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Hexagonální LuFeO3 je typickým pøíkladem multi feroic -
kého oxidu, který vykazuje ferroelektrické a magnetické
uspoøádání pøi pokojové teplotì. Tenké vrstvy multi -
feroických oxidù se pøipravují pulsní laserovou depozicí
(PLD). Ve srovnání s molekulární ep i taxy (MBE)
pøedstavuje metoda PLD vysoce nerovnovážný proces, a
pøesto umožòuje získat tenké epitaxní vrstvy s hladkým
povrchem, jejichž strukturní kvalita se blíží vrstvám
získaným metodou MBE. Tento experimentální fakt není
dosud úplnì objasnìn a metoda PLD proto vyžaduje další
zkoumání.

Pøedkládaný referát popisuje výsledky mìøení rtg
rozptylu (rtg difrakce, metoda GISAXS a rtg relexe) bìhem 
PLD depozice vrstev LuFeO3 na rùzných substrátech
(safír, safír/Pt, YSZ). Mìøení bylo provedeno v PLD
rùstové komoøe umístìné na NANObeamline synchrotronu 
KARA (KIT Karlsruhe). 

Elementární buòka hexagonálního LuFeO3 je
centrovaná, a tedy difrakce 000L (L je liché) je zakázaná.

Toto extinkèní pravidlo platí v bulkových vzorcích;
v tenkých vrstvách je splnìno, pokud vrstva obsahuje sudý
poèet monomolekulárních vrstev. Mìøení èasového vývoje 
intenzity takové zakázané difrakce (0003 v našem pøípadì)
je proto dùležité pro sledování kinetiky rùstu vrstvy.
Obrázek 1 ukazuje pøíklad experimentálních dat a jejich fit
fenomenologickým rùstovým modelem.

Pro analýzu namìøených dat jsme vyvinuli kvazi-
 fenomenologický rùstový model založený na numeric kém
øešení stochastických rovnic rùstu. Výsledkem simulací je
èasová závislost pokrytí jednotlivých monomolekulárních
vrstev. Tato závislost vykazuje škálovací exponenty,
jejichž hodnoty jsou charakteristické pro pøevažující
atomis tické procesy na povrchu (nukleace zárodkù,
desorpce molekul z povrchu, pøipojení molekul k mono -
molekulárním schodkùm). Srovnáním s experimen tálními
daty získanými pro rùzné kmitoèty zábleskù rùstového
laseru a rùzné teploty substrátu jsme sledovali závislosti
tìchto atomistických procesù na parametrech depozice.
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Obrázek 1. (a) Èasový vývoj intenzity zakázané difrakce 0003 bìhem PLD rùstu, parametr køivek je kmitoèet laserových zábleskù
v Hz. Teèky jsou namìøená data, barevné køivky jsou výsledky fitu rùstovým modelem. (b) Šíøky èasových profilù pokrytí jednotlivých
monovrstev.
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Most stan dard struc tures can be solved us ing “mod ern pro -
grams for so lu tion and re fine ment of crys tal struc tures” in
min utes with out un der stand ing what the pro grams do.
There fore, one may get the im pres sion that struc tural crys -
tal log ra phy is a closed field and that the crys tal log ra phers
in volved in the meth ods have long since done their job. The 
crys tal log ra pher’s task is to mea sure and iden tify struc tures 
with au to matic tools, check the chem is try, pre pare fig ures,
de scribe weak in ter ac tions and ex plain or avoid PLATON
alerts. 

From time to time, how ever, prob lems do oc cur, and
stan dard pro grams fail. Apart from poor data and very
large struc tures, the most com mon cause of such fail ures is
that the struc ture is mod u lated or the crys tal is af fected by
twinning. These can cre ate night mares for busy “struc tural
crys tal log ra phers”, who are ex pected to solve sev eral
struc tures daily and not waste time with one struc ture many 
days. How, then, ex plain to the chem ists who pre pared the
crys tal that their crys tal is not stan dard? 

