays an im por tant role. What
should we imag ine un der this name – real struc ture of crys -
tal line ma te ri als? There is no clear def i ni tion but in the
most gen eral view it is any vi o la tion of ideal trans la tion pe -
ri od ic ity of at oms. If we con sider a sin gle crys tal, this is al -
ready its fi nite di men sion, the sur face that breaks the
pe ri od ic ity and may lead to cre ation of a new 2D struc ture.
This is not usu ally un der stood as real struc ture, though, but
rather it be longs to a large and im por tant branch of sci ence
– sur face crys tal log ra phy, sur face phys ics and sur face
chem is try (see also [1, 2]). 

Other de vi a tions from ideal atomic po si tions are ther -
mal lat tice vi bra tions. They can be stud ied by sev eral
meth ods, in par tic u lar, by neu tron scat ter ing and they are
con sid ered in XRD in terms of the so-called Debye-Waller
fac tors. The fac tors are some times ap prox i mated by a mean 
iso tro pic DW fac tor com mon for all at oms but ex actly they

should be in cluded in the prod uct with in di vid ual atomic
scat ter ing fac tors and even better in anisotropic form and
per haps also in clud ing an har mon ic con tri bu tions. How -
ever, the vi bra tions are not meant un der the name “real
struc ture” ei ther.

For sin gle crys tal, the term is closely con nected to the
lat tice de fects. There are many types of lat tice de fects –
point, line, plane (2D) or vol ume (3D). Some of them are
sche mat i cally shown in Fig. 1. There are sev eral meth ods
for study of point de fects like dif fer en tial ther mal ex pan -
sion, pos i tron an ni hi la tion (e.g. [3]), re sis tiv ity, spe cific
heat and, of course, also im ag ing meth ods with high res o lu -
tion like HRTEM, STM, AFM, FIM. The line de fects – dis -
lo ca tions and higher di men sion de fects can be tra di tion ally
stud ied by TEM. In the frame work of kinematical the ory of 
dif frac tion the lat tice de fects can be di vided into two kinds
ac cord ing to their in flu ence on the dif frac tion pat tern. This
has been de rived and sug gested by Krivoglaz [4]. The lat -
tice de fects of the first kind are the de fects with rap idly de -
creas ing field and lead to the re duc tion of in te grated
in ten sity (static Debye-Waller fac tor), shift of the Bragg
peaks and ap pear ance of dif fuse scat ter ing. The de fects of
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the sec ond kind with slowly de creas ing (1/r) dis place ment
field, de stroy the Bragg sharp peak and only con cen trated
dif fuse scat ter ing can be ob served as the broad ened
quasiline – the lat tice de fects of the sec ond kind. Point de -
fects, their clus ters, pre cip i tates and small dis lo ca tion loops 
be long to the for mer while dis lo ca tions to the lat ter type.
The type of dis place ment field plays the most de ci sive role
for the clas si fi ca tion of the de fects. This is based on the
phys i cal na ture of the de fects and it has been de rived for
their ran dom dis tri bu tion. How ever, the sit u a tion is more
com pli cated in prac tice. Only a few mod els for non-ran -
dom de fect dis tri bu tion have been de vel oped and used so
far. 

Since dif fer ent ef fects are pro duced by both lat tice de -
fect types, dif fer ent X-ray meth ods are ap plied for their in -
ves ti ga tion. The stud ies of de fects of the first kind are
mostly re stricted to sin gle crys tals and con sist in si mul ta -
neous mea sure ment of lat tice pa ram e ters, static
Debye-Waller fac tors and whole maps of dif fuse scat ter -
ing. The dif fuse scat ter ing is prob a bly the best source of in -
for ma tion on point de fects and their clus ters since it is very
sen si tive to the type, ar range ment and ori en ta tion of the de -
fects and of ten even a sim ple com par i son of ex per i men tal
and sim u lated con tour plots can be very help ful. The study
of de fects of the sec ond kind can also be done for
polycrystalline sam ples and it con sists in the XRD line pro -
file analysis. The clas si fi ca tion of the lat tice de fects from
the point of view of XRD should not be mixed with the
clas si fi ca tion of stresses. In this con nec tion, all the dis tor -
tions by point and line de fects be long to the so-called 3rd

