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X-RAY DIF FRAC TION STRUC TURAL BI OL OGY US ING SYN CHRO TRON RA DI A TION

Uwe Müller

Helmholtz-Zentrum Berlin für Materialien und Energie, Al bert-Ein stein-Str. 15, 12489-Berlin, Ger many

 Over the past de cades, X-ray dif frac tion of bi o log i cal sam -
ples, also called macromolecular crys tal log ra phy (MX) has 
been de vel oped to the most pow er ful method to gain in -
sights into the 3D struc tural space of bi o log i cal macro -
mole cules, like pro tein, pro tein-pro tein and other
com plexes.  One key for these ad vances is the use of highly

bril liant X-rays pro duced by elec tron stor age rings to in -
ves ti gate crys tals of large unit cells or mi crom e ter sized
crys tals.

Within this pre sen ta tion, an over view of this tech nique
and its cur rent ap pli ca tions are pro vided.
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A SHORT OVERVIEW OF TOMOGRAPHIC IMAGING CAPABILITIES AT
SYNCHROTRONS IN EUROPE AND ELSEWHERE 

R. Mokso

De part ment of Solid Me chan ics, Lund Uni ver sity, Ole Romers vag 1, Lund, Swe den

rajmund.mokso@maxiv.lu.se

Tomographic im ag ing aims to map the 3D elec tron den sity
in a non-de struc tive man ner. The method is rel e vant to
study ma te ri als of al most all types in clud ing bi o log i cal sys -
tems. State-of-the-art X-ray im ag ing in stru ments are used
to cre ate vir tual rep re sen ta tions of ma te ri als down to tens
of nano metre spa tial res o lu tion. Per haps the big gest as set
of syn chro tron im ag ing in stru ments is their ex cel lent tem -
po ral res o lu tion at this length scale [1]. The lim its in the
tem po ral do main are mainly set by the de tec tor and the me -

chan ics. For the spa tial res o lu tion the big gest con cern is the 
ra di a tion dose re sult ing from the in ter ac tion of X-ray ra di a -
tion with the stud ied mat ter. I will give an over view of re -
cent achieve ments in mi cro- and nano-scale tomographic
im ag ing with em pha sis on the spe cific ca pa bil i ties of im ag -
ing beamlines in Eu rope.  

1. R.Mokso, F. Marone, S. Irvine, M. Nyvlt, D. Schwyn, 
K.  Mader, G. Tay lor, H. Krapp, M. Skeren, 
M. Stampanoni., J. Phys ics D., 46, (2013), 494004.
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APPLICATION OF PAIR DISTRIBUTION FUNCTION FOR STUDY OF
HIGHLY-DISOREDRED COMPOUNDS

Jozef Bednarèík

P.J. Šafárik Uni ver sity in Košice, In sti tute of Phys ics.,Park Angelinum 9, 041 54 Košice, Slovakia
jozef.bednarcik@upjs.sk

Com pared with crys tal line coun ter parts, me tal lic glasses
(MGs) have some su pe rior prop er ties, such as high yield
strength, hard ness, large elas tic limit, high frac ture tough -
ness and cor ro sion re sis tance, and hence are con sid ered as
prom is ing en gi neer ing ma te ri als. Fe- and Co-based amor -
phous al loys have been the sub ject of con sid er able re search 
in ter est and ac tiv i ties for the last de cades due to ap pli ca -
tions re lated to their out stand ing soft mag netic prop er ties.
Struc tur ally, me tal lic glasses can be clas si fied as dis or -
dered ma te ri als. X-ray dif frac tion (XRD) us ing high-en -
ergy pho tons has proven to be well suited for de scrib ing the 
struc ture of highly dis or dered sys tems such as MGs.

Time-re solved in situ XRD ex per i ments may now a days be
per formed at high-bril liance syn chro tron ra di a tion sources
for a va ri ety of con di tions which help to elu ci date the struc -
ture–prop erty re la tions. 

