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Al though in ter faces rep re sent only a small vol ume frac tion
of bi o log i cal and man-made ma te ri als, their in flu ence on
func tional prop er ties like frac ture tough ness, hard ness and
over all me chan i cal in teg rity is de ci sive. In this con tri bu -
tion, the re la tion ship be tween microstructure and me chan i -
cal prop er ties of in ter face-based ma te ri als like wood,
mul ti lay ered thin films and ce ramic nanocomposites is dis -
cussed on the bases of ex per i men tal data, ob tained us ing
syn chro tron X-ray dif frac tion and trans mis sion elec tron
mi cros copy tech niques. The re sults dem on strate that us ing
clever microstructural and in ter face de sign it is pos si ble to
en hance me chan i cal prop er ties of ma te ri als sig nif i cantly.

First, the microstructure of a mac ro scopic branch-stem
in ter face of Nor way spruce is ana lysed us ing wide-an gle
X-ray dif frac tion and eval u ated mag ni tudes of the micro -
fibril an gle are cor re lated with var i ous pro tec tive mech a -
nisms op er at ing at dif fer ent length scales . It is de mons -
trated that wood ad justs the cel lu lose fi bre tex ture in or der
to pro tect both the stem and the branch from structural
damage.

In or der to un der stand the func tion al ity of mi cro- and
nano-scopic in ter faces, cross-sec tional syn chro tron X-ray
nanodiffraction ex per i ments on thin films  are per formed at 
ID13 and P03 beamlines of ESRF and Petra III, re spec -
tively. By com par ing cross-sec tional dis tri bu tions of

phases, tex ture, crys tal lite size and strains, it is pos si ble to
un der stand the in flu ence of dis tinct thin film re gions on the
over all and lo cal me chan i cal re sponse of the films. In-situ
dif frac tion ex per i ments com bined with in den ta tion are
used to de ter mine microstructural changes and stress con -
cen tra tions accompanying various fracture modes .
Fi nally, a com bi na torial re fine ment of microstructure,
prop erty and pro cess con di tions at graded TiAlN thin film
cross-sec tions is per formed us ing X-ray nanodiffraction in
or der to iden tify in ter face micro struc tures with the high est
hard ness. The micromechanical and X-ray dif frac tion ex -
per i ments are per formed iteratively in three steps and are
ap plied as a ba sis to de sign novel types of coating
materials.

1. U. Müller, W. Gindl-Altmutter, J. Konnerth, G.A. Maier, J. 
Keckes, Sci. Rep. 5 (2015) 14522.

2. J. Keckes, M. Bartosik, R. Dan iel, C. Mitterer, G. Maier,
W. Ecker, J. Vila-Comamala, C. Da vid, S. Schoeder, M.
Burghammer, Scr. Ma ter. 67 (2012) 748–751.

3. A. Zeilinger, J. Todt, C. Krywka, M. Müller, W. Ecker, B.
Sartory, M. Meindlhumer, M. Stefenelli, R. Dan iel, C.
Mitterer, J. Keckes, Sci. Rep. 6 (2016) 22670.

C1

 XRD VS. PHOTOLUMINESCENCE A NEW CLASS OF DEVICES TO CALIBRATE
DEFORMATION POTENTIALS 

D. Ziss1, J. Martín-Sánchez1, T. Lettner1, R. Trotta1, J. Stangl1, A. Rastelli1, G. Piredda2, 
J. Edlinger2, G. Trevisi3 

1In sti tute of Semi con duc tor Phys ics, JKU, Altenbergerstr. 69, 4040 Linz, Aus tria 
2Re search Cen ter for Microtechnology, FH Vorarlberg, 6850 Dornbirn, Aus tria 

3IMEM - CNR In sti tute, Parco Area delle Scienze 37/a, 43124 Parma, It aly 
dorian.ziss@jku.at

 
In the last sev eral years many meth ods have been es tab -
lished to ma nip u late the op ti cal prop er ties of III-V semi -
con duc tors which are a very prom is ing ma te rial class for
non-clas sic quan tum light sources [1]. One highly ef fec tive 
pos si bil ity to change their band struc ture (e.g. or der of
LH/HH bands), which de fines the op ti cal prop er ties, is to
get full con trol of the strain/stress ten sor. The de for ma tion

po ten tials de scribe the changes in the band struc ture upon
vari a tion of the ap plied strain. 

A ver sa tile way to con trol the strain state is to bond a
semi con duc tor mem brane onto a pi ezo elec tric car rier ma -
te rial. By ap ply ing an elec tri cal field to the car rier and
there fore, mak ing use of the in verse pi ezo elec tric ef fect,
strain acts on the mem brane. This ap proach has al ready



been used to change the op ti cal prop er ties of GaAs and the
em bed ded quan tum dots on top of the car rier. Such de vices
(sche mat i cally shown in Fig. 1) have been fully char ac ter -
ized by the change in the photoluminescence (PL) spec tra
for a vary ing elec tri cal field ap plied to the pi ezo elec tric

car rier [2]. Look ing care fully at these PL changes, one is
able to re cal cu late the strain ten sor, yet these cal cu la tions
sen si tively de pend on the ac cu rate knowl edge of the de for -
ma tion po ten tials (a is the hy dro static and b, d are called the 
shear po ten tials). The lit er a ture val ues for these de for ma -
tion po ten tials vary in a rather wide range, de pend ing on

the ap plied cal i bra tion method (ex per i men tally or the o ret i -
cal cal cu la tion) [3]. To over come the prob lem of un cer tain -
ties in the de for ma tion po ten tials, we now in ves ti gated the
strained GaAs in-situ by X-ray dif frac tion (XRD), while
sweep ing the elec tri cal field. In for ma tion about the strain
in the GaAs mem brane, and the piezo car rier was ac quired
si mul ta neously. This al lows a di rect com par i son of the
strain ten sor cal cu lated from the PL shift and the phys i cal
strain in duced in the ma te rial, see Fig. 2. Thus, by com bin -
ing the re sults from both tech niques we can fi nally re-de -
fine the de for ma tion po ten tials. 

The big ad van tage in us ing pi ezo elec tric strain ing de -
vices is the pos si bil ity to con tin u ously tune the strain from
a min i mum value given by the pre-strain in duced dur ing
pro cess ing of the de vice up to a strain of 1-2% with ad -
vanced ge om e tries of the car rier ma te rial. Fur ther more,
this tech nique is not lim ited to GaAs, in prin ci pal strain can
be ap plied in this way to every material. 

We pres ent first re sults on the re la tion of PL line-shifts
with mea sured strain val ues from XRD com par ing dif fer -
ent de vice ge om e tries and re-cal cu lat ing the de for ma tion
po ten tials by com par ing the re sults ac quired by both
methods.
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Fig ure 1. Sche matic rep re sen ta tion of the de vice for strain ing the 
GaAs mem brane. The gold lay ers on the top and the bot tom side
of the pi ezo elec tric car rier (PMN-PT) were used to ap ply a ho -
mog e nous electric field. 

Fig ure 2. In-plane (t,«) and out-of-plane (^,Í) strain com po -
nents of GaAs mea sured with XRD and cal cu lated from PL line
shifts (us ing a=-8.75eV). The pre-strain is set to 0. Thus the strain
value at 0 kV/cm de fines the off set for all fol low ing values.  
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One-di men sional nitride heterostructures dem on strated
novel op ti cal and elec tronic prop er ties mak ing use of quan -
tum con fine ment ef fects and strain en gi neer ing. The emer -
gence of dis rup tive functionalities is now re lated to the
growth and tech nol ogy con trols [1], but also to the de vel -
op ment of ad vanced char ac ter iza tion tech niques hav ing
high spa tial res o lu tion. To com ple ment the in for ma tion
pro vided by graz ing in ci dence dif frac tion tech niques, the
use of fo cused mi cro/nano X-ray beams pro vides in no va -
tive so lu tions to ana lyse quan ti ta tively the mor phol ogy, de -
fects, strain and com po si tion of these ma te ri als. This will
be il lus trated in this pa per by re cent break throughs ob -
tained at the Eu ro pean syn chro tron ra di a tion fa cil ity
(ESRF) with the study of nitride wires and their core-shell
heterostructures grown by Metal Or ganic Vapour Phase
Ep i taxy.