kind stresses.
In ad di tion to the above ef fects, real struc ture of

polycrystalline ma te ri als in cludes also larger scale ef -
fects. This is dis tri bu tion of size and ori en ta tion of in di vid -
ual grains and also their in ter ac tions, stresses (Fig. 2). The
maps of grains are now a days stud ied more and more by the
EBSD (Elec tron back scat tered dif frac tion) [5], very pow -
er ful method which how ever, is quite crit i cal to sam ple
prep a ra tion. 3D maps can also be con structed from XRD
mea sure ments of in di vid ual grains by syn chro tron ra di a -
tion [6, 7] (beamlines in APS and ESRF). In X-ray lab o ra -
tory, such stud ies are al ways con nected with mea sure ments 
of dif fracted in ten si ties of in di vid ual (hkl) planes in de -

pend ence on the ori en ta tion of the plane with re spect to the
spec i men co or di nate sys tem – for tex ture in ves ti ga tion
and/or dif frac tion peak po si tions (lat tice spac ing) in the
same de pend ence – for re sid ual stress mea sure ment.

The in ves ti ga tion of real struc ture by dif frac tion meth -
ods is of great in ter est now a days and still many un re solved
prob lems. Sev eral books ap peared on the top ics [e.g. 8, 9].

2. XRD line pro fi le ana ly sis

XRD line pro file anal y sis is used for the de ter mi na tion of
microstrain and/or dis lo ca tion den sity, crys tal lite size and
some times also other de fects like stack ing faults.  All these
fac tors cause XRD line broad en ing. There are num ber of
ways how they are in cluded in pres ent Rietveld pro grams.
In most cases, though, phenomenological mod els are used
and their main aim is to cor rect the pat tern for these de fects
in or der to re fine crys tal struc ture or make phase anal y sis
and no to de ter mine the above pa ram e ters.

2.1 Cha rac te ri zati on of in di vi du al pro fi les

The dif frac tion line pro file can be ex pressed as the de pend -
ence of in ten sity (e.g. in cps – counts per sec ond) on the

dif frac tion an gle 2q or on the dif frac tion vec tor mag ni tude

(s = 2 sin Q/l). The pro file can be char ac ter ized by sev eral

Fig ure 1.  Pic ture of dif fer ent types of lat tice de fects - a) In ter sti -
tial im pu rity atom, b) Edge dis lo ca tion, c) Self in ter sti tial atom,
d) Va cancy, e) Pre cip i tate of im pu rity at oms, f) Va cancy type
dis lo ca tion loop, g) In ter sti tial type dis lo ca tion loop, h)
Substitutional impurity atom ([3])

Fig ure 2a. Pre ferred grain ori en ta tion may cause sig nif i cant
changes of in te grated in ten si ties of hkl peaks in sym met ric scans
and their vari a tion with in cli na tion of cor re spond ing planes with
re spect to the specimen surface.

 
Fig ure 2b.  Re sid ual stress re sults in vari a tion of interplanar
spac ing with in cli na tion of the planes with re spect to the spec i -
men surface.
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pa ram e ters re lated di rectly to some struc tural and/or
microstructural pa ram e ters:

peak po si tions ® lat tice pa ram e ters, lat tice ge om e try, lat -
tice de fects, re sid ual stress

in te grated in ten si ties ® atomic struc ture, tex ture, lat tice
vi bra tions

peak widths ® in ter nal strains, co her ent do main size, lat -
tice de fects

peak shape ® dis tri bu tion of lat tice de fects and do mains
Any of these char ac ter is tics can be de ter mined from a

sin gle pow der dif frac tion pat tern for each phase sep a rately. 
For the anal y sis of line broad en ing sev eral pa ram e ters can
be used:
FWHM (half-width, full width at half of peak max i mum)

In te gral breadth (b) – in te grated in ten sity I over peak
height in the fi nite range s1 to s2

b = ò I s ds I
s

s

( ) / max

1

2

(1)

The ra tio of this two widths is sen si tive to pro file shape.
Mo ments
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(Ds = s2 – s1 is the in te gra tion range, L is a vari able in the di -
rect space ) 

