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Use of Computational Methods for Study of Structure
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Poèítaèové simulace v pevných látkách dosahují v
posledních letech velký rozmach. Jejich aplikace
umož òuje dobrou pomoc pøi øešení struktury pevných látek 
v pøípadech, kdy nejsou k dispozici dostateènì dobrá
difrakèní data. Podíváme se na dva pøístupy: i) èasovì
nároènìjší výpoèty s využitím ab-in itio DFT (Den sity
Func tion The ory), ii) rychlejší výpoèty s využitím
molekulové mechaniky. 

DFT

Základním kamenem pro teorii DFT je teorém Hohen -
bergera a Kohna [1], pozdìji zobecnìný Levym [2], který
tvrdí, že všechny vlastnosti v základním stavu jsou

funkcionálem nábojové hustoty r. Konkrétnì energie
mùže být napsána jako:

E T U Et xc[ ] [ ] [ ] [ ]r r r r= + +  (1)

kde T[r] je kinetická energie systému neinteragujících

èástic s hustotou r, U[r] je klasická elektrostatická energie

Coulombových interakcí a Exc[r] zahrnuje všechny
mnohoèásticové pøíspìvky k totální energii (výmìnou a
korelaèní energii). Pro vyjádøení posledního èlenu,
použijeme tzv. Lo cal Den sity Aproximacion (LDA), která
je založena na známé Exc pro jednoelektronový plyn [3].
LDA pøedpokládá, že nábojová hustota se na atomové
úrovni jen pozvolna mìní. 

Pomocí DFT lze vypoèítat øadu vlastností pevných
látek, pro nás nejzajímavìjší jsou parametry základní
buòky a souøadnice atomù. Na rozdíl od difrakce není
možné uvažovat èásteèné zastoupení dané pozice atomem.
Atom buï na dané pozici je nebo není. Pro popsání
substituèních pozic èi vakancí je nutné pøíslušnì zvìtšit
základní buòku. Další nevýhodou je že se poèítá tzv.
základní stav tedy pozice a møížka odpovídající 0° K. Pøes
tyto nevýhody dosahuje pøesnost výpoètù v porovnání s
experimentálními hodnotami shody nìkolika málo procent. 

Molekulová dynamika
Na rozdíl od DFT, která vychází z kvantové teorie,
vycházejí modely molekulové mechaniky z klasické
fyziky. Vzájemné pùsobení atomù je popsáno pomocí
silových konstant. Celková potenciální energie systému je
vyjádøena jako souèet vazebných a nevazebných interakcí,
jejich funkce a parametry jsou shrnuty v takzvaném
silovém poli (forcefield). Parametry silových polí lze
získat buï výpoètem pomocí kvantové mechaniky èi

porovnáním výsledkù z experimentálních hodnot
(difrakce, NMR, rotaèní a vibraèní spektroskopie, elastické 
konstanty,…). Tento jednodušší formalizmus umožòuje
øešit podstatnì vìtší problémy, už se nemusíme omezovat
na jednotky èi desítky atomù, ale jdou øešit problematiky
obsahující stovky èi tisíce atomù. Vhodný náhled do dané
problematiky lze nalézt zde [4].
Unikátní spojení molekulové mechaniky a difrakce je
zavedení faktoru shody Rcomb kombinující difrakèní (napø.
Rwp) a energetický faktor RE. 

R w R wRcomb wp E= - +( )1  (2)

Optimální hodnotu váhového faktoru w je pak možné volit
na základì tzv. Pareto optimalizace, kde se napoètou a
porovnají hodnoty parametrù shody. Na osu x se obvykle
vynáší Rwp faktor, který ukazuje shodu s difrakèními daty a
na osu y hodota E – Emin, viz obr, 1.

