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Use of Computational Methods for Study of Structure
VYUZITi VYPOCETNICH METOD PRI STUDIU STRUKTURY

J. Drahokoupil

Institue of Physics AS CR, Na Slovance 2, Prague 8, 182 21, Czech Republic
draho@fzu.cz

Pocitacové simulace v pevnych latkach dosahuji v
poslednich letech velky rozmach. Jejich aplikace
umoziuje dobrou pomoc piifeseni struktury pevnych latek
v pripadech, kdy nejsou k dispozici dostateéné¢ dobra
difrakéni data. Podivame se na dva pristupy: i) Casové
Function Theory), ii) rychlejsi vypoclty s vyuzitim
molekulové mechaniky.

DFT

Zakladnim kamenem pro teorii DFT je teorém Hohen-
bergera a Kohna [1], pozdéji zobecnény Levym [2], ktery
tvrdi, ze vSechny vlastnosti v zakladnim stavu jsou
funkcionalem nédbojové hustoty p. Konkrétné energie
mize byt napsana jako:

E[p]=Tlp]+Ulp]+E . [p] (M

kde TTp] je kineticka energie systému neinteragujicich
¢astic s hustotou p, U[p] je klasicka elektrostaticka energie
Coulombovych interakci a FE,[p] zahrnuje vSechny
mnohocasticové prispévky k totalni energii (vyménou a
korela¢ni energii). Pro vyjadifeni posledniho ¢lenu,
pouzijeme tzv. Local Density Aproximacion (LDA), ktera
je zaloZena na znamé E,. pro jednoelektronovy plyn [3].
LDA ptedpoklada, ze nabojova hustota se na atomové
urovni jen pozvolna méni.

Pomoci DFT lze vypocitat fadu vlastnosti pevnych
latek, pro nas nejzajimavéjsi jsou parametry zakladni
bunky a soufadnice atomi. Na rozdil od difrakce neni
mozné uvazovat ¢aste¢né zastoupeni dané pozice atomem.
Atom bud’ na dané pozici je nebo neni. Pro popsani
substitu¢nich pozic ¢i vakanci je nutné pfislusné zvétsit
zakladni buniku. Dalsi nevyhodou je Ze se pocitd tzv.
zékladni stav tedy pozice a mfizka odpovidajici 0° K. Pfes
tyto nevyhody dosahuje pfesnost vypocti v porovnani s
experimentalnimi hodnotami shody nékolika malo procent.

Molekulova dynamika

Na rozdil od DFT, ktera vychazi z kvantové teorie,
vychazeji modely molekulové mechaniky z klasické
fyziky. Vzajemné plsobeni atoml je popsano pomoci
silovych konstant. Celkova potencialni energie systému je
vyjadrena jako soucet vazebnych a nevazebnych interakeci,
jejich funkce a parametry jsou shrnuty v takzvaném
silovém poli (forcefield). Parametry silovych poli lze
ziskat bud’ vypoétem pomoci kvantové mechaniky C¢i

porovnanim vysledki z experimentalnich hodnot
(difrakce, NMR, rota¢ni a vibracni spektroskopie, elastické
konstanty,...). Tento jednodus$si formalizmus umoziuje
fesit podstatné vétsi problémy, uz se nemusime omezovat
na jednotky ¢i desitky atomt, ale jdou feSit problematiky
obsahujici stovky ¢i tisice atomt. Vhodny nahled do dané
problematiky lze nalézt zde [4].

Unikatni spojeni molekulové mechaniky a difrakce je
zavedeni faktoru shody R, kombinujici difrakéni (napf.
R,,) a energeticky faktor Rg.

R, =(1-w)R _ +wR, 2)

wp
Optimalni hodnotu vahového faktoru w je pak mozné volit
na zéklad¢ tzv. Pareto optimalizace, kde se napoctou a
porovnaji hodnoty parametri shody. Na osu x se obvykle
vynasi R,,, faktor, ktery ukazuje shodu s difrak¢énimi daty a
na osu y hodota £ — E,;,, viz obr, 1.

V prednasce budou predvedeny konkrétni vypocty v
programovém baliku Material Studio [5] s vyuzitim
modult Castep (DFT), Forcite (molekulova mechanika) a
Reflex (praskova difrakce). Posledni zde uvedeny modul
umoziuje navic kombinovat pravé praskova rentgenova
difrakéni data spolu s vypoCty pomoci molekulové
mechaniky.
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Obrazek 1. Pareto optimalizace umoziuje vybrat optimalni vahovy faktor mezi energetickym a difrakénim ptispévkem

do spole¢ného faktoru shody R,,,;. Jednotlivé body v tomto konkrétnim grafu odpovidaji z leva doprava postupnému
nartstu vahového faktoru w.
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STRUCTURE REFINEMENT BY TOTAL ENERGY MINIMIZATION
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A restricted amount of structural information extractable
from X-ray or CW neutron powder diffraction patterns se-
riously limits the accuracy of the structural data resulting
from Rietveld refinement, which, as a rule, follows a struc-
ture solution step. If the information content of a powder
pattern is insufficient and we are, in spite of this fact still in-
terested in accurate structure, it is time to turn out our atten-
tion to other methods of refinement. Basically, there are
two possible routes. The first one in fact just modifies stan-
dard Rietveld method by introducing various improve-
ments (and also “improvements”), which in many cases
just mercifully mask the main drawback of the method, a
low number of accurate structure factors confronted to a
large number of refined atomic parameters.