These pa ram e ters can be de ter mined by about three dif -
fer ent meth ods:

Di rect anal y sis of iso lated lines
Fit ting of suit able an a lytic func tions (Pearson,

pseudo-Voigt, Voigt) to the groups of dif frac tion pro files
To tal pat tern fit ting ei ther with or with out struc tural

con straints
The first method can in clude back ground sep a ra tion,

smooth ing, Ka2 elim i na tion and de ter mi na tion of the
above pa ram e ters. This was ap plied al ready in clas si cal

pro file anal y sis [10, 11]. The a2 elim i na tion was based
mainly on Rachinger al go rithm [12], in im proved way for
ex am ple in [13]. Dif fer ent an a lyt i cal func tions were ap -
plied (com par i son in [14, 15], other func tions can be found
in [16, 17]) for the second and/or third method.

2.2 In stru men tal broa de ning

Un for tuna te ly, si mi lar ly to other phy s i cal methods we can -
not me a su re pure phy s i cal ef fect (broa de ning) but this is
smeared out by the in stru ment. This can be descri bed as
ma the ma ti cal con vo lu ti on. Me a su red pro fi le is usu al ly de -
no ted as h, in stru men tal as g and phy s i cal as f. Then h = f*g

(or h x f y g x y dy( ) ( ) ( )= -ò  ) and f pro fi le must be ob ta i ned 

by the de con vo lu ti on. The re are a num ber of de con vo lu ti on 
methods but always with a pro blem of ma the ma ti cal ly in -
cor rect pro ce du re sin ce the functi ons are not known in in fi -
ni te ran ge and the re is also ex pe ri men tal no i se in the data
[18]. The pro blems can be re du ced by the so-cal led re gu la -
ri zati on but always the re should be an ef fort to mi ni mi ze
in stru men tal broa de ning, i.e. to in cre a se re so lu ti on. Of
cour se, it goes always on the cost of in tensi ty. If we can re -
du ce the in fluen ce of g, then de pen ding on a pro blem (ratio
of phy s i cal to the in stru men tal broa de ning) the in stru men -
tal broa de ning can ei ther be com ple te ly neglec ted or on the
other hand fi ner phy s i cal ef fects can be me a su red (lar ger
crys tal li tes, lower de fect densi ties). Con ven ti o nal pow der
diffracti on (pa ra fo cu sing Bragg-Bren ta no) can have qu i te

good re so lu ti on, in par ticu lar, if the pri ma ry a1 mo nochro -
ma tor is used. The pro blem is in the ana ly sis of thin films
when the sym met ric scan is of ten in con ve ni ent be cau se of
lar ger pe ne trati on depth and for asym met ric scans pa ral lel
beam ge o me t ry is pre fer red (mirrors, pa ral lel pla te col li ma -
tors). De pen ding on the used pa ral lel pla te col li ma tor, this
ar ran ge ment has usu al ly ra ther poor re so lu ti on (about three 
ti mes wor se than Bragg-Bren ta no). The re so lu ti on can be
im pro ved by dif fe rent ways - for exam ple double-mirror
setup, chan nel-cut mo nochro ma tor, hyb ride mo nochro ma -
tor, crys tal ana ly zers etc. but with so me ti mes dras ti cal ly re -
du ced in tensi ty not very usa ble with con ven ti o nal X-ray
sour ces. The methods of de con vo lu ti on can be di vi ded into
se ve ral groups ac cor ding to cha rac te ri zati on of pro fi les –
full pro fi le de con vo lu ti on, Sto kes cor recti on of Fou rier
trans form (Fou rier trans form of the con vo lu ti on is a pro -
duct of Fou rier trans forms), ap pro xi ma te methods of in te -
gral bread ths (Vo i gt functi on) or sim ple sub tracti on of the
se cond mo ments (va ri an ces). Ano ther pro blem can be the
de ter mi nati on of g pro fi le. In most ca ses, stan dard sam ple
with neg li gi ble phy s i cal broa de ning is me a su red un der the
same con di ti ons as the in vesti ga ted sam ple. NIST was sel -
ling LaB6 stan dard for line broa de ning but this is out of
stock now. Op ti mal stan dard should be the same ma te rial
as the one in vesti ga ted ma in ly be cau se of ab sorp ti on. This
may be achi e ved by an ne a ling of su i ta ble sam ple but the re -
sults are un cer ta in. The re fo re each la bo ra to ry should se lect
su i ta ble stan dards ac cor ding to its ex pe ri en ce. The se cond
way may be to cal cu la te g from known ge o me t ri cal parts of
the in stru ment (slits) and spectral li nes. This has been su g -
ges ted by R. W. Chea ry [19] and it is used in com mer cial
soft ware TOPAZ (Bru ker). The soft ware uses also ano ther
po pu lar way – to replace ill-de fi ned de con vo lu ti on by the
fit ting of the pattern with a convolution of the known
instrumental profile and physical or phenomenological
function of several refineable parameters.