In this con tri bu tion struc tural changes oc cur ring in an
Fe72.5Cu1Nb2Mo2Si15.5B7 al loy dur ing a com bi na tion of
con stant rate heat ing (20 K/min) and iso ther mal hold ing at

500 and 520 °C will be in ves ti gated us ing in situ high-en -
ergy X-ray dif frac tion. It was found that the fer ro mag -
netic-to-para mag netic tran si tion of the amor phous phase is
re vealed as a change in the slope of the ther mal ex pan sion
curve when heat ing a sam ple at a con stant rate up to 520
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°C. Real space anal y sis by means of the atomic pair dis tri -
bu tion func tion (PDF) dem on strated that the rate and ex -
tent of the ther mal ex pan sion strongly de pend on the
in ter atomic sep a ra tion. The PDF proved to be a re li able
method for the de scrip tion of crys tal li za tion ki net ics. Fur -
ther it al lows de ter mi na tion of sizes of ultrafine nano -
crystals with grain sizes well be low 8 nm and thus makes

ob ser va tion of early stages of nanocrystallization pos si ble.
This con tri bu tion pres ents re sults show ing how pair dis tri -
bu tion func tion can be suc cess fully used for track ing the
fer ro mag netic-to-para mag netic tran si tion of amor phous
phase in the vi cin ity of the Cu rie point.
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IN-SITU X-RAY SCATTERING STUDY OF PULSED-LASER DEPOSITION OF
LuFeO3/Pt SYSTEMS
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Growth of multiferroic epitaxial lay ers of hex ag o nal
LuFeO3 has been stud ied by X-ray scat ter ing in-situ dur ing
pulsed-la ser de po si tion (PLD). For this pur pose we used a
unique PLD cham ber at tached to the NANO-beamline of
the In sti tute of Pho ton Sci ence and Syn chro tron Ra di a tion
(IPS) at tached to the KARA stor age ring (Karlsruhe, Ger -
many). The LuFeO3 lay ers have been de pos ited on sin -
gle-crys tal line sap phire sub strates, in some sam ples we
also de pos ited thin Pt interlayers prior to the LuFeO3

growth. In the first part of the talk I re port on graz ing-in ci -
dence small-an gle scat ter ing (GISAXS) mea sured in-situ
dur ing the Pt de po si tion. From the data we de ter mined the
Pt growth ki net ics, in par tic u lar we study the de pend ence
on the is land-to-layer per co la tion thresh old on the sub -
strate tem per a ture [1]. In the sec ond part I dis cuss the pa -
ram e ters of the LuFeO3 thin lay ers and their de vel op ment
dur ing de po si tion [2]. The lay ers are mo saic and we stud ied 
the an gu lar mo saic spread and mean size of the mo saic
blocks as func tions of the sub strate de po si tion tem per a ture
and of the Pt thick ness un der neath. The fi nal part of the talk 
is de voted to the study of growth os cil la tions dur ing the
LuFeO3 de po si tion; the os cil la tions were re corded by mea -

sur ing the time de pend ence of the in ten sity of the
quasi-for bid den re flex (0003) of LuFeO3. From the data we 
de ter mined the growth rate and the height of the
Ehrlich-Schwöbel dif fu sion bar rier as func tions of the la ser 
rep e ti tion fre quency [3].

1. V. Holý, S. Bauer, A. Rodrigues, L. Horák, X. Jin, R.
Schnei der, T. Baumbach, Phys. Rev. B 102 (2020)
125435.

2. S. Bauer, A. Rodrigues, L. Horák, X.W. Jin, R Schnei der,

T. Baumbach, V. Holý, Ma te ri als 13 (2020) 61. 

3. V. Holý, S. Bauer, A. Rodrigues, B. Nergis, L. Horák, R.
Schnei der, X. Jin, T. Baumbach, Ap plied Surf. Sci ence,

sub mit ted.