Rietveld refinement relies on the idea that the parame-
ters of a (probability) function approximating diffraction
profiles can be refined by a non-linear weighted least-
squares procedure simultaneously with the atomic parame-
ters. Due to the surviving and perhaps unsolvable problems
with accurate description of powder diffraction profiles
and in particular with a small number of structure factors
compared to the number of refined atomic parameters, the
accuracy of the resulting structures is, more often than not,
well-below to that typical for the current single crystal
standards. Although several modifications of this proce-
dure have been already proposed - restrained or rigid body

refinements, (e.g. [1-2] just among the others) the crucial
problem, i.e. low number of inaccurate structure factors re-
mains. As a result, accuracy of the structural parameters
obtained in any powder refinement is lower than (or at
maximum identical to) accuracy of a single crystal refine-
ment based on the same numbers of independently col-
lected structure factors and refined parameters.
Unfortunately, in a common practice the latter case is the
ideal point hardly reachable, as the accuracy of structure
factors from a powder pattern is always noticeably lower,
especially due to overlap of the individual diffractions
caused by collapse of 3D diffraction pattern to 1D, not to
speak of various sample effects.

The second approach, on the other hand, totally aban-
dons the idea of repairing of irreparable and benefits from
symbiosis of powder diffraction with theoretical calcula-
tions, in this case with structure optimization by energy
minimization in the solid state. If we restrict ourselves only
to the solid-state DFT methods we realize, that the size of
problems tractable by a laboratory computer nowadays
reaches thousands of atoms per unit cell, of course in de-
pendence on the level of approximations used by the com-
putational method. This number largely exceeds all widely
accepted limits for powder refinements, which frequently
fail in providing accurate results even for the structures
containing much, much smaller numbers of atoms. More-
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over, since theoretical calculations are frequently done in
the P1 space group, simultaneous optimization of the ge-
ometries of possibly symmetrically equivalent units within
a unit cell provides a good measure of internal consistency
of structure optimization and/or solution. The main “crys-
tallographic” advantage of this approach is that all the at-
oms in a structure are treated on equal footing, i.e. not
weighted by their scattering abilities. For organic struc-
tures (in fact, not only for them) this approach provides di-
rect access to accurate geometry of hydrogen bonds, whose
knowledge is in good deal of cases essential for under-
standing of physicochemical properties of a compound.
Secondly, several “well-known” shapes or fragments (mol-
ecules or polyhedrons in inorganic structures) are further
optimized under the constraints imposed by a crystal field.
Last but not least, by exploiting the resulting wavefunction
several interesting quantities like electronic or vibrational
densities of states, distribution of the electron density in a
crystal, stress tensors, etc., are easily accessible. The ap-
proach to handling of the lattice parameters is twofold. Ei-
ther they are refined in advance from powder diffraction
data and then kept fixed in the course of optimization of the
atomic coordinates, or their values are optimized along
with the atomic coordinates. Validity of both these ap-
proaches has been a subject of irrational and useless discus-
sions with many pros and cons. In short, the main argument
of the pros group is that without optimization of the cell pa-
rameters “the optimized structure is not in the minimum”
(...of total energy), while the cons group proclaims that ac-
curacy of the lattice parameters obtained from a crystallo-
graphic experiment is as a rule much higher than that of
those obtained by energy minimization and there is hence
no need to make it worse. (The author of this contribution
pragmatically agrees with both these groups knowing that
one should always use the optimal method ... .)

Such a combined approach to powder structure solution
and refinement was to our best knowledge pioneered by
Dinnebier with co-workers [3] in their study of a rigid
ferrocene-based macrocycle, C4sH44BsFe;NgO,, crystalliz-
ing in a relatively large monoclinic (C2/c) cell (V'=4152.8
A%). The initial structure models were generated by Monte
Carlo method using the synchrotron data and the atomic
coordinates were subsequently refined by energy
minimization in the solid state. Refined structures were put
to Rietveld refinement and the profile parameters were im-
proved, while keeping the atomic coordinates fixed. The
study was soon followed by the structure solution com-
bined with the refinement by crystal energy minimization
of the red polymorph of tetrahexylsexitiophene [4]. The
powder pattern was collected with a laboratory
diffractometer and the structure solved by Monte Carlo
technique. Nearly identical solution in the space groups
C2/m, C2 and P-1 were found, of which the first was at last
chosen.