2.3 Phy s i cal broa de ning

Two com po nents of line broad en ing are usu ally con sid ered 
– size broad en ing, the com po nent that is re flec tion or -
der-in de pend ent (in de pend ent on the dif frac tion vec tor
mag ni tude) and strain broad en ing pro por tional to the dif -
frac tion vec tor mag ni tude, in creas ing with the dis tance
from the re cip ro cal lat tice or i gin. The par ti cle size ef fect is
caused by in ter faces (small crys tal size, subboundaries,



stack ing faults, twin bound aries) and the strain broad en ing
can be con nected to dis lo ca tion ar range ment with a weak
de fect cor re la tion that is de ter mined by the mean to tal dis -
lo ca tion den sity and the mean outer cut-off ra dius of the
strain field of dis lo ca tions. In ter nal stresses of the 2nd kind
be ing con stant within in di vid ual grains can be an other rea -
son for strain broad en ing. It can be char ac ter ized by the
mean square strain. In next sec tions, the main at ten tion will 
be de voted to the in flu ence of the lat tice de fects. A short re -
view of the meth ods was pub lished in [20] and a review of
dislocation line broadening appeared in [21] with many
references.

2.3.1 Sim ple in te gral bread th methods, 
          Wil li am son-Hall plot

Line broad en ing is of ten char ac ter ized by the so-called
Wil liam son - Hall (WH) plot , i.e. de pend ence of in te gral

breadth b on sin q. This plot is based on the as sump tion of
Lorentzian dis tri bu tion of both do main size and
microstrain, which means that both com po nents (widths)
are ad di tive. This as sump tion is not very re al is tic though. 
The com mon re la tion can be gen er al ized in the fol low ing
form (breadths are in re cip ro cal space units 1/d), 
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which can be de rived for sev eral ap prox i ma tions of dis tri -

bu tions for both com po nents. The con stants k, K, L, g de -
pend on the con sid ered an a lyt i cal ap prox i ma tion of
crys tal lite size and microstrain dis tri bu tions . Both crys tal -
lite size D and microstrain e can be hkl de pend ent. There -
fore the WH plot should be ap plied for more or ders of
se lected re flec tion. How ever, it may also well be used in
or der to get an over all pic ture and first es ti ma tion of the
weight  of both size and strain com po nents. It may be dan -
ger ous for quan ti ta tive anal y sis un less one of the com po -
nents is sig nif i cantly dom i nant (then it can be de ter mined
quite pre cisely). How ever, it is use ful when the changes of
both ef fects or their re la tions to the pa ram e ters of sam ple
prep a ra tion are of main in ter est (e.g. de po si tion of thin
films – tem per a ture, sub strate bias, de po si tion rate).

The size broad en ing (or der-in de pend ent)  term e.g.  can 
be writ ten as fol lows:

D K Vhkl s
hkl= 1 3/                (5)

where Dhkl  is the so-called ap par ent crys tal lite size, V is the
true size and K is the Scherrer con stant. The con stant is hkl
de pend ent. The cor re spond ing line broad en ing ani so tropy
is given by the anisotropic shapes of crys tal lites . The size
term can also be re lated to stack ing faults, microtwins and
sharp dis lo ca tion walls. These de fects can give spe cific hkl
de pend ence too. 