First, it will be shown how the struc ture of sin gle de -
fects such as In ver sion Do main Bound aries (IDB) in side
n-doped GaN wires can be ex tracted from the X-ray co her -
ent dif frac tion im ag ing with a mono chro matic beam [2]
with an un prec e dented ac cu racy. The com plex 3D IDB
con fig u ra tion in side a sin gle wire can be mea sured with out
any slic ing in con trast to elec tron mi cros copy and the lat -
tice dis place ments along/across the wire length de duced
from the anal y sis of the in ten sity of sev eral Bragg peaks by
phase re trieval meth ods (with pm res o lu tion) will be
shown to be in full agree ment with elec tronic struc ture ab
in itio calculations [3]. 

Then, GaN/InGaN Mul ti ple Quan tum Well (MQW)
core-shell heterostructure grown on the m-plane side walls

of c-axis GaN wires [2,3] will be ana lysed by multimodal
hard X-ray nanoprobe to per form X-ray ex cited op ti cal lu -
mi nes cence (XEOL) and X-ray Flu o res cence (XRF) [4].
The lo cal ized blue light emis sion can be mea sured in the
spatiotemporal do main with 50 ps res o lu tion to get the

photoluminescence time de cay (»100 ps) that can be re -
lated the elec tron con fine ment/lo cal com po si tion in the
wire [4]. These tech niques will be also ap plied on con -
nected wire-LED de vices to ev i dence fluc tu a tions of
XEOL and X-ray Beam Induced Current (XBIC). 

More gen er ally, the in ter est of these sta tis ti cal/fluc tu a -
tion mappings in nitride op to el ec tronic de vices with a
nano metre beam will be pre sented, as well as new XANES
spec tros copy re sults.  This work will be ex tended to other
heterostructures such as GaN/AlInN MQW tubes (i.e.
etched wires) ded i cated to UV emission.

1. R. Koester et al., Nano Lett., 11, (2011), 4839. S. Salomon
et al., Nanotechnology, 25, (2014), 375502-8. N. Guan et
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GaN nanowires form spon ta ne ously on var i ous sub strates
with out re quir ing a metal drop let to in duce growth. A de ci -
sive ad van tage of this spon ta ne ous for ma tion is the pos si -
bil ity to syn the size abrupt ax ial heterojunctions. How ever,
the spon ta ne ous for ma tion in ev i ta bly re sults in dense ar -
rays, and thus in sub se quent nanowire co ales cence dur ing
growth [see Fig. 1(a)]. We have found that the pro cess of
co ales cence is gov erned by nanowire bun dling, which re -
duces the sur face en ergy of the side fac ets at the ex pense of
elas tic bend ing en ergy [1]. In the pres ent work, we study
the strain state of GaN nanowire en sem bles by lab o ra tory
X-ray diffractometry in con junc tion with an anal y sis of the
energetics of nanowire bun dling. Our re sults dem on strate
that the elas tic bend ing of nanowires caused by their bun -
dling gives rise to a large elas tic strain, which is re duced
plas tic ally via the cre ation of dis lo ca tion walls at the joints.

The shape of the bun dled nanowires in Fig. 1(b) and the 
elas tic en ergy of bend ing are de duced in the frame work of
the elas tic ity of thin rods. Al ter na tively, dis lo ca tions at the
joints form small an gle bound aries, as shown in Fig. 1(c).
This in tro duc tion of dis lo ca tions is found to sig nif i cantly
re duce the to tal en ergy of the bun dle. The rel a tive
misorientation of the nanowires at the joint due to the
small- an gle bound ary re duces the nanowire cur va ture by
an or der of mag ni tude and hence gives rise to nar rower dif -
frac tion lines.

The X-ray dif frac tion in ten sity is pro duced by the
whole vol ume of a nanowire en sem ble, while the vol ume
of the joints con tain ing dis lo ca tions is only a small frac tion
of this vol ume. As a re sult, x-ray dif frac tion re veals mainly
the re sid ual bend ing of the nanowires due to their bun dling, 
but is in sen si tive to de tails of plas tic re lax ation at the joints. 
Fig ure 2(a) com pares the ex per i men tal X-ray dif frac tion

pro files from a spon ta ne ously formed GaN nanowire en -
sem ble on Si(111) in suc ces sive re flec tion or ders [2] with
the cal cu lated pro files. The cal cu la tion is per formed with a
Monte Carlo av er age over ran dom lengths, di am e ters, and
dis tances be tween nanowires, as well as ran dom ori en ta -
tions of the bun dled pairs. We also take into ac count the
ver ti cal di ver gence of the X-ray beam in a lab o ra tory dif -
frac tion ex per i ment, which gives rise to the asym me try of
the pro files [2] ob served in Fig. 2(a). The shapes of the tails 
of the cal cu lated dif frac tion pro files well agree with the ob -
served ones, which con firms the inhomogeneous bending
of the bundled nanowires as a main source of the x-ray
scattering. 

An agree ment be tween cal cu lated and ob served dif -
frac tion pro files is ob tained with a broad and asym met ric
dis tri bu tion of the lengths of bun dled seg ments, as shown
in Fig. 2(b). We de scribe this asym me try by log-nor mal
dis tri bu tions with com pa ra ble mean value and stan dard de -
vi a tion, which makes shorter seg ments more prob a ble.
Sym met ric dis tri bu tions, such as Gaussians, do not pro vide 
an agree ment with the ex per i ment. The ef fec tive dis tances
be tween bun dled nanowires in Fig. 2(d) are no ta bly smaller 
than the real dis tances. Hence, a par tial re lax ation of the
bend ing en ergy by dis lo ca tions at the joints takes place,
which may be lim ited by the dif fi culty to in tro duce dis lo ca -
tions when atom i cally flat fac ets of the two nanowires
merge. Our X-ray dif frac tion ex per i ments show that a ma -
jor part of the elas tic bend ing en ergy of the nanowires is
released by creation of dislocations at the coalescence
joints.

1. V. M. Kaganer, S. Fernández-Garrido, P. Dogan, K. K.
Sabelfeld, and O. Brandt, Nano Lett. (2016),                
DOI: 10.1021/acs.nanolett.6b01044.
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Fig ure 1. (a) Bot tom part of co alesced nanowires, (b) co ales cence by bend ing, (c) co ales cence with cre ation 

of dis lo ca tions at the joints.

100nmHhl2R2R2f(a)(b)(c)
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Ox ides with perovskite-like struc ture rep re sent a fas ci nat -
ing class of ad vanced ma te ri als which have been ex ten -
sively stud ied in the past de cades since they ex hibit a
va ri ety of functionalities, e.g., fer ro mag ne tism, fer ro elec -
tricity or ferroelasticity. In ferro elec tric ma te ri als phase
sym me try and struc tural dis tor tions are strongly cou pled to
pi ezo elec tric prop er ties. Pe ri odic do main struc tures are of
par tic u lar in ter est from both fun da men tal and tech no log i -
cal point of view. Such pe ri odic po lar iza tion mod u la tions
on a nano metre scale can be en gi neered by the use of sub -
strates with suit able (anisotropic) mis fit strains. How ever,
un der stand ing and con trol ling of ferro elec tric phases and
di men sions of the do main pat tern is still hallenging.