The work was sup ported by the Czech Sci ence Foun da tion
(pro ject No. 19-10799J) and by the pro ject NanoCent fi -
nanced by Eu ro pean Re gional De vel op ment Fund (ERDF,
pro ject No. CZ.02.1.01/0.0/0.0/15.003/0000485). The ad -
di tional fund ing by the Ger man Re search Foun da tion
within the frame work of the pro jects SCHN 669/11 and BA
1642/8-1 is grate fully ac knowl edged.
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FU TURE DATA ANAL Y SIS SER VICES AT EU RO PEAN AND NA TIONAL

PHOTON AND NEUTRON FA CIL I TIES

Z. Matìj, J. Brudvik, A. Salnikov

MAX IV Lab o ra tory, Lund Uni ver sity, Lund, Swe den

zdenek.matej@maxiv.lu.se

The most pow er ful X-ray la ser fa cil i ties as well as mul ti ple
4th gen er a tion syn chro tron light sources are in user op er a -
tion across the Eu rope. Prep a ra tion for the Eu ro pean
spallation source is ramping up, more pho ton and neu tron

(PaN) fa cil i ties are plan ning up grades. With the ex cel lent
bright ness, larger and faster de tec tors enor mous vol umes
of sci en tific data are pro duced. The va ri ety of ex per i ments
as well as PaN user com mu ni ties are broad en ing, pub lish -
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ing prac tices and ac a demic in sti tu tions re quire ments for
sci en tific data man age ment, in clud ing in ter est in
open-data, are in creas ing. In late 2018, within the Eu ro -
pean Open Sci ence Cloud (EOSC) ini tia tive, sev eral ma jor
Eu ro pean PaN fa cil i ties started a pro ject called
PaNOSC [1], which was com ple mented by Ex PaNDS [2]
pro ject at the na tional re search PaN in sti tutes a one year
later. Both pro jects aim for ex pand ing sci en tific data cat a -
logues and anal y sis ser vices in or der to make sci en tific data 
at PaN fa cil i ties com ply with the FAIR data prin ci ples.
This in cludes ad just ments to sci en tific data pol i cies, ex ten -
sion of sci en tific data re ten tion pe riod, tools to search for
datasets of pos si ble sci en tific or scholar in ter est, im prove -
ments of data ac ces si bil ity, data for mats and metadata cat a -
logues and fi nally a pos si bil ity to re pro duce the sci en tific
re sults by means of re mote data anal y sis ser vices. Within
the wide scope of the pro jects sev eral ap pli ca tion use cases
have been cho sen to pro to type all the ser vices in clud ing
data anal y sis. The se lected sci en tific use cases cover mul ti -
ple meth ods in clud ing crys tal log ra phy, for the Ex PaNDS
pro ject in par tic u lar se rial crys tal log ra phy [3], CryoEM
and pow der dif frac tion [4], but also other tech niques as
small an gle scat ter ing, reflectometry or ptychographic
X-ray com puted to mog ra phy [5]. The use cases rep re sent

sev eral types of PaN sci ences anal y sis workflows in clud -
ing Py thon Jupyter note books, con ven tional high-per for -
mance dis trib uted com put ing, cloud-like containerization
for data-sci ence and re mote desktops for vi su al iza tion. The 
idea is to match the en vi ron ments to run sci en tific soft ware
with ar chived datasets and re cords in metadata cat a logues.
The pro jects out comes in clude def i ni tion of ap pli ca tion in -
ter faces and a func tional protype that can be de ployed at re -
search fa cil i ties, can be in ter con nected with other tools,
de vel oped and ex tended in a sus tain able way, al low ing to
bridge more sci en tific data into EOSC.  