The strain (or der-de pend ent) term for ran domly dis trib -
uted lat tice de fects can be writ ten as fol lows

b c r
q

l
c r( / ) ( ) ( )

sin
1 0d f D fhkl=                (6)

where fc is the func tion of the ori en ta tion fac tor, D0 de -
pends on the de fect strength and fr is a func tion of the de -

fect den sity r. The hkl-de pend ence is given by the
ori en ta tion fac tor. How ever, the strain terms can also in -
clude the so-called 2nd kind stresses which com pli cate the
eval u a tion. 

For dis lo ca tions the ap prox i mate for mula given in [26]
can be ap plied

b rc
q

l
hkl

hkl f M b= ( )
sin

,                                              (7) 

where, b is the size of the Bur gers vec tor of as sumed dis lo -

ca tions, l is the wave length, q the dif frac tion an gle. chkl is
the so-called ori en ta tion or con trast fac tor de ter min ing the
line-broad en ing ani so tropy. It de pends on the par tic u lar
slip sys tem, the dis lo ca tion char ac ter, the elas tic ani so tropy 
and the ori en ta tion of the dif frac tion vec tor with re spect to
the Bur gers vec tor and the dis lo ca tion line. The main lim i -
ta tion of the method is the uncertainity of the cor re la tion
pa ram e ter of dis lo ca tion ar range ment which is re lated to
the line pro file shape.  This value is of ten writ ten as M  =

rcÖr, where rc de notes the outer cut-off ra dius of dis lo ca -

tion strain field and r is the dis lo ca tion den sity. An a lytic
ap prox i ma tion of the f(M) func tion is given in [26] as fol -
lows

  f(M) = a ln(M + 1) + b ln2(M + 1) + c ln3(M + 1) + 
           d ln4(M + 1),      (8)   

with a = -0.173, b = 7.797, c = -4.818 and d = 0.911

The M-fac tor can be es ti mated from the line shape for
ex am ple in terms of the Voigt func tion ap prox i ma tion (the
ra tio of long-tail Lorentzian com po nent of breadth to the

short-tail Gaussi an one, y = bc/Öpbg ). Based on the data
shown in [26], one can use an ap prox i mate re la tion M =
1/y. More pre cisely, the data can be fit ted with the for mula
M = 0.96/y0.95. The for mula should be ap plied af ter the cor -
rec tion of the in stru men tal broad en ing by the method of the 

Voigt func tion which gives cor rected val ues of bc, bg. Even
though the fac tors vary with hkl in di ces, a mean value of
the M-fac tor av er aged over all re flec tions was al ways used. 
The rea son was that the in di vid ual fac tors ob tained by the
above pro ce dure are in flu enced sig nif i cantly by ex per i -
men tal (sta tis ti cal) er rors since each fac tor de pends on four
ex per i men tal val ues and their ra tios (Gauss and Cauchy
com po nents of both in stru men tal and ex per i men tal pro -
files), and con se quently may in tro duce more noise in oth er -
wise quite sta ble ex per i men tal val ues of in te gral breadths.
The method is very use ful for es ti ma tion XRD line broad -
en ing ani so tropy which some times can be used for the de -
ter mi na tion of dis lo ca tion types, in case of strain
broad en ing or to de ter mi na tion of anisotropic crys tal lite
size in case of dom i nant size broad en ing.

2.3.2 Fou rier methods

The Fou rier meth ods were con nected from the be gin ning
with the so-called War ren-Averbach anal y sis [27]. This is
based on phenomenological model of mo saic blocks with