We fo cus on K0.75Na0.25NbO3 thin films grown on (110)
TbScO3 orthorhombic sub strates us ing metal-or ganic
chem i cal vapour de po si tion. A highly reg u lar one di men -
sional ferro elec tric do mains pat tern is formed which ex -
tends over sev eral micrometres with a lat eral pe ri od ic ity of
50 nm (Fig.1a). The monoclinic sym me try of the do mains
is con trolled by the anisotropic epitaxial lat tice strain,
which is highly com pres sive in one in-plane di rec tion and
weakly ten sile in the cor re spond ing or thogo nal di rec tion.
Us ing piezoresponse force mi cros copy (PFM) and X-ray
dif frac tion (Fig.1c,d) the monoclinic MA phase is iden ti -
fied, which is as so ci ated with both a strong ver ti cal and lat -
eral elec tri cal po lar iza tion com po nent. The lat eral
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Fig ure 2. Mea sured and cal cu lated X-ray dif frac tion pro files in suc ces sive re flec tion or ders (a) and prob a bil ity den sity
dis tri bu tions of the lengths of the bun dled seg ments (b), nanowire di am e ters (c), and dis tances at the base of bun dled
seg ments (d) used in the Monte Carlo calculations.



com po nent of the po lar iza tion vec tor is col lin ear with the ±
[-110]pc shear di rec tion of the pseudocubic (pc) unit cell of
the film and periodically changes by 180° in adjacent
domains. 

A struc tural vari ant of a 90° ro tated MA do main pat tern, 
where the monoclinic dis tor tion of the pseudocubic unit
cells oc curs along ± [110]pc is also ob served (Fig.1b). How -
ever, this vari ant ap pears with sig nif i cantly lower prob a bil -
ity in agree ment with en ergy con sid er ations based on lin ear 
elas tic ity the ory and can not be in de pend ently re solved in a
con ven tional X-ray dif frac tion ex per i ment as shown in
Fig.1c. Nev er the less, a 100 nm-fo cus ex per i ment re cently
car ried out at ID01 beamline (ESRF) could be used to in di -
vid u ally in ves ti gate the two do main vari ants. Dis tinct dif -
fer ences be tween the 0° vari ant and the 90° variant were
observed and will be discussed. 

1. J. Schwarzkopf, D. Braun, M. Hanke, A. Kwasniewski, J.
Sellmann, M. Schmidbauer, J. Appl. Cryst. 49, (2016), 375.
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Four-di men sional im ag ing tech niques are es sen tial tools in
bi ol ogy to un der stand the be hav iour of cells dur ing em bry -
onic de vel op ment. Here, we ap ply X-ray phase-con trast
micro tomography to cap ture the early de vel op ment of the
Af ri can clawed frog (Xenopus laevis), an im por tant ver te -
brate model or gan ism, over the course of time and in 3D. 
Early de vel op men tal stages of the Xenopus frog are op ti -
cally opaque and lack con ven tional X-ray ab sorp tion con -
trast. For hard X-rays such em bryos es sen tially are
pure-phase ob jects. The prob ing wave front is thus char ac -
ter ised by a 2D phase map rep re sent ing the pro jec tion of
the ob ject along the X-ray beam. Em ploy ing quasi-mono -
chro matic and spa tially co her ent X-rays, we thus use prop -
a ga tion-based phase-contrast.

In Fres nel the ory, the for ma tion of 2D in ten sity con trast 
upon free-space prop a ga tion from a given phase map is
stud ied and how lin ear ap prox i ma tions to the in verse prob -
lem of phase re trieval from a sin gle-dis tance in ten sity mea -
sure ment break down for large prop a ga tion dis tances and
strong phase vari a tions.  Im por tant prop er ties of lin ear con -
trast trans fer, which are con served for a wide range of
phase vari a tions and prop a ga tion dis tances, are ex ploited
in or der to de vise a phase-re trieval method which ex hib its a 
high spa tial res o lu tion and con trast at low pho ton sta tis tics.

Con straints im posed by in vivo im ag ing are dis cussed
and re sults from ex per i ments on liv ing Xenopus em bryos
are pre sented.
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Fig ure 1. (a) Lat eral PFM im age (2 mm x 2 mm) of a 30
nm K0.75Na0.25NbO3 film grown on (110) TbScO3, (b)
mod els of 0° and 90° vari ants (white ar rows in di cate the
in-plane com po nent of the po lar iza tion vec tor), (c)
out-of-plane x-ray dif frac tion and, (d) sec tion along the
CTR at Q-100 = 3.09 C-1 (adapted from [1]).



com po nent of the po lar iza tion vec tor is col lin ear with the ±
[-110]pc shear di rec tion of the pseudocubic (pc) unit cell of
the film and periodically changes by 180° in adjacent
domains. 

A struc tural vari ant of a 90° ro tated MA do main pat tern, 
where the monoclinic dis tor tion of the pseudocubic unit
cells oc curs along ± [110]pc is also ob served (Fig.1b). How -
ever, this vari ant ap pears with sig nif i cantly lower prob a bil -
ity in agree ment with en ergy con sid er ations based on lin ear 
elas tic ity the ory and can not be in de pend ently re solved in a
con ven tional X-ray dif frac tion ex per i ment as shown in
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observed and will be discussed. 

1. J. Schwarzkopf, D. Braun, M. Hanke, A. Kwasniewski, J.
Sellmann, M. Schmidbauer, J. Appl. Cryst. 49, (2016), 375.
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X-RAY PHASE-CON TRAST IN VIVO TO MO GRA PHY

Julian Moosmann

Helmholtz-Zentrum Geesthacht, In sti tute of Ma te ri als Re search Me tal lic Biomaterials, Max-Planck-Str. 1,
Geesthacht, 21502 Ger many

Four-di men sional im ag ing tech niques are es sen tial tools in
bi ol ogy to un der stand the be hav iour of cells dur ing em bry -
onic de vel op ment. Here, we ap ply X-ray phase-con trast
micro tomography to cap ture the early de vel op ment of the
Af ri can clawed frog (Xenopus laevis), an im por tant ver te -
brate model or gan ism, over the course of time and in 3D. 
Early de vel op men tal stages of the Xenopus frog are op ti -
cally opaque and lack con ven tional X-ray ab sorp tion con -
trast. For hard X-rays such em bryos es sen tially are
pure-phase ob jects. The prob ing wave front is thus char ac -
ter ised by a 2D phase map rep re sent ing the pro jec tion of
the ob ject along the X-ray beam. Em ploy ing quasi-mono -
chro matic and spa tially co her ent X-rays, we thus use prop -
a ga tion-based phase-contrast.

In Fres nel the ory, the for ma tion of 2D in ten sity con trast 
upon free-space prop a ga tion from a given phase map is
stud ied and how lin ear ap prox i ma tions to the in verse prob -
lem of phase re trieval from a sin gle-dis tance in ten sity mea -
sure ment break down for large prop a ga tion dis tances and
strong phase vari a tions.  Im por tant prop er ties of lin ear con -
trast trans fer, which are con served for a wide range of
phase vari a tions and prop a ga tion dis tances, are ex ploited
in or der to de vise a phase-re trieval method which ex hib its a 
high spa tial res o lu tion and con trast at low pho ton sta tis tics.

Con straints im posed by in vivo im ag ing are dis cussed
and re sults from ex per i ments on liv ing Xenopus em bryos
are pre sented.
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Fig ure 1. (a) Lat eral PFM im age (2 mm x 2 mm) of a 30
nm K0.75Na0.25NbO3 film grown on (110) TbScO3, (b)
mod els of 0° and 90° vari ants (white ar rows in di cate the
in-plane com po nent of the po lar iza tion vec tor), (c)
out-of-plane x-ray dif frac tion and, (d) sec tion along the
CTR at Q-100 = 3.09 C-1 (adapted from [1]).
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STATUS AND PERSPECTIVES OF SYNCHROTRON-BASED COHERENT X-RAY
DIFFRACTION IMAGING

Y. Chushkin1, F. Zontone1, T. Beuvier2, A. Gibaud2, T. Latychevskaia3, B. Maillot6, P. Pernot1,
E.T.B. Skjrnsfjell4, D.W. Breiby4, K. Giewekemeyer5 

1ESRF, the Eu ro pean Syn chro tron, CS40220 38043 Grenoble Cedex 9, France
 2LUMAN, IMMM, UMR 6283 CNRS, Université du Maine, Faculté des Sci ences, Le Mans Cedex 09, France

 3De part ment of Phys ics, Uni ver sity of Zu rich, Winterthurerstrasse 190, CH-8057 Zu rich, Swit zer land
4Nor we gian Uni ver sity of Sci ence and Tech nol ogy, Hrgskoleringen 5, 7491 Trondheim, Nor way