Since then, two different attitudes to co-existence of
classic Rietveld refinement and refinement by total energy
minimization have developed. The first and (unfortunately
...) the more frequently used, gives more weight to stan-
dard Rietveld refinement and uses theoretical calculation
only to refine positions of hydrogen atoms (if any) and/or
for “validation” of a refined structure (see for example

[8-13]). Regrettably, in many cases “validation” means
that the authors just try to convince themselves that their
Rietveld effort was not a pure waste of time. The second
approach, on the contrary, is based on the presumption that
it is unlikely that Rietveld refinement with all atoms re-
laxed can provide sufficiently accurate structural data for
the structures built from more than few atoms. Rietveld re-
finement is therefore used only for estimation of isotropic
displacement parameters (required by many journals as if
they could have any reasonable meaning, neutron TOF data
being an exception) and/or of selected profile parameters,
like preferred orientation correction. Like the first ap-
proach, also the second has been successfully applied to
both organic, metal-organic and inorganic compounds [ 14,
15-23]. Note, however, that the lists of the papers belong-

ing to any of these groups are not claimed to be complete
and the author apologizes for unavoidable omissions.

The requirements for successful application of energy
minimization in structure refinement are however stricter
than those typical for standard Rietveld refinement. First of
all, the model must be complete, i.e. no dangling bonds re-
sulting from intentional or accidental omission of atoms are
allowed. Partial occupancies of atomic positions are not
possible and must be modeled by a supercell simulating
distribution of atoms or vacancies. A good beginner’s
guide to the art of solid state calculations is provided in the
review paper by Gillan [24] or Hafner [25].
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EXTENDING THE SAXS CAPABILITIES OF THE MULTI-PURPOSE EMPYREAN X-RAY
DIFFRACTION PLATFORM
Stjepan Prugovecki, Jan Gertenbach and Joerg Bolze
PANalytical B.V., Almelo, The Netherlands

Ever increasing demands are being made of standard X-ray
diffraction platforms for the analysis of materials, particu-
larly those that are not suitable for analysis by traditional
Bragg diffraction. However with increased detector size
and sensitivity and improved other components the capa-
bilities of the Empyrean multi-purpose diffraction system
has been extended to allow scattering measurements. The
new ScatterX78 SAXS/WAXS sample platform was re-
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cently added to the Empyrean diffraction system, enabling
fast SAXS and WAXS measurements of highly diluted
samples as well as measurements of weekly scattering ma-
terials under the vacuum. Combined with PIXcel3D 2x2
detector, the Empyrean system allows rapid collection of
high quality 2D SAXS data. The data collected from vari-
ous materials will be shown and discussed.

CRYSTALLOGRAPHIC STUDY OF THE TERNARY SYSTEM PD-AG-TE
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During the experimental study of phase relations on the
Pd-Ag-Te system, the synthetic analogues of the mineral
sopcheite Ag,Pd;Te, and a new phase Ag,Pd;sTey (also
termed as PdgAgTe,) were synthesised and structurally
characterized. The mineral sopcheite was found in the
Cu-Ni sulphide ores of the Sopcha massif, Kola peninsula,
Russia by [1], where it occurs as veins with size not ex-
ceeding of 0.02 mm included in chalcopyrite. The
Ag,Pd;sTey phase was described as small anhedral grains
(<0.1 mm) by [2] from the Nadezhda deposit in Karelia,
Russia. In order to understand the behaviour of these
phases in the natural conditions and to clarify mechanisms
of various chemical substitutions, the crystal structures of
both phases have been determined.

Because of extremely low amount of natural samples
and difficulties connected with their isolation, both phases

were synthesized from elements by conventional
solid-state reactions. Stoichiometric amounts of individual
elements were sealed in silica glass tubes and resultant
mixtures were heated at 350°C. After long-term annealing,
the samples were quenched in a cold-water bath. The crys-
tal structure of synthetic analogue of sopcheite AgsPd;Te,
was solved from single-crystal X-ray diffraction data,
whereas structure of Ag,Pd;4sTey was solved from powder
X-ray diffraction data.

AgPd;Tey: Space group Cmca, a=12.22 A, b=6.14
A,c=1223 A, V=918 A’ and Z = 4. In the layered struc-
ture of Ag,Pd;Te,, the Pd atoms show a square planar coor-
dination by the four Te atoms. The [PdTe4] squares share
two opposite Te-Te edges with adjacent [PdTe,4] squares
forming layers parallel to (100). In addition, each Pd atom
has four short contacts with the Ag atoms. The layers of
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