Ó Krystalografická spoleènost

k74 Struktura 2009 -  Courses Ma te ri als Struc ture, vol. 16, no. 2a (2009)



microstrains. In der i va tion of Fou rier co ef fi cients, the crys -
tal is di vided into col umns of lat tice cells which may be
shifted due to strains and they are sumed up in the dif frac -
tion for mula. This sum ma tion, of course, de pends also on
the size of co her ently dif fracted do main – crys tal lites. To -
tal Fou rier co ef fi cients are then prod ucts of size and strain
terms. Un der the as sump tion of not too large dis tor tions
and/or their Gaussi an dis tri bu tion, the pro ce dure con sists
in plot ting of log a rithms of the Fou rier co ef fi cients on re -
flec tion or der or 1/d. These plots are lin ear in the first ap -
prox i ma tion with the in ter cepts giv ing the size Fou rier
co ef fi cients and slopes the mean square microstrain. In fi -
nal step, the size coefficents are plot ted against the num ber
n or real dis tance L (L = nd1, d1 is the interpalanar spac ing
cor re spond ing to the first or der re flec tion). The ini tial
slope give mean value of crys tal lite size. The other re sult is
de pend ence of microstrain on the dis tance which may not
be a con stant.

For mi cro scopic mod els, the strain Fou rier co ef fi cients
can also be cal cu lated. For ex am ple for not too cor re lated
dis lo ca tions, the Fou rier co ef fi cients can be writ ten as
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where h de notes hkl, i num bers N dif fer ent slip sys tems and 
rc is the so-called cut-off ra dius closely re lated to the cor re -
la tion in dis lo ca tion ar range ment. Then the eval u a tion of
dis lo ca tion den sity can be done sim ply from the plot of ln
A(L)/L2 vs ln L. How ever, real data does not fol low ex actly
this de pend ence be cause re la tion (9) does not de scribe full
pro file so that one must take only me dium lin ear range
which is not al ways easy to se lect.  

2.4 Mul ti ple peak and to tal pat tern fit ting

The idea to re place sev eral-steps of com plete Fou rier anal -
y sis in clud ing deconvolutions (in stru men tal pro file,
size-strain sep a ra tion) by the sin gle-step pro file fit ting of
sev eral re flec tion or ders si mul ta neously and to re place
deconvolution by con vo lu tion of the mod eled phys i cal and
known in stru men tal pro files was first in tro duced by
Houska [28, 29] in terms of clas si cal phenomenological
model and two size and two strain pa ram e ters. Now a days,
two pro gram sys tems for mul ti ple peak or to tal pat tern fit -
ting based on de scrip tion by re al is tic microstructural model 
are be ing de vel oped in groups of Paolo Scardi [e.g. 30-33,
Pm2k by Matteo Leoni] and Tamas Ungar [34, MWPFIT
by G. Ribárik]. Both are un der de vel op ment and lat est ver -
sions also in clude stack ing faults. The pa ram e ters fit ted are
usu ally – mean crys tal lite size, vari ance of crys tal lite size
dis tri bu tion, dis lo ca tion den sity, dis lo ca tion cor re la tion
pa ram e ter, some times also, frac tions of dif fer ent dis lo ca -
tions, the den si ties of stack ing faults. A gen eral prob lem for 
the whole pat tern fit ting is a high cor re la tion be tween the
dis lo ca tion den sity and dis lo ca tion cor re la tion pa ram e ter
(M or Rc). The cor re la tion is in trin sic in the de scrip tion and
can not be com pletely over come by us ing dif fer ent op ti mi -
za tion pro ce dures. Ac tu ally, the cor re la tion pa ram e ter in -
flu ences mainly the pro file shape (tails) but it is not very

sen si tive to it and con se quently the minimalization pro ce -
dure can not be sen si tive enough to it ei ther. In any case,
high-qual ity data are re quired for suc cess ful fitting.

3. Pre fer red grain ori en tati on – tex tu re, 
re si du al stress

3.1 Ef fects in con ven ti o nal sym met ric q-2q scan

In case of non-ran dom grain ori en ta tion in di vid ual in te -
grated in ten si ties of hkl peaks Ihkl may dif fer sig nif i cantly
from the val ues given pri mar ily by the struc ture fac tors, the 
the o ret i cal in ten si ties Rhkl. The ef fect is usu ally cor rected
by some of more or less em pir i cal cor rec tions or the cor rec -
tions ob tained by sim ple mod els (e.g. March-Dollase). The
cor rec tions are in cluded in all Rietveld type pro grams. Pre -
ferred ori en ta tion can be sim ply char ac ter ized by the
so-called Har ris tex ture in di ces Thkl given by nor mal ized
ra tios Ihkl/Rhkl that are equal to unity in case of ran dom ori -
en ta tion. How ever, not al ways un ex pected vari a tions of in -
ten si ties can be re lated to the tex ture. They may be
con nected to crys tal struc ture it self or to poor grain sta tis -
tics. In or der to dis cover tex ture ef fects un am big u ously,
other than sym met ri cal scans must be used. The ef fects are
usu ally not too strong for pow ders ex cept those con sist ing
of highly anisotropic par ti cles but they may be huge for
bulk ma te ri als and in par tic u lar thin films.