1. PaNOSC: Pho ton and Neu tron Open Sci ence Cloud,
https://www.panosc.eu (Nov 9, 2020).

2. Ex PaNDS: EOSC Pho ton and Neu tron Data Ser vices,
https://expands.eu (Nov 9, 2020).

3. X. E. Zhou et al., Sci Data, 3, (2016), 160021.
doi:10.1038/sdata.2016.21.

4. B. H. Toby, R. B. Von Dreele, J. Appl. Crystallogr., 46,
(2014), 544. doi:10.1107/S0021889813003531.

5. M. Kahnt et al., J. Appl. Crystallogr., 53, (2020), 1.
doi:10.1107/S160057672001211X.
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PHASE TRANSFORMATIONS IN Ti-15Mo SINGLE CRYSTAL INVESTIGATED BY
SYNCHROTRON X-RAY DIFFRACTION 

J. Šmilauerová, P. Zháòal, L. Horák, P. Harcuba, J. Veselý, V. Holý 

Fac ulty of Math e mat ics and Phys ics, Charles Uni ver sity, Ke Karlovu 5, 121 16, Prague, Czech Re pub lic

smilauerova@karlov.mff.cuni.cz

In metastable ti ta nium al loys, the trans for ma tion from the

high-tem per a ture b phase (bcc) to the low-tem per a ture a
phase (hcp) can be sup pressed upon quench ing to room
tem per a ture [1]. Due to the ther mo dy nam i cally metastable

na ture of the b phase, par ti cles of the so-called w phase
form in the ma te rial by a diffusionless shuf fle mech a nism
al ready dur ing quench ing. The crys tal lo graphic struc ture

of w phase is ei ther trigonal or hex ag o nal, de pend ing on the 

com plete ness of the b ® w trans for ma tion, and there are

four crys tal lo graphic ori en ta tions (vari ants) of the w phase

[2] w par ti cles are co her ent with the par ent b phase, their
size ranges from a few nano metres [3] to a few tens of
nano metres  and they were found to be spa tially weakly or -

dered in a cu bic ar ray [4]. With in creas ing tem per a ture, w
par ti cles evolve and grow by a dif fu sion-as sisted pro cess
un til they reach a sta bil ity limit at which the pre cip i ta tion of 

a phase be comes the dom i nant trans for ma tion. 
The main goal of this re search is to in ves ti gate the se -

quence of tran si tions oc cur ring in sin gle-crys tals of
Ti-15Mo (in wt.%) al loy dur ing lin ear heat ing by syn chro -
tron X-ray dif frac tion. For this pur pose, a sin gle crys tal
was pre pared us ing the float ing zone method [5], so lu tion

treated above the b-transus tem per a ture and quenched to
wa ter to pro duce a well-de fined start ing con di tion for the
heat ing ex per i ments.

X-ray dif frac tion was mea sured at the high-en ergy
beamline ID11 at ESRF, Grenoble. The pho ton en ergy was
60 keV and the pri mary beam was par al lel to [100]b di rec -
tion in the stud ied crys tal. The heat ing was per formed in a
ded i cated fur nace equipped with a quartz cham ber, al low -
ing to reach high vac uum (approx. 10-6 mbar). The dif -
fracted sig nal was col lected in situ dur ing lin ear heat ing
with the rate of 5°C/min. An ex am ple of a mea sured dif -
frac tion pat tern to gether with cal cu lated pat tern ex plain ing
the or i gin of in di vid ual peaks is dis played in Fig. 1.

The set of mea sured data al lowed us to de ter mine the
se quence of phase trans for ma tions by fol low ing the evo lu -

tion in re gions around se lected w dif frac tion spots dur ing
lin ear heat ing, see Fig. 2. The in ten sity in these re gions first 

de creases with in creas ing tem per a ture, but the w re flec -
tions do not dis ap pear com pletely. On the con trary, around

673 K (400 °C), the w peaks sharpen and their in ten sity in -

creases – this is most vis i ble in Fig. 2 c) which shows an w

spot clos est to the Ewald sphere (Figs. 2 a) and b) dis play w
peaks fur ther from the Ewald sphere, so the in ten sity in -
crease is not readily ap par ent due to their sharp en ing). At
833 K (560 °C, de noted by a black ver ti cal line in Fig. 2),

all w re flec tions dis ap pear, sug gest ing a com plete dis so lu -

tion of the w phase. The in ten sity ob served at the high est

mea sured tem per a tures cor re sponds to a phase dif frac tion

spots which lie close to the orig i nal w re flec tions.