5 Eu ro pean XFEL GmbH, Al bert-Ein stein-Ring 19, 22761 Ham burg, Ger many
6 IGBMC, UDS, CNRS, INSERM, 1 rue Laurent Fries, 67404 Illkirch, France

chushkin@esrf.fr

Af ter the first dem on stra tion ex per i ment [1], Co her ent
X-ray Dif frac tion Im ag ing (CXDI) at tracted a lot of in ter -
est be cause of its prom ise of im ag ing iso lated mi cro scopic
ob jects at high res o lu tion which is be yond the val ues
achieved with stan dard lens-based mi cros copy tech niques.
In spite of the huge po ten tial [2-4] tech ni cal chal lenges
have de layed the ex ploi ta tion of the method for a reg u lar
ap pli ca tion in sci ence. Only re cently CXDI turned out to be 
a re li able tech nique for high res o lu tion 3D im ag ing [5].
In this work we re port and dis cuss the op por tu ni ties and
chal lenges of CXDI by show ing ex am ples of re con struc -
tions of Deinococcus radiodurans bac te ria in 2D Fig. 1(a),
of a vaterite core-shell par ti cle Fig. 1(b), a poly mer
microsphere coated with me tal lic multi-lay ers Fig. 1(c) and 
a gold test sam ple Fig. 1(d) in 3D. The high qual ity of the
re con structed im ages proves the power of CXDI: high sen -
si tiv ity, full 3D ca pa bil ity, im ag ing the in ter nal struc ture
and high res o lu tion. The im prove ment in the bi o log i cal
sam ple prep a ra tion and the de vel op ment of large 2D

(pixel) de tec tors re main the key el e ments for achieving the
full potential of the technique.

1. J. Miao, P. Charalambous, J. Kirz, D. Sayre, Na ture, 400,
(1999), 342.

2. H.N. Chap man, and K.A. Nu gent, Na ture Pho ton ics, 4,
(2010), 833.

3. J. Miao, T. Ishikawa, B. John son, E.H. An der son, B. Lai,
K.O. Hodgson, Phys. Rev. Let ters, 89, (2002), 088303.

4. H.M. Chap man et al, J. Opt. Soc. Am. A, 23, (2006), 1179.

5. Y. Chushkin et al, J. Syn chro tron Rad., 21, (2014), 594.

Fig ure 1. Re con structed im ages: (a) Deinococcus radiodurans bac te ria; (b) Vaterite core-shell par ti cle
(semitransparent iso-sur face ren der ing); (c) Poly mer microsphere with 3 coat ing lay ers (shown in a cut); (d) Tiny

gold test sam ple. The scale bars are 1 mm.
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STRUCTURAL INVESTIGATIONS OF SINGLE HETEROSTRUCTURE NANOWIRES 

A. Davtyan1, R. B. Lewis1, H. Küpers2, L. Geelhaar2, D. Kriegner3, S.M.M. Kashani1, 
A. Al-Hassan1, A. Seel1, O. Loffeld1, U. Pietsch1

1Fac ulty of Sci ence and En gi neer ing, Uni ver sity of Siegen, 57068 Siegen, Ger many
2Paul-Drude-Institut für Festkörperelektronik, Hausvogteiplatz 5–7, D-10117 Berlin, Ger many

3De part ment of Con densed Mat ter Phys ics, Charles Uni ver sity in Prague, Ke Karlovu 5, 121 16 Prague 2,
Czech Re pub lic

davtyan@physik.uni-siegen.de

GaAs/InGaAs/GaAs heterostructure nanowires (NWs)
with 140nm GaAs core-10nm In0.15Ga0.85As quan tum
well-30nm GaAs outer shell have been stud ied us ing Co -
her ent X-ray dif frac tion im ag ing (CXDI) tech nique at ID1
beamline at ESRF. CXDI probes the struc ture of the wire
by map ping the re cip ro cal space for ex am ple around the
sym met ric GaAs (333) (see Fig. 1 a,b) and asym met ric
GaAs (331) (not shown here). In the di rec tion of per pen -
dic u lar to the NW growth axis the CDXI pat tern shows a
com plex dif frac tion pat tern as a re sult of the core-shell
struc ture (Fig. 1a). Along the trun ca tion rod the CXDI pat -
tern shows dis placed peaks in di cat ing that co her ently il lu -
mi nated seg ment of the NW is com posed from wurzite and
zinc-blende seg ments (Fig. 1b). The elec tron den sity dis tri -
bu tion in real space can be in verted from the dif frac tion
pat terns by means of dual space phase re trieval it er a tive al -
go rithms. We dem on strate the fea si bil ity of phase re trieval

al go rithms in case of sym met ric and asym met ric re flec -
tions in 2D. In vert ing  the 2D dif frac tion pat tern shown in
Fig. 1a leads to the phase pat tern (see Fig. 1c,d) where the
phase anom a lies are ap pear ing at the cor ners of the hex ag o -
nal shaped nanowire in di cat ing higher strain ac cu mu la tion
at the cor ners and strain re lax ation to wards the side fac ets
of the NW.  Fig.1d shows sen si tiv ity of the phase to the
pres ence of the InGaAs shell with phase shifts at the po si -
tion of the em bed ded quan tum well. In ter pre ta tion of these
re sults by means of Fi nite El e ment Method sim u la tions as
well as 3D phase re trieval anal y sis are cur rently on the way
in order to investigate the impact of strain caused by
InGaAs inner shell and retrieve the 3D nanowire structure.
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Fig ure 1. (a,b) Pro jec tions of the ex per i men tally re corded 3D CXDI pat tern from  sin gle NW  around
the GaAs (333) re flec tion.(c) Re trieved phase pat tern of the nanowire. (d) Line cut from the phase
shown in (c) black line.
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WHOLE POWDER PATTERN MODELLING OF NANOCRYSTALLINE AND PLASTICALLY
DEFORMED MATERIALS “HANAVALT AWARD LECTURE”

Paolo Scardi
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Whole Pow der Pat tern Mod el ling (WPPM) has been ex -
ten sively used for nearly two de cades in the char ac ter iza -
tion of nanocrystalline and plas tic ally de formed ma te ri als,
to gather in for ma tion on crys tal line do main shape and size
dis tri bu tion, and on the na ture and amount of lat tice de -
fects, with spe cial in ter est to those gen er at ing inhomo -
geneous strain fields [1,2]. In time the WPPM ap proach has 
been com pleted by a va ri ety of microstructural mod els,
with due con sid er ation of dif fuse scat ter ing from static and
dy namic dis or der (Tem per a ture Dif fuse Scat ter ing, TDS).
The pres ent talk re views ba sic the ory and ap pli ca tions, in -
tro duc ing the lat est WPPM al go rithm, adopted by the
x-Dream soft ware. Sub stan tial im prove ments in clude
struc tural mod els, as in Rietveld re fine ment, which add to
the microstructural ones; de tailed in for ma tion on re sults
and prog ress of the WPPM pro ce dure are made vis i ble di -
rectly in the user in ter face.

Among the lat est re sults which will be pre sented, the
grow ing in te gra tion be tween atomistic mod el ling, mostly
based on Mo lec u lar Dy nam ics sim u la tions, and WPPM.
This com bi na tion is es pe cially use ful to un der stand how
lat tice de fects – most re mark ably, line de fects and grain

bound aries – con trib ute to the inhomogeneous strain and
con se quent line pro file ef fects [2,3]. More re sults are pre -
sented on pow ders made of free-stand ing nanocrystals, as
com monly pro duced and used in mod ern nanotechnology,
e.g., for ca tal y sis and bio med i cal ap pli ca tions. 

1. P. Scardi, in Pow der Dif frac tion: The ory and Prac tice (The 
Royal Chem is try So ci ety, Cam bridge, 2008), ed ited by
R.E. Dinnebier & S.J.L. Billinge. Chap. 13, pp. 376–413.
ISBN-13: 978-0854042319.