V pøednášce budou pøedvedeny konkrétní výpoèty v
programovém balíku Ma te rial Stu dio [5] s využitím
modulù Castep (DFT), Forcite (molekulová mechanika) a
Re flex (prášková difrakce). Poslední zde uvedený modul
umožòuje navíc kombinovat právì prášková rentgenová
difrakèní data spolu s výpoèty pomocí molekulové
mechaniky. 
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A re stricted amount of struc tural in for ma tion extractable
from X-ray or CW neu tron  pow der dif frac tion pat terns se -
ri ously lim its the ac cu racy of the struc tural data re sult ing
from Rietveld re fine ment, which, as a rule, fol lows a struc -
ture so lu tion step. If the in for ma tion con tent of a pow der
pat tern is in suf fi cient and we are, in spite of this fact still in -
ter ested in ac cu rate struc ture, it is time to turn out our at ten -
tion to other meth ods of re fine ment. Ba si cally, there are
two pos si ble routes. The first one in fact just mod i fies stan -
dard Rietveld method by in tro duc ing var i ous im prove -
ments (and also “im prove ments”), which in many cases
just mer ci fully mask the main draw back of the method, a
low num ber of ac cu rate struc ture fac tors con fronted to a
large num ber of re fined atomic pa ram e ters. 

Rietveld re fine ment re lies on the idea that the pa ram e -
ters of a (prob a bil ity) func tion ap prox i mat ing dif frac tion
pro files can be re fined by a non-lin ear weighted least-
 squares pro ce dure si mul ta neously with the atomic pa ram e -
ters. Due to the sur viv ing and per haps un solv able prob lems 
with ac cu rate de scrip tion of pow der dif frac tion pro files
and in par tic u lar with a small num ber of struc ture fac tors
com pared to the num ber of re fined atomic pa ram e ters, the
ac cu racy of the re sult ing struc tures is, more of ten than not,
well-be low to that typ i cal for the cur rent sin gle crys tal
stan dards. Al though sev eral mod i fi ca tions of this pro ce -
dure have been al ready pro posed - re strained or rigid body

re fine ments, (e.g. [1-2] just among the oth ers) the cru cial
prob lem, i.e. low num ber of in ac cu rate struc ture fac tors re -
mains. As a re sult, ac cu racy of the struc tural pa ram e ters
ob tained in any pow der re fine ment is lower than (or at
max i mum iden ti cal to) ac cu racy of a sin gle crys tal re fine -
ment based on the same num bers of in de pend ently col -
lected struc ture fac tors and re fined pa ram e ters.
Un for tu nately, in a com mon prac tice the lat ter case is the
ideal point hardly reach able, as the ac cu racy of struc ture
fac tors from a pow der pat tern is al ways no tice ably lower,
es pe cially due to over lap of the in di vid ual dif frac tions
caused by col lapse of 3D dif frac tion pat tern to 1D, not to
speak of var i ous sam ple ef fects. 

The sec ond ap proach, on the other hand, to tally aban -
dons the idea of re pair ing of ir rep a ra ble and ben e fits from
sym bi o sis of pow der dif frac tion with the o ret i cal cal cu la -
tions, in this case with struc ture op ti mi za tion by en ergy
minimization in the solid state. If we  re strict our selves only 
to the solid-state DFT meth ods we re al ize, that the size of
prob lems trac ta ble by a lab o ra tory com puter now a days
reaches thou sands of at oms per unit cell, of course in de -
pend ence  on the level of ap prox i ma tions used by the com -
pu ta tional method. This num ber largely ex ceeds all widely
ac cepted lim its for pow der re fine ments, which fre quently
fail in pro vid ing ac cu rate re sults even for the struc tures
con tain ing much, much smaller num bers of at oms. More -

Obrázek 1. Pareto optimalizace umožòuje vybrat optimální váhový faktor mezi energetickým a difrakèním pøíspìvkem

do spoleèného faktoru shody Rcomb. Jednotlivé body v tomto konkrétním grafu odpovídají z leva doprava postupnému
nárùstu váhového faktoru w. 