https://www.panosc.eu/
https://expands.eu/
https://doi.org/10.1038/sdata.2016.21
https://doi.org/doi:10.1107/S0021889813003531
https://doi.org/10.1107/S160057672001211X
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Nu mer i cal fit ting of mea sured dif frac tion peaks al -

lowed us to es ti mate the tem per a ture de pend ence of w
phase frac tion (red points in Fig. 3) and in ter face area

be tween the b ma trix and w par ti cles (blue points in
Fig. 3). Both quan ti ties de pend lin early on the num ber of 

ir ra di ated w par ti cles; the steeper de crease of S/S0 above

523 K (250 °C) sug gests that while w par ti cles grow,
their num ber de creases (a pro cess sim i lar to Ostwald
rip en ing). The in creas ing trend ob served in Fig. 3 is

caused by pro gres sive coars en ing of w par ti cles. As the

tem per a ture nears the sta bil ity limit of the  phase at
833 K (560 °C), both the phase frac tion and the in ter face 
area de crease rap idly. More in for ma tion on this topic
and a com par i son with com ple men tary data from elec tri -
cal re sis tiv ity mea sure ments can be found in [6].

1. G. Lutjering a J. C. Wil liams, Ti ta nium, 2nd ed i tor, Berlin:
Springer, 2007. 

2. D. De Fontaine, „Sim ple mod els for the omega trans for ma -
tion,“ Met al lur gi cal Trans ac tions A 19, 169-175, 1988. 

3. B. S. Hickman, „The for ma tion of omega phase in ti ta nium 
and zir co nium al loys: A re view,“ Jour nal of Ma te ri als Sci -
ence 4, 554-563, 1969. 

4 J. Šmilauerová, P. Harcuba, J. Stráský, J. Stráská, M.
Janeèek, J. Pospíšil, R. Kužel, T. Brunátová, V. Holý a J.

Ilavský, „Or dered ar ray of w par ti cles in b-Ti ma trix stud -
ied by small-an gle X-ray scat ter ing,“ Acta Materialia 81,
71-82, 2014. 

5. J. Šmilauerová, J. Pospíšil, P. Harcuba, V. Holý a M.
Janeèek, „Sin gle crys tal growth of TIMETAL LCB ti ta -
nium al loy by a float ing zone method,“ Jour nal of Crys tal
Growth 405, 92-96, 2014.

6. P. Zháòal, P. Harcuba, M. Hájek, J. Stráský, J.
Šmilauerová, J. Veselý, L. Horák, M. Janeèek a V. Holý,

„In situ de tec tion of sta bil ity limit of w phase in Ti-15Mo
al loy dur ing lin ear heat ing,“ Jour nal of Ap plied Crys tal log -
ra phy 52, 1061-1071, 2019.

Fig ure 2. Evo lu tion of a) , b)  and c)  dif frac tion spots.

Fig ure 3. Evo lu tion of w phase frac tion of the  phase (red points)

and the b/w in ter face area (blue points).

Fig ure 1. a) Mea sured dif frac tion pat tern at room tem per a ture and b) cal cu lated pat tern show ing the po si tions of ob served b

and w dif frac tion spots (square and el lipse sym bols, re spec tively).
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COMPOUNDS VIA SYNCHROTRON XRPD
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Zeolitic imidazolate frame works (ZIFs) are an in ter est ing
class of metal-or ganic frame works, struc tured by tetra hed -
rally con fig ured tran si tion metal cat ions bridged by
imidazolate (Im). ZIFs are able to re pro duce the zeolitic to -
pol ogy but also in cor po rate the elec tronic prop er ties of the
tran si tion metal ions.[1]