2. P. Scardi, A. Leonardi, L. Gelisio, M. R. Suchomel, B. T.
Sneed, M. K. Sheehan & C.-K. Tsung, “Anisotropic atom
dis place ment in Pd nanocubes re solved by mo lec u lar dy -
nam ics sim u la tions sup ported by x-ray dif frac tion im ag -
ing”, Phys. Rev. B 91 (2015) 155414.  doi:
10.1103/PhysRevB.91.155414.

3. L. Rebuffi, A. Troian, R. Ciancio, E. Carlino, A. Amimi,
A. Leonardi & P. Scardi, “On the re li abil ity of pow der dif -
frac tion Line Pro file Anal y sis of plas tic ally de formed
nanocrystalline sys tems”, Sci en tific Re ports 6 (2016)
20712. doi: 10.1038/srep20712.
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TOWARDS REAL TIME X-RAY IMAGING OF CRACKS AND FRACTURE IN SILICON 
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Frank-Read sources in Si as well as ther mal slip move in a
duc tile re gime of the crys tals at a speed in the or der of mag -
ni tude of 10-5 – 10-6 m/s. In X-ray dif frac tion im ag ing, ef -
fects with a speed up to about 10-3 m/s are eas ily ac ces si ble
[1]. In the brit tle re gime, the same driv ing forces may re sult 
in frac ture of a crys tal with a crack tip speed up to 3600 m/s
where the ex per i men tal ob ser va tion in real time be comes a
chal lenge. In this pa per we will be dem on strate, how the
time struc ture of a bril liant syn chro tron light source like
ESRF, Grenoble, France can be used to fol low ul tra high
speed events to wards a time scale of less than mi cro sec -
onds [2]. In the so called four-bunch mode, only four
highly pop u lated elec tron bunches are used in the stor age
ring, sep a rated from each other by a tem po ral de lay of
around 700 ns. The high est crack tip speed of 70 m/s is re -
cently mea sured with a high-speed CMOS-based cam era
sys tem pro vid ing frame rates of about 355.000 frames/sec.
Based on a frame-trans fer CMOS con cept, such de tec tor
can op er ate at frame rates of up to 10 000 000 im ages per
sec ond: with a pixel size of about 40 µm it would al low one
to fol low cracks in real time up to a speed of 2000 m/s. 

The ex per i ments pre sented in this pa per are per formed
on (001) ori ented Si slices with ar ti fi cial start ing de fects,
done with an in den ta tion method. At about 1100 °C, the
slices are quenched by a wa ter jet to pro duce enough ther -
mal stress for crack for ma tion and prop a ga tion. With 2 fast
cam era sys tems and ac qui si tion rates of about 35 500 im -
ages per sec ond the di rect and dif fracted im age of a crack
can be fol lowed in par al lel. Fig. 1 shows the start ing in dent

in frame 210 and the ap pear ance of the first crack c1 be -
tween frame 308 - 311, cov er ing 84 µs. In for ma tion about
the ge om e try and speed of a crack can be taken from the di -
rect im age from phase con trast, whereas the re lated lo cal
strain vari a tion be comes vis i ble in the 220 re flec tion. In
this way and within about 42 ms a com plex crack pat tern of
five cracks c1 - c5 orig i nates from the in dent, as shown in
Fig. 2, frame 1495. Un til frame 3000 the cracks elon gate
with vary ing strain fields and var i ous crack tip ve loc i ties.
Care ful anal y sis in di cates, that the de flec tion of the crack
face into var i ous high in dexed, (hkl) planes is cor re lated
with the short ar rests of some mi cro sec onds of the crack
tip. Ob vi ously the lo cal pile up of en ergy dur ing the ar rest
al lows to open the higher en ergy (hkl) faces. An ir reg u lar
frac ture re sults in stead of a mir ror like cleavage along the
preferred low energy {111} or {110} planes as expected in
the diamond structure. 

Slow mo tion mov ies show this ir reg u lar crack prop a ga -
tion di rectly in phase con trast and in dif frac tion the re lated
changes in the strain field.  

1. A. N. Danilewsky, J. Wittge, A. Hess, A. Croell, A. Rack,
T. dos Santos Rolo, D. Allen, P. McNally, P. Vagovic, Z.
Li, T. Baumbach, E. Gorostegui-Colinas, J. Garagorri, M.
R. Elizalde, D. Jaques, M. Fossati, D. K. Bowen and B.
Tan ner, Phys. Stat. Sol. (a) 208(11) (2011), 2499-2504. 

2. A. Rack, M. Scheel and A. N. Danilewsky, IUCrJ 3(2)
(2016), 108-114, DOI: 
http://dx.doi.org/10.1107/S205225251502271X.. 
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Fig ure 1. Be gin ning of high speed X-ray im ag ing of Si (100) wa fer at about 1000 °C: (a) 220 Re flec tion (b) Ra di og ra phy (phase

con trast), both 1.28 ms in te gra tion time and  28 ms frame dis tance: Frame 210: in dent marked by cir cle, Frame 308: lo cally quench -
ing with a wa ter jet (w) pro duces a strain field,  Frame 311: 84 µs later the first crack c1 mod i fies the strain field (marked by el -
lipse).
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NON-DESTRUCTIVE X-RAY DIFFRACTION MEASUREMENT OF WARPAGE IN
SILICON DIE EMBEDDED IN INTEGRATED CIRCUIT PACKAGES
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Fu ture in te grated chip man u fac tur ing must en com pass
com plex chip sys tems ca pa ble of di verse func tion al ity and
ap pli ca tion, so-called “More than Moore” man u fac tur ing.
Such sys tems in clude Mi cro-Elec tro me chani cal Sys tems,
Sys tem in Pack age, Sys tem on Chip and 3-D In te grated
Cir cuits, re ferred to col lec tively as “ad vanced pack ages”.
This tech nol ogy re quires pro cess ing of thin semi con duc tor
die (25-100µm thick ness) and many pack ages in clude mul -
ti ply-stacked sil i con die. A re cent re view [1] re vealed that
none of to day‘s com mer cially avail able me trol ogy tools is
ca pa ble of mea sur ing, in situ and non-de struc tively across
an en tire die, the na ture and scale of wa fer/die strain or
bow/warpage. Many tech niques are de struc tive and those
that are non-de struc tive tend to mea sure the pack age bow
which, cru cially, is not the same as wa fer/die bow. 

We have dem on strated that X-Ray Dif frac tion Im ag ing
(XRDI) us ing B-Spline fit ting tech niques (B-XRDI) is ca -
pa ble of non-de struc tive, in situ map ping and anal y sis of
ma jor die warpage fea tures in fully en cap su lated ad vanced
pack ages [2-3]. We de scribe how B-XRDI al lows the user
to re con struct, from the im age dis tor tion of a se ries of sec -
tion x-ray top o graphic im ages, a full pro file of the warpage
of the sil i con die in side such a chip pack age. There is no re -
quire ment for pre-treat ment or pre-pro cess ing of the chip
pack age. We have used the tech nique to dem on strate the
im pact of el e vated tem per a ture on a com mer cially sourced
mi cro quad flat nonlead (uQFN) chip pack age and have
shown that the strain be comes locked in at a tem per a ture
be tween 94°C and 120°C [4]. Us ing syn chro tron ra di a tion
at the Di a mond Light Source, warpage maps for the en tire

2.2 mm × 2.4 mm × 150 mm Si die were ac quired in 50 s and 

Fig ure 2. Con tin ued high speed X-ray im ag ing of Si (100) wa fer at about 1000 °C from Fig. 1 (a) 220 re flec tion (b) Ra di og -
ra phy (di rect im age, phase con trast): Frame 1495 af ter 42 ms: cracks c2, c3, c4 and sur round ing strain, ar row in di cates tip of 
crack c3, Frame 3000 af ter about 0.1 s: last crack c5, tip marked by arrow.



in di vid ual line scans in 500 ms. Warpage in mul ti ple die
pack ages (Fig1) has been mea sured.