Re sid ual stresses (1st kind stresses that are ho mog e nous 
in larger vol ume over sev eral grains) cause peak shifts and
there fore change of lat tice pa ram e ters. How ever, it may be
dif fi cult to as cribe the ob served changes of lat tice pa ram e -
ters di rectly to stresses since they can be caused also by
some lat tice de fects and es pe cially by chem i cal com po si -
tion (e.g. stoichiometry). These stresses can not ex ist in fine 
pow ders but sim i larly to tex tures, they may be rather high
in bulk ma te ri als and thin films. Cor rec tions are not in -
cluded in most of Rietveld pro grams ex cept Maud by Luca
Lutteroti [35].

3.2  Asym met ric q-2q scans

For com plete char ac ter iza tion of tex tures and stresses in cli -
na tions of spec i men from sym met ri cal po si tion are re -
quired. Some ex per i ments can be per formed on stan dard
goniometers ro tat ing the spec i men around the goniometer

axis (q) but usu ally ro ta tions around per pen dic u lar axis (y

or c) are pre ferred. This can be re al ized by the Eulerian cra -
dle. In or der to re duce in stru men tal ab er ra tions and in -
crease in ten sity, par al lel beam op tics with polycapillary is
pre ferred. Of course, the ar range ment has low res o lu tion. 

Dif fer ent char ac ter iza tion of tex ture can be re al ized.
Tex ture in di ces from con ven tional sym met ric scan (see

above)

w-scan or y-scan. Very fast char ac ter iza tion. The de -
tec tor is fixed in the Bragg po si tion of mea sured dif frac tion 
peak hkl. The scan is per formed by ro ta tion of the spec i men 
about the goniometer axis (or per pen dic u lar axis, re spec -
tively) . For ran dom grain ori en ta tion the in ten sity is nearly
con stant, strong tex ture re sults in sharp peak. FWHM of
the peak can be taken as a char ac ter iza tion of the tex ture
de gree. Any shift of the peak max i mum from the orig i nal
po si tion (sym met ric Bragg case) in di cates in cli na tion of
the tex ture.
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j-scan. The de tec tor is fixed in the Bragg po si tion of
mea sured dif frac tion peak. Ro ta tion of the spec i men
around the sur face nor mal. It must be done in asym met ric
po si tion (sam ple in cli na tion) In ten si ties usu ally plot ted in
po lar co or di nates. Sym met ric fig ure in di cates fi ber (ax i ally 

sym met ric) tex ture. Then also the w-scans may be a good
char ac ter iza tion of the tex ture.

Pole fig ure mea sure ment. The de tec tor is fixed in the
Bragg po si tion of mea sured dif frac tion peak. Mea sure ment 

of in ten si ties for dif fer ent spec i men in cli na tions (j, y). In -
ten si ties shown in ste reo graphic pro jec tion. Full char ac ter -
iza tion of tex ture

ODF – ori en ta tion dis tri bu tion func tion cal cu la tion
from sev eral pole fig ures. The func tion de scribes the
so-called 3D tex ture and it is used as a weight func tion for
cal cu la tion of dif fer ent phys i cal prop er ties of whole
polycrystalline ma te rial.

