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STO LET OBJEVU RENTGENOVE DIFRAKCE

Stanislav Danis

Matematicko-fyzikalni fakulta, Univerzita Karlova v Praze

Kazdy objev je bud’ dilem nahody, nebo naopak ovocem
peclivého, a tfeba i namahavého usili. Nahoda vedla
Wilhelma Conrada Roentgena v roce 1895 k objevu
paprska X. Pres vesker¢ Uisili se ani po sedmi letech badani
nepodafilo jejich povahu rozkryt. Je to vInéni, nebo proud
castic? Sam W.C.Roentgen se pokusil zméfit vinovou
délku ,,svych® paprskt, ale neuspél.

Roku 1912 publikoval Arnold Sommerfeld analyzu
difrakéniho experimentu Waltera Phola a Kocha.
Sommerfeld zddvodnil ur€itou anomalii difrak¢nich
obrazcti nemonochromati¢nosti paprski X a odhadl stfedni
vlnovou délku na 0.4 A. Paprsky X by tak mohly byt spise
vinénim...

Jednim z center tehdejsi védy byla Univerzita v Mni-
chové. Zde ptsobil i W. C. Roentgen a na jeho doporucent i
jeden z nejlepsich teoretiki Arnold Sommerfeld. Diky své
autorité zfidil prvni Ustav teoretické fyziky a jako
vyhlaseny védec a pedagog nema o studenty nouzi. Mezi
jeho doktorandy patii naptiklad budouci nositelé Nobelo-
vych cen Werner Heisenberg, Wolfgang Pauli, Peter
Debye, Hans Bethe. Predevsim vSak musime zminit Paula
Petera Ewalda. Ten si jako téma disertacni prace zvolil
vypocet interakce elektromagnetického zafeni s perio-
dickym polem elektrickych dipold. Své feseni konzultoval
s Maxem Lauem, ktery pracoval ve skupiné Arnolda Som-
merfelda. V diskusi s Lauem pfisel na myslenku pouzit
krystalovou miizku jako difrakéni mtizku pro paprsky X.
Pokud by paprsky X byly opravdu vinové povahy objevil
by se na fotografické desce difrakéni obraz. Opakovang se
k napadu vracel, dokonce jej pfedstavil i Sommerfeldovi
pfi jednom z mnoha setkani v kavarné Lutz. Sommerfeld
ovSem na zakladé termodynamickych uvah ukazal, ze
takovy experiment je dopfedu urcen k nezdaru. Ani to vSak
Lauea neodradilo, dokonce pozadal Sommerfelda o jeho
asistenta Waltera Friedricha. Sommerfeld souhlasil az
poté, co W. C. Roentgen dal k dispozici svého asistenta
Paula Knippinga. Casové velmi naroény experiment se na-
poprvé nezdafil. Paul Knipping navrhl Gpravy experi-
mentalniho uspofaddni a na druhy pokus jiz byly
pozorovany difraktované paprsky, viz obr. 1. To se udalo
23.4.1912.

Nameéteni difrakéniho zaznamu je jedna véc, jeho inter-
pretace véc druha. Lauemu vysvétlil vznik difrakéniho
obrazce pomoci ohybu polychromatického zafeni na
trojrozmérné periodické miizce. Bylo to velmi odvazné
vysvétleni — o struktufe krystali nebylo kromé nékolika
teoretickych praci znamo vubec nic; nebylo znamo ani

Figure 1. Prvni lauegram (ZnS).

spektrum paprski X. Proto se v ¢lancich publikovanych
kratce po Uspésném experimentu objevuji neznamé
miizové parametry v jednotkach neznamé vinové délky.

Neni bez zajimavosti, ze Ewaldova teoreticka prace,
tykajici se interakce elektromagnetického zafeni s perio-
dickym uspofadanim dipélti/atomii se nakonec stala prvni
teorii difrakce Roentgenova zafeni na krystalech. Dyna-
micka teorie tak predbehla kinematicky pfistup.

Na Laueho experimenty navazali mnozi dalsi. Jmenuj-
me alespon otce a syna Braggovi, ktefi na druhé strané
Lamansského prulivu nemalou mérou pfispéli k
experimentalnimu i teoretickému rozvoji prave se narodiv-
§i rentgenové difrakce.

V Ceskych luzich a hajich se ve dvacatych a tficatych
letech minulého stoleti o rozvoj rentgenové védy zaslouzil
prof. Vaclav Dolejsek, ktery se zabyval rentgenovou
spektroskopii. Jeho nékolik zakti (Miloslav Valouch,
Vilém Kunzl, Adéla Kochanovska) se stalo jakymsi pra-
zékladem stale utéSené se rozristajici obce ,,rentgenait’.