We pres ent ex am ples of warpage mea sure ment in sev -
eral com mer cial chip pack ages and by mea sur ing the im age 
dis place ment as a func tion of de tec tor dis tance and at sev -
eral wave lengths, tilt and strain have been de ter mined in de -
pend ently. The data have been shown to be in good
agree ment with warpage in test struc tures de ter mined from
mechanical profilometry. 

Us ing a mono chro matic beam, the warpage data can
also be col lected by re cord ing trans mis sion X-ray topo -
graphs at dif fer ent an gu lar po si tions across the rock ing
curve. Due to the wa fer de for ma tion, a nar row stripe of in -
ten sity only is im aged for any one an gle (Fig 2). Ad di tion
of se quen tial stepped im ages cre ates the “ze bra pat tern” of
Renninger [5] and this di rectly rep re sents con tours of ef -
fec tive misorientation. In this mode, strain sen si tiv ity is
lim ited by the X-ray op tics. We have shown that sta tis ti -
cally good data can be taken in trans mis sion on sin gle chip
pack ages at 24.25keV (Fig 3), close to the wave length of
the AgKb line. The to tal data col lec tion time for the 20 im -
ages in Fig 3 was 75 sec onds at B16 of the Di a mond Light
Source. By com par ing 220 and  re flec tions, we show that

the de for ma tion is al most sym met ri cal on 90° ro ta tion
about the [001] sur face nor mal. Re ver sal of the en trance
and exit sur face re sults in sim i lar pat terns but with dis -
place ment of suc ces sive im ages in op po site di rec tions.
Con tour analysis between these settings provides a means
of separating tilts and dilations.

We com pare the two ap proaches to warpage mea sure -
ment in pack aged die and ex am ine the pos si bil i ties and
chal lenges of con vert ing the tech niques into an in-fab tool.

1. M.R. Marks, Z. Hassan, K.Y. Cheong, IEEE Trans. Comp.
Manuf. Technol., 4, (2014) 2042.

2. C.S. Wong, N.S. Bennett, D. Manessis, A. Danilewsky,
P.J. McNally, Mi cro elec tronic En gi neer ing 117 (2014) 48.

3. A. Cow ley, A. Ivankovic, C.S. Wong, N.S. Bennett, A.N.
Danilewsky, M. Gon za lez, V. Cherman, B. Vandevelde, I.
De Wolf,  P.J. McNally, Mi cro elec tron ics Re li abil ity, 59,
(2016), 108.

4. A. Bose, R.K. Vijayaraghavan,  A. Cow ley,  V. Cherman, 
O. Varela Pedreira,  B.K. Tan ner,  A.N. Danilewsky,  I. De 
Wolf, P. J. McNally, IEEE Trans. Comp. Packag. Manuf.
Technol., 6 (2016) 653.

5. M. Renninger Phys Lett 1 (1962) 106.
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Fig ure 1. White beam sec tion topographs of a pack age con tain ing 4 stacked Si die. The 3 top dies are 5 mm ´ 5 mm ´ 50 mm

thick, while the bot tom die is 8 mm ´ 8 mm ´ 200 mm thick. 

Fig ure 2. Im age from a dis torted (001) ori -
ented uQFN die taken in trans mis sion with a
wide area mono chro matic beam. 

Fig ure 3. Summed mono chro matic topographs taken at equal
steps across the rock ing curve for a pack aged uQFN die. Ad -
he sive is ap plied at the four cor ners of this die prior to en cap -
su la tion. 220 re flec tion.

http://www.sciencedirect.com/science/journal/00262714/59/supp/C
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Re cently, X-ray dif frac tion laminography (XDL) has been
de vel oped and suc cess fully ap plied to the 3D im ag ing of
dis lo ca tion net works in side large monocrystals like e.g. in -
dus trial sil i con wa fers [1]. Sim i lar to X-ray topo-to mog ra -
phy [2] and re lated elec tron tomographic ap proaches [3],
XDL is based on the ac qui si tion of top o graphic (i.e. Bragg
dif frac tion con trast) pro jec tion im ages of the in ves ti gated
crys tal vol ume dur ing its ro ta tion about a se lected re cip ro -
cal lat tice vec tor. The av er age dis tri bu tion of the lo cal re -
flec tivity (for suit able con trast con di tions in creased close
by crys tal de fects like dis lo ca tions) can then be es ti mated
by means of 3D laminographic re con struc tion with suit able 
al go rithms. In many cases, this en ables the de ter mi na tion
of the spa tial dis lo ca tion ar range ment with few micro -
metres pre ci sion. 

It turns out, how ever, that few dis lo ca tion seg ments
with cer tain con fig u ra tions of lo cal line di rec tion l, Bur gers 
vec tor b, dif fract ing re cip ro cal lat tice vec tor hhkl, and di rec -

tion kh of the dif fracted beam, can not be lo cal ized in side
the re con struc tion vol ume in this way. In the sim plest case,
this is due to the well-known ex tinc tion rule for van ish ing
or re duced top o graphic con trast of dis lo ca tions (ba si cally
b.hhkl = 0), i.e. the de fects are al ready not suf fi ciently vis i -
ble in the en tire pro jec tion data in the first place. But, more
in trigu ingly, in some cases only the paths of par tic u lar dis -
lo ca tion seg ments can not be de ter mined, de spite these be -
ing clearly vis i ble in most pro jec tions. Up to now, this
ef fect has not been un der stood. 

We will re port on our re cent in ves ti ga tion of the X-ray
dif frac tion con trast of dis lo ca tions dur ing XDL mea sure -
ments, us ing lin ear elas tic ity the ory [4]. We will show that
for pro jec tion ac qui si tion with both full ex ci ta tion (e.g. by
white beam) and so-called weak-beam con di tions [5] an a -
lytic ex pres sions can be de rived for the size of the ex cited
crys tal vol ume Vd per dis lo ca tion line length, in de pend -

ence of the pro jec tion an gle f, see Fig. 1 and Fig. 2. Based
on this, we will for mu late a new ex tinc tion rule, which cor -
rectly pre dicts the in ac ces si bil ity of a cer tain class of dis lo -
ca tion seg ments. For the fu ture this will al low a more
care ful in ter pre ta tion of dis lo ca tion ar range ments de ter -
mined by any pro jec tion based 3D dif frac tion im ag ing.

Fig ure 1. Nu mer i cal sim u la tion of the ef fec tive misorientation 

d(x1,x2) of the dif fract ing lat tice planes close by a dis lo ca tion in 

sil i con, for dif fer ent view an gles  f  dur ing ro ta tion about the re -
cip ro cal lat tice vec tor h-2-20. Line di rec tion is l = e3 = [01-1], the
Bur gers vec tor is b = a/2[101] and E = 40 keV. The cor re spond -

ing ex cited crys tal re gions Vd for a fixed in ter val Dd are in di -
cated as blue ar eas.

Fig ure 2. Fully an a lytic cal cu la tion of the ex cited crys tal vol ume 

per line length  Vd (fixed Dd, the same as for Fig. 1), in de pend -

ence of the ro ta tion an gle f. Three line di rec tions l are com pared
(blue cor re spond ing to Fig. 1), re veal ing sig nif i cant dif fer ences.
From the un der ly ing an a lytic ex pres sions an ex tinc tion rule can
be de rived, pre dict ing the fail ure of dis lo ca tion path de ter mi na -
tion by 3D re con struc tion from pro jec tions.
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.
The need for high qual ity di a monds, for elec tron ics, de tec -
tors and X-ray op tics pur poses, and for “in ex pen sive, re -
duced-de fects” sil i con for pho to vol taic (PV) pur poses, has
strongly pro moted the use of X-ray Bragg dif frac tion im ag -
ing (“X-ray to pog ra phy”) tech niques to study their de fects. 
This led us to de velop, at the ESRF, en hanced ca pa bil i ties
in the port fo lio of Bragg im ag ing tech niques we now pro -
pose. This in cludes some au to ma tion, and a new diffracto -
meter on the BM05 beamline. Within this port fo lio,
pro jec tion and sec tion white beam to pog ra phy and mono -
chro matic Rock ing Curve Im ag ing (RCI) [1] are mostly
used to qual i ta tively and quan ti ta tively char ac ter ise the
crys tal line qual ity, in de pos ited lay ers, deep bulk struc tures 
and the in ter face be tween them, with an an gu lar pre ci sion
in the µrad range and a spa tial res o lu tion in the µm range.