In this re search, novel high-tem per a ture polymorph of
so dium imidazolate, HT-NaIm was dis cov ered. Solid-state
NMR was used for ini tial elu ci da tion of struc tural fea tures,  
the crys tal struc ture was de ter mined by sin gle-crys tal
X-ray dif frac tion, while the in-situ HT-XRPD ex per i ments
uti liz ing syn chro tron ra di a tion have been per formed in or -
der to gain the in sight into the struc tural evo lu tion and ther -
mal sta bil ity which was ad di tion ally analized by
dif fer en tial ther mal analysis and hot stage mi cros copy
mea sure ments. HT-NaIm ex hib its pores of 50 C3 that sug -
gest pos si ble ap pli ca tion for gas sorp tion/sep a ra tion.  Once 
formed, high-tem per a ture polymorph of NaIm re tains its
struc ture and re mains sta ble at room tem per a ture, what is
im por tant ap pli ca tion-wise.

Ad di tion ally, new fam ily of mixed bi me tal lic
imidazolates AMIm3 (A = Na, K; M = Mg, Mn) has been

syn the sized and crys tal struc tures were de ter mined from
pow der X-ray dif frac tion data. Tem per a ture aided de com -
po si tion dur ing in-situ SR HT-XRPD ex per i ments gave the 
in for ma tion about struc tural changes ad ther mal sta bil ity of 
the pre pared sam ples. All com pounds have the imidazolate
ligand con nected to four metal cat ions form ing a com plex
3D net work with chan nels run ning along the c-di rec tion,
thus show ing the sim i lar sorp tion po ten tial be cause of the
empty vol ume of around 30 C3 in cor po rated in side the
chan nels (Fig ure 1).[2]

1. O. M. Yaghi, M. J. Kalmutzki, and C. S. Diercks. in In tro -
duc tion to Reticular Chem is try: Metal-Or ganic Frame -
works and Co va lent Organic Frame works (Wiley-VCH
Verlag GmbH & Co. KGaA), 2019, 463-479.

2. S. Burazer, F. Morelle, Y. Filinchuk, R. Èerný, J. Popoviæ,
In or ganic Chem is try, 58, (2019) 6927-6933.

The au thors ac knowl edge the Swiss-Nor we gian Beamlines
of ESRF for the al lo ca tion of beamtime and ex cel lent sup -
port with the data col lec tion.

Fig ure 1. Ex tended crys tal pack ing of KMgIm3 show ing chan nels along the c-di rec tion.
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The Eu ro pean Syn chro tron Ra di a tion Fa cil ity (ESRF) is
the most pow er ful syn chro tron source in Eu rope. The
ESRF is one of the world’s larg est syn chro tron sci ence
cen tres. Ev ery year, 9000 sci en tists from 22 part ner coun -
tries and from around the world travel to Grenoble to use its 
ex tremely bril liant X-rays for lead ing-edge re search. The
ESRF Up grade Programme 2009-2018 main tains the
world-lead ing role through a con tin u ous quest for higher
per for mance fig ures, meet ing the needs of re turn ing us ers,
and at tract ing sci en tists from new dis ci plines [1].
ESRF–EBS (Ex tremely Bril liant Source) is the ESRF’s
150M€ fa cil ity up grade, over 2015-2022, bring ing its sci -
en tific us ers a first-of-a-kind, low-emit tance, high-en ergy

syn chro tron light source and new, cut ting-edge beamlines.
With a rev o lu tion ary new stor age ring con cept that in -
creases the bril liance and co her ence of the X-ray beams
pro duced by a fac tor of 100 com pared to pres ent-day light
sources, ESRF–EBS rep re sents a new gen er a tion of syn -
chro tron and an ex traor di nary new tool for sci en tists to
study the heart of mat ter.

The Czech re pub lic is a mem ber state of the ESRF, en -
abling Czech sci en tist to ap ply for beamtime. Our mem ber -
ship is fi nanced through the MŠMT pro gram
Inter-Ex cel lence and is se cured for the pe riod be tween
2018-2022.

1. www.esrf.eu