For the stress de ter mi na tion, vari a tions of lat tice spac -

ing with the crys tal lat tice plane in cli na tion y to the spec i -
men sur face must be mea sured. The geometry is usu ally
iden ti cal with that for tex ture mea sure ments. How ever,
there are sev eral ways how to mea sure the de pend ence

2q-scan. The an gle of in ci dence is con stant and small.
The de tec tor scan then gives in for ma tion con nected to the
lat tice planes (hkl), in par tic u lar lat tice spac ings, dif fer -
ently in clined with re spect to the sur face for dif fer ent hkl.
Par al lel beam ge om e try is re quired. Elas tic ani so tropy of
the ma te rial may cause scat ter of val ues.

q-2q scan on the w-goniometer. The spec i men is tilted

by y from the sym met ri cal Bragg po si tion around the
goniometer axis and peak po si tions for dif fer ent ø are mea -

sured by q-2q scan. This can be done for sev eral hkl. How -

ever, for low an gle peaks the range of pos si ble an gles y is
geo met ri cally re stricted sig nif i cantly.

q-2q scan on the y-goniometer. The spec i men is tilted

by y in the Eulerian cra dle around the axis per pen dic u lar to 

the goniometer axis and peak po si tions for dif fer ent y are

mea sured by q-2q scan. This can be done for sev eral hkl.

There are no sig nif i cant geo met ri cal re stric tions for y.
In case of sim ple uni ax ial or bi axial re sid ual stress, the

lat tice spac ings are lin early pro por tional to sin2y

(well-know sin2y-method). If the stress is gen eral, tri-ax -
ial, the de pend ence is not lin ear and dif fer ent for pos i tive

and neg a tive y. Then more mea sure ments must be done
also for dif fer ent ro ta tions ö but fi nally whole strain ten sor
can be de ter mined. Al ways, the lat tice spac ing are mea -
sured only by XRD and for cal cu la tion of stresses, the
so-called X-ray elas tic con stants must be known or mea -
sured un der known ex ter nal field. The con stants can be cal -
cu lated by us ing dif fer ent mod els of in ter ac tions be tween
grains (Reuss, Voigt, Kröner, Hill, Vook-Witt etc.). The
de pend ence can also be non-lin ear be cause of gra di ents
and/or si mul ta neous pres ence of tex ture and re sid ual stress. 
This is the most com pli cated case which has been sim u -
lated but di rect meth ods of mea sure ments have been sug -
gested only for par tic u lar cases. It may re quire
mea sure ment of the re cip ro cal space maps. These and, of
course, also the above dependences are mea sured now a -
days with the aid of dif fer ent po si tion sen si tive de tec tors
which im prove largely the speed of data col lec tion.

2. To tal pat tern fit ting

The method has be come very pop u lar in last years but it
of ten re quires ap pro pri ate microstructural model ca pa ble
of cor rect de scrip tion of real ma te rial for ex am ple the ef fect 
of line pro file ani so tropy. To tal pat tern fit ting with out
struc tural con straints was used in [37-38]. Rietveld struc -
tural re fine ment [39] is now in cluded in sev eral pro grams
like Fullprof, GSAS etc. (see [40]). It usu ally in cludes also
phenomenological de scrip tion of real struc ture by
anisotropic microstrain and anisotropic crys tal lite size in
terms of gen eral el lip soids. This ap proach may be very use -
ful es pe cially for ap pro pri ate cor rec tions dur ing struc ture
re fine ment. For ob tain ing of the above pa ram e ters of real
struc ture (see 2.3.3) the programs Pm2k or MWPFIT are
recommended

Pro gram MAUD [35] is now a days prob a bly the best for 
the Rietveld type eval u a tion of tex tured and stressed sam -
ples, for ex am ple thin films but does not in clude dis lo ca -
tion mod els and stack ing faults. Z. Matìj is de vel op ing a
pro gram – ex panded FOX [36] based on Crys tal Ob jects li -
brary that in cludes some of the fea tures of the above pro -
grams. It can ap ply eas ily struc tural con straints, in cludes
dis lo ca tion mod els, stack ing faults, sim pli fied cor rec tions
for tex ture and also the re sid ual stress. Most of these cor -
rec tions are op tional, i.e. the peak in ten si ties and po si tions
can be ei ther con strained or re fined in de pend ently. This is
quite im por tant fea ture since not al ways the cor rect de -
scrip tions of all ef fect are avail able. In case of very strong
tex tures and stresses whole re cip ro cal space maps must be
mea sured. Of course, their fit ting is rather com pli cated but
also pos si ble [35, 41].
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