Di a mond ex hib its many at trac tive prop er ties for elec -
tronic and de tec tor ap pli ca tions (wide band gap, high mo -
bil ity of charge car ri ers, high elec tric field break down
strength and ther mal con duc tiv ity). In ad di tion, di a mond,
be cause of its ther mal and X-ray trans par ency prop er ties, is 
a ma te rial of choice for diffractive and re frac tive X-ray op -
tics [2]. High volt age di odes and FET switches are based
on Bo ron- and phos pho rus-doped di a mond, these de vices
be ing ex pected to ef fi ciently com mute high power at high
fre quency. But their per for mances are a func tion of the
crys tal line qual ity, and the ma te rial avail able from com -
mer cial sup pli ers cov ers a wide va ri ety of qual i ties and
prices. Fig ure 1 shows ex am ples of top o graphic im ages
made at BM05: the high qual ity type-IIa di a monds (Fig. 1
iii and vi) dis play ar eas of the (001) growth sec tor that are

Fig ure 1: White beam topographs of dif fer ent sin gle di a mond plates char ac ter ized at BM05 
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al most dis lo ca tion-free, with only a few stack ing-faults
vis i ble. The dis lo ca tion den si ties of ‘low grade’ com mer -
cial di a monds (im ages i, ii, iv and v) are in the 103-104cm-2

range. The crys tal line qual ity of a bo ron-doped layer
grown onto a di a mond plate was quan ti fied via sec tion RCI 
mea sure ments (FWHM maps). It shows that the dis tor tion
of the bo ron-doped layer (FWHM > 3.5 10-3 de grees) is
much higher than that of the sub strate bulk (FWHM ~2.4
10-3de grees). But at ten tion should also be paid to the de -
fects that ex ist in the di a mond sub strate it self (dis lo ca tions,

stack ing faults, growth sec tors, and (sub-) sur face dam age
from pol ish ing pro cesses), these de fects be ing of ten det ri -
men tal for the fi nal elec tronic per for mance.

Sil i con is to day the most widely-used ma te rial for PV
ap pli ca tions. Both the qual ity of PV-Si sub strates and the
prep a ra tion of the de vice, strongly in flu ence the PV ef fi -
ciency and price of the so lar-cell. We have there fore stud -
ied both the growth of “mono-like” Si (less ex pen sive than
Cz Si, but suf fi cient qual ity for PV ap pli ca tions) and as -
pects of the cell pro cess ing (Al back electrical contacts).

The “mono-like” Si is grown by di rec tional so lid i fi ca -
tion, on a se ries of seeds lo cated at the bot tom of the cru ci -
ble. Dis lo ca tion sources, lead ing to a dis lo ca tion multi -
plication very det ri men tal for the PV ef fi ciency, oc cur dur -
ing growth, both at the level of the junc tion of the seeds [3]
or higher in the in got through the pil ing up of dis lo ca tions
be long ing to sev eral glid ing sys tems [4]. These two mech a -
nisms have been widely stud ied through white beam and
RCI measurements.

The dis tor tion and strain of the Si in con tact with the Al
back layer have been char ac ter ised by cou pling RCI sec -
tion to pog ra phy with X-ray nano-dif frac tion mea sure -
ments (at ID01). The re sults show a cor re la tion be tween the 
lat tice dis tor tion of the Si in con tact with the eutectic and
Al lay ers, and the PV ef fi ciency. This dis tor tion, and the
PV per for mances, vary as a func tion of the Al paste used.
The higher PV ef fi ciency (“good” paste) ap pears to be as -
so ci ated with a higher ho mo ge ne ity of the eutectic layer
and, con se quently, a lower dis tor tion of the Si back sur face
re gion (Fig.2). The dif fer ence be tween the var i ous com -
mer cial pastes rests on the amount of Al, Al grain size, and
their pre cise com po si tion. We de ter mined some of the
char ac ter is tics of a “good Al paste”, a cru cial in gre di ent for 
pro duc ing ef fi cient so lar cells.
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Figure 2. 220 sec tion FWHM maps (in de grees) of
mono-like Si, with Al back-planes made from three dif fer -
ent Al pastes. The face with the Al back plane is on the
right of the im age. The Al back plane pro duces an in -
creased dis tor tion of the Si 220 planes, higher than the one
as so ci ated with the mono-like Si de fects formed dur ing the 
growth (vis i ble within the bulk of the sam ple). The dif fer -
ent Al pastes pro duce dif fer ent ef fects: the Si 220 FWHM
val ues vary sig nif i cantly when go ing from the Al paste 1
(“good” pho to vol taic ef fi ciency, less dis tor tion of the Si
wa fer, FWHM val ues ~ 2x10-3 de grees) to, Al paste 3
(“less good”, FWHM misorientations of the Si wa fer up to
8x10-3 de gree).
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MINERALIZED TISSUE FORMATION DESCRIBED BY SYNCHROTRON-BASED 
X-RAY ANALYSIS AND IMAGING TECHNIQUES
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Liv ing or gan isms form com plex min er al ized com pos ite
ma te ri als that per form a va ri ety of es sen tial func tions,
rang ing from struc tural sup port and me chan i cal strength, to 
op ti cal, mag netic or sens ing ca pa bil i ties. This re mark able
di ver sity in func tion al ity is ac com plished from a rel a tively
nar row range of con stit u ent in or ganic ma te ri als via hi er ar -
chi cal min eral-or ganic func tional ar chi tec tures. There fore,
these struc tures rou tinely serve as a source of in spi ra tion
for sci en tists and en gi neers. The con trol over biomineral
shape, at all hi er ar chi cal lev els, is a key as pect of struc -
ture-to-func tion re la tion ship in bi o log i cal ma te ri als. Al -
though many stud ies have em pha sized the crit i cal role of
bi o log i cal reg u la tion dur ing biomineral for ma tion, the
phys i cal con straints gov ern ing the growth pro cess of nat u -
rally oc cur ring ar chi tec tures and de ter min ing the form of
biomineral build ing blocks are not un der stood.

In this talk, I will ad dress the fun da men tal ques tion of
how na ture takes ad van tage of ther mo dy namic prin ci ples

to gen er ate com plex morphologies. I will high light two
struc tures where, us ing syn chro tron based X-ray anal y sis
and im ag ing tech niques, it was shown that the micro -
structure for ma tion pro cess dur ing biomineralization is an -
a lyt i cally de fined and can be quan ti ta tively de scribed both
in time and in space. The struc tures are the pris matic layer
in the shell of a bi valve mol lusc Pinna nobilis [1] and the
an chor spicule of a glass sponge Monorhaphis chuni [2, 3].
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A full-field Hard X-ray Mi cro scope (HXRM) has been
con structed at ESRF ID06 for the study of polycrystalline
ma te ri als. Used in dark-field mode, the Bragg dif fracted
beam pro duced by a given grain is se lected and mag ni fied
us ing a stack of Be com pound re frac tive lenses. The re sult -
ing im age, a real space pro jec tion of the grain, is cap tured
by an im ag ing de tec tor. Cou pled to a high-pre ci sion
goniometer, this per mits char ac teri sa tion of ori en ta tion and 
mosaicity with a real space res o lu tion of 100 nm and an gu -
lar res o lu tion of 10 mrad. Strain within a grain can be mea -
sured with a res o lu tion of 10-5. A sin gle pro jec tion can be
re corded in one sec ond, and mosaicity maps can be re -
corded in a few hours, pro vid ing the pos si bil ity for stud ies
of dy nam ics. The mi cro scope has so far been used for char -

ac teri sa tion of metal and ferro elec tric sam ples, and work is
un der way to ex pand the tech nique to new ar eas.