V soucasné¢ dobé patii rentgenova difrakce k hojné
pouzivanym metodam studia (realné) struktury materiald,
zejména ve spolupraci s rentgenovou spektrometrii.
Metoda se za necelych sto let své existence stala stan-
dardnim nastrojem v zakladnim i aplikovaném vyzkumu.
Béhem praveé uplynulych sto let se z malych mlhavych
skvrn na fotografickém filmu zrodila mnozina metod
vyuzivajicich rozptyl Roentgenova zareni - PXRD, XRR,
GID, GISAXS, XAS, SAXS, XMCD, XMLD, XANES,
EXAFS, ... Doufejme, ze ,,naSe mila rentgenova difrakce*
se i po dalsich sto letech bude té&sit tak velkému zajmu
experimentatort i teoretikli. VSechno nejlepsi!
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CRYSTAL STRUCTURE DETERMINATION FROM POWDER DIFFRACTION:
CASE OF NON-MOLECULAR COMPOUNDS

Radovan Cerny

Laboratoire de Cristallographie, Université de Gencve, 24, quai Ernest-Ansermet, CH-1211 Geneéve 4,
Switzerland
Radovan.Cerny@unige.ch

Methods of structure determination from powder diffrac-
tion of non-molecular compounds (inorganics, extended
solids, intermetallic compounds etc.) are discussed. Direct
space methods do not need powder pattern decomposition,
and are based on a global optimization of a structural model
to improve the agreement between the observed and calcu-
lated diffraction patterns. The success of the method de-
pends very much on a proper modeling of the structure
from building blocks. The modeling from larger building
blocks improves the convergence of the global optimiza-
tion algorithm by a factor of up to ten. The correctness of

L3

the building block like its rigidity, deformation, bonding
distances and ligand identity must be examined carefully.
Dynamical Occupancy Correction implemented in the di-
rect space program FOX has shown to be useful when
merging excess atoms, and even larger building blocks like
coordination polyhedra. It allows also joining smaller
blocks into larger ones in the case when the connectivity is
not a priori evident from the structural model.
see p. 63 for review paper

OUR SOFTWARE PACKAGES FOR X-RAY REFLECTIVITY AND DYNAMICAL X-RAY
DIFFRACTION

Vaclav Holy

Department of Condensed Matter Physics, Faculty of Mathematics and Physics, Charles University in
Prague, Ke Karlovu 5, 121 16 Praha, Czech Republic
holy@mag.mff.cuni.cz

X-ray scattering methods are usually indirect so that a com-
parison of measured data with a suitably chosen structure
model is necessary for the determination of the investigated
structure. This comparison usually consists in the follow-
ing steps:

(i) Formulation of a suitable structure model — this is
the most difficult step that usually requires additional in-
formation on the investigated sample obtained by another
methods, deduced from the sample growth procedure, etc.

(ii) Simulation of the process of X-ray scattering — in
this step we have to make assumption concerning the scat-
tering process (kinematical vs dynamical scattering theory,
far-field limit). In the case of samples with a random struc-
ture we have to consider the process of ensemble averaging
and possible ergodicity of the experimental data. We have
also to include correctly the properties of the experimental
set-up (coherence of the primary beam, resolution in real
and reciprocal space, geometrical factors etc.).

(iii) Comparison of the simulated and measured data —
this step is not trivial, but it is usually based on standard nu-
merical algorithms (least-square fitting, genetic algo-
rithms, neural networks) that are independent from the
previous steps.

In the talk, I will deal only with the step (ii) and I will
present several numerical programs for simulation of X-ray
reflectivity (XRR), small-angle scattering (SAXS) and dif-

fraction (XRD). The theoretical basis of all the programs
can be found in Ref. [1].

XRR programs calculate the specular and diffuse inten-
sities scattered from an arbitrary multilayer with randomly
rough interfaces, taking into account statistical averaging
over all microstates of the roughness profiles. The rough-
ness is assumed fractal, i.e. each interface is described by
its root-mean-square (rms) roughness, lateral correlation
length and fractal dimension. The correlation of roughness
profiles of different interfaces is described by a correlation
matrix and it can depend on the space-frequency of the
roughness. The scattering process is described within the
distorted-wave Born approximation (DWBA).

The SAXS experiments are considered in grazing-inci-
dence geometry (GISAXS method), in which the incidence
angle of the primary beam is close to the critical angle of to-
tal external reflection. The programs presented in the talk
describe GISAXS from two- and three-dimensional disor-
dered arrays of scattering centers. The scattering factor of
an individual center is calculated assuming a particular
shape of the center (ellipsoidal or facetted). The correlation
function of the center positions is calculated using various
modifications of the well-known paracrystal model or
ab-initio using the Monte-Carlo approach. A special atten-
tion is paid to the correlation of the center positions with
their sizes; the programs include two correlation models
denoted DA and LMA in the literature.
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XRD programs are based on dynamical diffraction the-
ory taking into account the two-beam approximation with
exact dispersion surface of the 4™ order. Therefore, this ap-
proach does not suffer from tangential errors that occur
usually in a standard formulation of the two-beam approxi-
mation with the simplified dispersion surface of the 2™ or-
der. The programs calculate the intensity diffracted from an
arbitrary ideal pseudomorph single-crystalline superlattice,
which does not contain misfit dislocations or other struc-
ture defects. The scattering geometry is general, i.e. the
programs are not restricted to coplanar scattering and they
can calculate the diffraction in any non-coplanar arrange-
ment (including grazing-incidence geometry).