over, since the o ret i cal cal cu la tions are fre quently done in
the P1 space group, si mul ta neous op ti mi za tion of the ge -
om e tries of pos si bly sym met ri cally equiv a lent units within
a unit cell pro vides a good mea sure of in ter nal con sis tency
of struc ture op ti mi za tion and/or so lu tion. The main “crys -
tal lo graphic” ad van tage of this ap proach is that all the at -
oms in a struc ture are treated on equal foot ing, i.e. not
weighted by their scat ter ing abil i ties. For or ganic struc -
tures (in fact, not only for them) this ap proach pro vides di -
rect ac cess to ac cu rate ge om e try of hy dro gen bonds, whose 
knowl edge is in good deal of cases es sen tial for un der -
stand ing of physicochemical prop er ties of a com pound.
Sec ondly, sev eral “well-known” shapes or frag ments (mol -
e cules or poly he drons in in or ganic struc tures) are fur ther
op ti mized un der the con straints im posed by a crys tal field.
Last but not least, by ex ploit ing the re sult ing wavefunction
sev eral in ter est ing quan ti ties like elec tronic or vi bra tional
den si ties of states, dis tri bu tion of the elec tron den sity in a
crys tal, stress ten sors, etc., are eas ily ac ces si ble. The ap -
proach to han dling of the lat tice pa ram e ters is two fold. Ei -
ther they are re fined in ad vance from pow der dif frac tion
data and then kept fixed in the course of op ti mi za tion of the
atomic co or di nates, or their val ues are op ti mized along
with the atomic co or di nates. Va lid ity of both these ap -
proaches has been a sub ject of ir ra tio nal and use less dis cus -
sions with many pros and cons. In short, the main ar gu ment 
of the pros group is that with out op ti mi za tion of the cell pa -
ram e ters “the op ti mized struc ture is not in the min i mum”
(...of to tal en ergy), while the cons group pro claims that ac -
cu racy of the lat tice pa ram e ters ob tained from a crys tal lo -
graphic ex per i ment is as a rule much higher  than that of
those ob tained by en ergy minimization and there is hence
no need to make it worse. (The au thor of this con tri bu tion
prag mat i cally agrees with both these groups know ing that
one should al ways use the op ti mal method … .)

Such a com bined ap proach to pow der struc ture so lu tion 
and re fine ment was to our best knowl edge pi o neered by
Dinnebier with co-work ers [3]  in their study of a rigid
ferrocene-based macrocycle, C48H44B4Fe2N8O4, crys tal liz -
ing in a rel a tively large monoclinic (C2/c) cell (V = 4152.8
C3). The ini tial struc ture mod els were gen er ated by Monte
Carlo method us ing the syn chro tron data and the atomic
co or di nates were sub se quently re fined by en ergy
minimization in the solid state. Re fined struc tures were put
to Rietveld re fine ment and the pro file pa ram e ters were im -
proved, while keep ing the atomic co or di nates fixed. The
study was soon fol lowed by the struc ture so lu tion com -
bined with the re fine ment by crys tal en ergy minimization
of the red polymorph of tetrahexylsexitiophene [4]. The
pow der pat tern was col lected with a lab o ra tory
diffractometer and the struc ture solved by Monte Carlo
tech nique. Nearly iden ti cal so lu tion in the space groups
C2/m, C2 and P-1 were found, of which the first was at last
cho sen.

Since then, two dif fer ent at ti tudes to co-ex is tence of 
clas sic Rietveld re fine ment and re fine ment by to tal en ergy
minimization have de vel oped. The first and (un for tu nately
…) the more fre quently used, gives more weight to  stan -
dard Rietveld re fine ment and uses the o ret i cal cal cu la tion
only to re fine po si tions of hy dro gen at oms (if any) and/or
for “val i da tion” of a re fined struc ture (see for ex am ple

[8-13]).  Re gret ta bly, in many cases “val i da tion” means
that the au thors just try to con vince them selves that their
Rietveld ef fort was not a pure waste of time. The sec ond
ap proach, on the con trary, is based on the pre sump tion that
it is un likely that Rietveld re fine ment with all at oms re -
laxed can pro vide suf fi ciently ac cu rate struc tural data for
the struc tures built from more than few at oms. Rietveld re -
fine ment is there fore used only for es ti ma tion of iso tro pic
dis place ment pa ram e ters (re quired by many jour nals as if
they could have any rea son able mean ing, neu tron TOF data 
be ing an ex cep tion) and/or of se lected pro file pa ram e ters,
like pre ferred ori en ta tion cor rec tion. Like the first ap -
proach, also the sec ond has been suc cess fully ap plied to
both or ganic, metal-or ganic  and in or ganic com pounds [14, 
15-23]. Note, how ever, that the lists of the pa pers be long -

ing to any of these groups are not claimed to be com plete
and the au thor apol o gizes for un avoid able omis sions.