While crys tals af fected by twinning re quire solv ing a
geo met ric puz zle about how the crys tal do mains co ex ist in
bulk, mod u la tions in a crys tal im ply a fun da men tal change
in the un der stand ing of crys tal sym me try. The dif frac tion
pat tern of mod u lated struc tures dif fers sig nif i cantly from
that of unmodulated struc tures. For stan dard struc tures, all
dif frac tion spots can be in dexed us ing three re cip ro cal lat -
tice vec tors. Mod u la tion in the crys tal cre ates ad di tional
sat el lite spots. So-called mod u la tion vec tors must be in tro -
duced to in dex them. Then each dif frac tion spot is de -
scribed by (3+d) dif frac tion in di ces. This im plies that the
translational sym me try of the crys tal is bro ken, how ever,
reg u larly. 

Sat el lite dif frac tion spots are usu ally much less in tense,
and their pos si ble neglection leads to an av er age struc ture,
which in many cases suf fi ciently proves the chem i cal struc -
ture of the sub stance un der study. On the other hand, there
are also cases when mod u la tions fun da men tally af fect the
phys i cal prop er ties. Then, the in for ma tion about the ac tual
struc ture and its change with tem per a ture, pres sure, or de -
tailed com po si tion is es sen tial, and the com plete so lu tion
of modulated structure cannot be avoided.

Mea sure ment, solv ing and re fin ing mod u lated struc -
tures are anal o gous to pro ce dures known for or di nary
struc tures. Most mod ern diffractometers al low mul ti ple in -
di ces when in te grat ing dif frac tion spot in ten si ties. Since
the be gin ning of the 1980s, the pos si bil ity of re fin ing mod -
u lated struc tures based on the use of the superspace ap -
proach [2] has grad u ally been in cluded in some pro grams
(REMOS [3], MSR [4], JANA [5]). The pro gram Superflip 
[6], de vel oped much later, al lows for the di rect so lu tion of
mod u lated struc tures with out the in ter me di ate step of solv -
ing the av er age struc ture. All steps of struc tural anal y sis are 
in cluded in Jana2006 [7] or Jana2020 [8] pro gram sys tems, 
which try to be user-friendly and reach the sit u a tion de -
scribed at the be gin ning of this con tri bu tion as “the crys tal -
log ra phers in volved in the meth ods have long since done
their job”. Still, a much deeper knowl edge of the fun da -
men tals of mod ern struc tural crys tal log ra phy is re quired to
un der stand the meaningfulness of re sults and their in ter -
pre ta tion. 

In a twinned crys tal, each in de pend ently dif fract ing
part pro vides the same dif frac tion pat tern, the po si tion of
which is de ter mined by the re spec tive twinning op er a tions.
In gen eral, this means that 3n re cip ro cal vec tors must be
used to de scribe the dif frac tion im age of a twin con sist ing
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Fig ure 1. Sim u lated dif frac tion pat tern of Na2CO3 [1]. The main
re flec tions are red, and the sat el lites are blue.



of n in de pend ent do mains. How ever, these vec tors need
not be in te ger in de pend ent, which al lows us to dis tin guish
two ex treme cases, the fully over lapped and the fully sep a -
rated twins. The con di tion for full over laps means that all
twinning ma tri ces re pro duce the re cip ro cal lat tice; there -
fore, their el e ments are in te gers, and there are only three in -
te ger-in de pend ent vec tors.    

The ob served in ten sity of the dif frac tion spots is then
the sum of the in ten si ties of the in di vid ual domains 
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where  F is the struc ture fac tor, ni is the vol ume frac tion of
the ith twin do main and  F2  is a square of the re sult ing struc -
ture fac tor re lated to the mea sured in ten si ties.

The above-men tioned con di tion for com plete over lap
of dif frac tion spots of in di vid ual do mains in duces the re la -
tion be tween the lat tice and struc ture point groups. The lat -
ter must be a sub group of the for mer. The cases with full
over laps are clas si fied as sygnonic and met ric merohedry.
De ter min ing the point and space group by di rectly ana lys -
ing the mea sured in ten si ties is dif fi cult [9]. In deed, in the
case where the do mains are uni formly oc cu pied, the ap par -
ent point group is iden ti cal to the lat tice point group. For
non-uni formly oc cu pied do mains, the ap par ent point group 
is lower than the lat tice point group but not nec es sar ily
equal to the point group of the crys tal struc ture. On the
other hand, in these cases, there is no prob lem in de ter min -
ing the unit cell.