Compared to standard software available commercially
or on internet, the programs include the following new fea-
tures:

In XRR: correlation of roughness profiles of different
interfaces giving rise to resonant-diffuse phenomena in re-
ciprocal space. The correlation of the roughness can de-

pend on the space frequency of the roughness profile; this
property follows from the mechanism of the multilayer
growth.

In GISAXS: the programs include various three-dimen-
sional distributions of the scattering centers.

In XRD: Exact dispersion surface of the 4™ order makes
it possible to calculate the diffracted intensity in any
non-coplanar scattering geometry.

The programs use Matlab, especially its unique matrix
manipulation capability, so that the calculation speed is
comparable to Fortran or C++. The programs are not writ-
ten in a user-friendly style but they are commented in the
program head, so that their application is not complicated.
The programs are available on request from the author of
this talk.

1. U. Pietsch, V. Holy, and T. Baumbach, High-Resolution
X-Ray Scattering From Thin Films to Lateral
Nanostructures, Springer-Verlag Berlin, Heidelberg, New
York 2004.
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NEURCITOST VYSLEDKU MERENI
J. Fiala

Nové technologie - vyzkumné centrum, ZapadocCeska universita, Universitni 8, 30614 Plzen

Vysledek méteni zavisi na souboru podminek, které to
méfeni definuji. Realisace tohoto souboru vSak nemusi
vést k jednoznacnému vysledku a také vysledky opako-
vanych realisaci mohou byt rizné. To znamena, ze vedle
podchycenych zakladnich podminek je vysledek méteni
zavisly na dalsich, nepodchycenych NAHODNYCH ¢ini-
telich. Je to situace, kterou popisuje kral Salamoun v 11.
ver$i 9. kapitoly knihy Kazatel slovy ,, nezalezi béh na
rychlych, ani boj na udatnych, nybrz ani zivnost na
moudrych, ani bohatstvi na opatrnych, ale podlé Casu a
pfihody (rozuméj NAHODY) piihazi se vSechndm®.
V tomto smyslu jsou vysledky métfeni obecné neurcité.
Snad prvni, kdo si naléhavé uvédomil to, ze vysled-
ky meéfeni jsou obecné neurcité, byl Thomas Simpson,
ktery ve svém ,,dopisu‘‘ uvetejnénémr. 1755 ve Phil. Trans.
Roy.Soc.49, part I, pp.88-93 doporucuje, aby se v piipadé
ze méfeni bylo opakovano nékolikrat, braly v tvahu
vSechny vysledky a ne jenom ty, které se zdaji byt ,,dobré*.
A dale navrhuje, aby se jako ,,nejlepsi aproximace* métené
veliC¢iny bral pramér vSech zmétenych vysledkd. Dalsimi
v oblasti neurcitosti vysledkii méfeni byla Gaussova
publikace ,,Theoria motus®, vydana r.1809 v Hamburgu a
kniha ,,Grundziige der Wahrscheinlichkeitsrechnung* od
G.H.L.Hagena, kterd vysla v Berlin¢ r.1837. S hlediska
praktického pak mél pro podporu badani v této oblasti
zéasadni vyznam hore¢ny rozvoj metrologie nastartovany
Velkou pafizskou revolucir.1789. Zacala se rozvijet teorie

pravdépodobnosti. To je matematicka disciplina, zaby-
vajici se modelovanim procest ovlivnénych mnozstvim
drobnych, ne Uplné zjistitelnych nebo vibec nezjistitel-
nych ¢initeld. A na zakladé zndmého pravdépodobnostniho
modelu dedukujici (pfedpovidajici) budouci pribéh
pfislusného procesu. A vedle toho inferencni statistika
(statistickd indukce), ktera na zaklad¢ zjisténych dat navr-
huje (konstruuje, odhaduje) matematicky model (paramet-
ry matematického modelu) jevu (procesu) tak, aby se
zjiSténa (zmetend) data vysvétlila.

V piispévku budou diskutovany zakladni pojmy a
koncepce teorie pravdépodobnosti (nahodné veliCiny,
jejich charakteristiky a rozdéleni a nékteré limitni véty) a
statistickd indukce (teorie odhadu a testovani hypotez). Na
zavér pak prace statistika M. Romanowského, ktery expe-
rimentalné i teoreticky dokazal, Ze Gaussovo rozdéleni

_ 2
exp- (x—p)

1
N(u,0°)=
ov2n 26°

neni ,,normalni* [ M.Romanowski: “Random Errors in Ob-
servations and the Influence of Modulation on their Distri-
bution®, Verlag Konrad Wittwer, Stuttgart 1979]. Coz je
dalsi (a malo znamy) prispévek k neurcitosti vysledkl
méfeni, tak jak jsou tradiéné presentovany ve formé
intervald spolehlivosti pro parametry normalniho rozde-
leni.
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