The re quire ments for suc cess ful ap pli ca tion of en ergy
minimization in struc ture re fine ment are how ever stricter
than those typ i cal for stan dard Rietveld re fine ment. First of 
all, the model must be com plete, i.e. no dan gling bonds re -
sult ing from in ten tional or ac ci den tal omis sion of at oms are 
al lowed. Par tial oc cu pan cies of atomic po si tions are not
pos si ble and must be mod eled by a supercell sim u lat ing
dis tri bu tion of at oms or va can cies. A good be gin ner’s
guide to the art of solid state cal cu la tions is pro vided in the
re view pa per by Gillan [24] or Hafner [25]. 
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Ever in creas ing de mands are be ing made of stan dard X-ray 
dif frac tion plat forms for the anal y sis of ma te ri als, par tic u -
larly those that are not suit able for anal y sis by tra di tional
Bragg dif frac tion.  How ever with in creased de tec tor size
and sen si tiv ity and im proved other com po nents the ca pa -
bil i ties of the Em py rean multi-pur pose dif frac tion sys tem
has been ex tended to al low scat ter ing mea sure ments. The
new ScatterX78 SAXS/WAXS sam ple plat form was re -

cently added to the Em py rean dif frac tion sys tem, en abling
fast SAXS and WAXS mea sure ments of highly di luted
sam ples  as well as mea sure ments of  weekly scat ter ing ma -
te ri als un der the vac uum.  Com bined with PIXcel3D 2x2
de tec tor, the Em py rean sys tem al lows rapid col lec tion  of
high qual ity 2D SAXS data. The data col lected from var i -
ous ma te ri als will be shown and dis cussed.
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Dur ing the ex per i men tal study of phase re la tions on the
Pd-Ag-Te sys tem, the syn thetic an a logues of the min eral
sopcheite Ag4Pd3Te4 and a new phase Ag2Pd14Te9 (also
termed as Pd6AgTe4) were syn the sised and struc tur ally
char ac ter ized. The min eral sopcheite was found in the
Cu-Ni sul phide ores of the Sopcha mas sif, Kola pen in sula,
Rus sia by [1], where it oc curs as veins with size not ex -
ceed ing of 0.02 mm in cluded in chal co py rite. The
Ag2Pd14Te9 phase was de scribed as small anhedral grains
(<0.1 mm) by [2] from the Nadezhda de posit in Karelia,
Rus sia. In or der to un der stand the be hav iour of these
phases in the nat u ral con di tions and to clar ify mech a nisms
of var i ous chem i cal sub sti tu tions, the crys tal struc tures of
both phases have been de ter mined. 

 Be cause of ex tremely low amount of nat u ral sam ples
and dif fi cul ties con nected with their iso la tion, both phases

were syn the sized from el e ments by con ven tional
solid-state re ac tions. Stoichiometric amounts of in di vid ual
el e ments were sealed in sil ica glass tubes and re sul tant
mix tures were heated at 350°C. Af ter long-term an neal ing,
the sam ples were quenched in a cold-wa ter bath. The crys -
tal struc ture of syn thetic an a logue of sopcheite Ag4Pd3Te4

was solved from sin gle-crys tal X-ray dif frac tion data,
whereas struc ture of Ag2Pd14Te9 was solved from pow der
X-ray dif frac tion data. 

Ag4Pd3Te4: Space group Cmca, a = 12.22 C, b = 6.14
C, c = 12.23 C, V = 918 C3 and Z = 4. In the lay ered struc -
ture of Ag4Pd3Te4, the Pd at oms show a square pla nar co or -
di na tion by the four Te at oms. The [PdTe4] squares share
two op po site Te-Te edges with ad ja cent [PdTe4] squares
form ing lay ers par al lel to (100). In ad di tion, each Pd atom
has four short con tacts with the Ag at oms. The lay ers of