How ever, in cases where the num ber of in te ger-in de -
pend ent vec tors is lower than for com pletely sep a rated do -
mains but higher than for com pletely over lapped do mains,
there is also a prob lem in de ter min ing the proper unit cell of 
the crys tal un der study. The twinning ma tri ces are com -
posed of ra tio nal num bers, and such twinning is called
reticular merohedry. Two cases are pre sented in fig 2 and 3. 
No prob lem can be de tected in the first, while in the sec ond, 
it is ev i dent that the small est pos si ble cell in the re cip ro cal
space is not the cor rect choice.

Most con clu sions re sult ing from the anal y sis of the
mea sured data for twins are more like warn ings of po ten tial 
is sues, and it is up to the user to de cide how to use such in -
for ma tion. The re cent ver sion of Jana2020 [8] in cludes
pro ce dures to iden tify prob lems that may arise when study -
ing mod u lated and twin-af fected crys tals. Dur ing the talk,
these tools will be pre sented as ex am ples.
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Fig ure 2. Orthorhombic unit cells in three twin do mains of
CsLiSO4. 

Fig ure 3. Dif frac tion pat tern of the six-fold twinned struc ture of

b-Ca11B2Si4O22 (lat tice sym me try 6/mmm, point group 2/m) pub -
lished in [10] . The first trip let (blue, green and red) shows the unit
cells of three twin do mains re lated by the three-fold axis. The sec -
ond trip let arises from the first one by ap ply ing one of the re main -
ing op er a tions of the orig i nal hex ag o nal lat tice point group.
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Flat hy brid pixel de tec tors pres ent the most com mon in -
stru ments for re cord ing pho ton counts in crys tal lo graphic
ex per i ments at ac cel er a tor-based light sources as well as in
X-ray lab o ra to ries. To op ti mize ef fi ciency of the de tec tion
pro cess the ra tio of de tec tor sen sor thick ness and pixel face
size is com monly set quite high. A nar row X-ray beam en -
ter ing such a de tec tor at an oblique an gle is ab sorbed in
mul ti ple con sec u tive pix els. This is caus ing an ef fec tive
shift of the de tected sig nal known as the “par al lax” ef fect.
The ab sorp tion of X-rays in the de tec tor sen sor is also more 
com plete. The lat ter is called an “oblique in ci dence ef fect”. 
These ef fects can cause a char ac ter is tic blur of dif frac tion
spots de pend ing on the de tec tor in ci dence an gle. Ap pro pri -
ate cor rec tions are well es tab lished in soft ware for sin gle
crys tal dif frac tion data pro cess ing [1] and known in soft -
ware for az i muthal in te gra tion of dif frac tion pat terns from
X-ray area de tec tors [2]. A frame work [3] was cre ated to
sim u late the par al lax and oblique in ci dence ef fects by
means of point spread func tion (PSF) us ing a sim ple
raytracing of the in ter ac tion of X-rays with the de tec tor and 
as sum ing a point X-ray source. The model can de scribe re -
al is tic de tec tor cases in clud ing gaps be tween de tec tor
submodules knows as “wide pix els” (Fig ure 1). De tec tor
PSF is rep re sented by a sparse ma trix and so the cal cu la tion 
of the blurred im age for any type of ideal sim u lated sig nal

is very ef fec tive. More com plex is the deconvolution of
known sim u lated PSF from a mea sured im ages that should
re sult in po si tion and in ten sity cor rected dif frac tion im ages 
and op ti mally also sharpen dif frac tion spots. Sev eral meth -
ods (Rich ard son-Lucy, Deep learn ing, and Di rect in ver -
sion) are pre sented and com pared. Their ap pli ca tions for
dif frac tion data pro cess ing are briefly dis cussed.
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Fig ure 1. De tec tor submodules are shown in the up per left part. “Wide-pix els” are vis i ble in the en larged im age area on the right.

https://xds.mr.mpg.de/html_doc/Release_Notes.html
https://pyfai.readthedocs.io/en/master/usage/tutorial/ThickDetector/deconvolution.html
https://pyfai.readthedocs.io/en/master/usage/tutorial/ThickDetector/deconvolution.html
https://github.com/maxiv-science/xtrace