One such ex am ple is the study of biominerals, bi o log i -
cal hi er ar chi cal ma te ri als com bin ing an or ganic tem plate
with a min eral struc tural com po nent. Biominerals ex hibit a
wide va ri ety of func tions, with forms which are con trolled
by the an i mal’s phys i ol ogy. Their microstructure is of ten
tai lored to pro vide par tic u lar ma te rial prop er ties, mak ing
them in ter est ing as nat u ral mod els for the inspiration of
new engineered materials.

We will show re sults from our ini tial ex am i na tions of
pearl, bi valve shell, and fish oto liths, high light ing some of
the chal lenges in their anal y sis and the po ten tial of
dark-field HXRM to re veal struc tures on scales from



micrometric to nanometric in these and other com plex
polycrystalline materials.
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Iron is a pri mary com po nent of fun da men tal pro cesses
which can be come toxic when pres ent in ex cess. In hu man
flu ids, free iron is main tained at 10-18M con cen tra tion
thanks to sev eral pro teins as lactoferrin (Lf) in se cre tions
and transferrin in blood. The al tered iron bal ance fa vors
bac te rial in fec tion and the re lated in flam ma tory re sponse
as oc curs in cys tic fi bro sis [1, 2]. There fore, it is of great
im por tance to pro vide quan ti ta tive map ping of iron con -
cen tra tion at high spa tial res o lu tion. Here we stud ied hu -
man phagocytic cells un stimu lat ed or stim u lated with
bac te rial lipopolysaccharide (LPS) or/and Lf to map the
intracellular den sity and iron con cen tra tion. For this aim,
X-ray flu o res cence mi cros copy (XRFM), atomic force mi -
cros copy (AFM) and phase con trast im ag ing were com -
bined, as pre vi ously dem on strated [3, 4]. To de ter mine the
con cen tra tion map, we nor mal ized the flu o res cence in ten -
sity with the vol ume of the il lu mi nated re gion Fig.1. The
vol ume of freeze-dried cells has been ob tained by AFM
with lat eral res o lu tion of 100 nm. The XRFM and phase
con trast mea sure ments have been car ried out at the
beamline ID16A-NI at ESRF, with spa tial res o lu tion of

100 nm and 50 nm, re spec tively. More over, we de ter mined
the weight frac tion dis tri bu tion map, nor mal iz ing the flu o -
res cence in ten sity with the pro jected den sity ob tained by
phase con trast im ag ing Fig.2 [5]. In deed, we ob tained the
den sity dis tri bu tion Fig.3 by nor mal iz ing phase re con struc -
tion maps with AFM data. Sim i lar eval u a tions were car ried 
out for Lf- and LPS plus Lf-treated cells. We also car ried
out nanotomography mea sure ments, to ob tain the three-di -
men sional den sity dis tri bu tion Fig.4. In for ma tion about the 
elec tron den sity com bined with the av er age den sity of the
sam ple al lows to cal cu late its thick ness, value which can be 
com pared with al ter na tive tech niques AFM. The
nanotomography is of par a mount im por tance to reach the
vol u met ric in for ma tion in frozen-hy drated cells be cause
AFM can not be used since frozen hy drated cells are stored
in liq uid nitrogen.

1. R. Paesano et al. Patho gens and Global Health 2012, 106,
200.
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Fig ure 1. A dark-field im age of an ar agon ite fi bre from a
fish otolith shows its growth from left to right in se quen -

tial lay ers, each com posed of mul ti ple crys tal line units.
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Fig ure 1. Iron con cen tra tion map of cell treated with LPS. Fig ure 2. Iron Weight frac tion dis tri bu tion map of cell
treated with LPS.

Fig ure 3. Den sity dis tri bu tion map of cell treated with LPS. Fig ure 4.  Electron den sity map of cell
treated with LPS + Lf.
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In this work we pres ent the ac tual sta tus of the de vel op ment 
of Bragg Mag ni fier Mi cro scope based on in-line Ger ma -
nium crys tals [1, 2] with the fo cus on the im proved phase
re trieval al go rithm. This im ag ing sys tem is us ing asym met -
ric Bragg re flec tions to geo met ri cally mag nify X-ray beam
up to 250 times and the beam is di rectly de tected by sin gle
pho ton count ing de tec tor. We per formed suc cess ful test ing 
of this im ag ing sys tem at Di a mond Light Source I13 and
B16 and at Spring 8 ra di a tion fa cil i ties and ap plied it for
full field, sin gle dis tance, ho lo graphic im ag ing of bi o log i -
cal sam ples. The im proved phase re trieval al go rithm [3]
takes ad van tage from the com bi na tion of the mod i fied
shrink-wrap al go rithm for phase ob jects, ro bust un wrap -

ping al go rithm as well as other rea son able con straints ap -
plied to the wavefield at the ob ject and the de tec tor plane.
The spa tial res o lu tion, achieved af ter suc cess ful phase re -
trieval of re corded ho lo grams (Fig. 1), was ~300 nm and
the ac qui si tion time for one frame at ID13 was 0.3s, which
can be still min i mized to mil li sec ond re gion. In dif frac tion
lim ited sources the through put of the de vice will be max i -
mized due to match ing di ver gences, which will bring ad di -
tional ex po sure time de crease. Ac cord ing to achieved state
of the de vel op ment: high res o lu tion, short ac qui si tion time, 
sin gle dis tance phase re trieval, we pro pose this sys tem for
in-vivo 2D/3D quan ti ta tive im ag ing of bi o log i cal sam ples
such as cells or small an i mals. In this work we will sum ma -
rize re cent state of the de vel op ment, in tro duce sin gle dis -
tance phase re trieval method and dem on strate it on
suc cess ful 3D re con struc tion of bi o log i cal or gan ism
(Tardigrade).

1. P. Vagoviè, D. Korytár, A. Ce cilia, E. Hamann, 
L. Švéda, D. Pelliccia, J. Härtwig, Z. Zápražný, 
P. Oberta, I. Dolbnya, K. Shawney, U. Fleschig, 
M. Fiederle, T. Baumbach, J. Syn chro tron Radiat., 20,

(2013), 153–159. 

2. P. Vagoviè, L. Švéda, A. Ce cilia, E. Hamann, 
D. Pelliccia, E. N. Gimenez, D. Korytár, K. M. Pav lov, Z.
Zápražný, M. Zuber, T. Koenig, M. Olbinado, 
W. Yashiro, A. Momose, M. Fiederle, T. Baumbach, Opt.

Ex press 22, (2014), 21508–21520. 

3. S. Hrivòak et. al., in prep a ra tion.

This work was sup ported by pro jects KVARK ITMS-
26110230084 and VVGS-PF-2015-470.

Fig ure 1. Mea sured ho lo grams of X-radia X-50-30-20 test pat tern
a) and Tardigrade (wa ter bear) c) and the cor re spond ing re trieved
phase maps b), d) re cov ered by sin gle dis tance phase re trieval al go -
rithm [3]. Spa tial res o lu tion achieved was about 300 nm. 
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OPERANDO HIGH ENERGY SURFACE SENSITIVE X-RAY DIFFRACTION

Andreas Stierle

 DESY NanoLab and Uni ver sity of Ham burg, Phys ics De part ment, Ger many
Andreas.Stierle@desy.de

The atomic struc ture de ter mi na tion of sur faces and nano-
 ob jects un der operando con di tions is an im por tant step to -
wards tai lor ing their prop er ties for ap pli ca tions in the field
of het er o ge neous ca tal y sis or cor ro sion sci ence. Re cently
sig nif i cant prog ress to wards faster sur face sen si tive x-ray
char ac ter iza tion has been made by the use of higher en ergy
x-rays in the 70 keV - 90 keV range [1,2]. 

I will dis cuss in my pre sen ta tion the prin ci ples of sur -
face sen si tive high en ergy x-ray dif frac tion and I will elu ci -
date in sev eral ex am ples why it is ben e fi cial for operando
stud ies: dur ing am bi ent pres sure CO ox i da tion over a
Pd(100) sin gle crys tal the full 3D sur face struc ture of the
cat a lyt i cally ac tive phase could be de ter mined in data re -
cord ing times be low 10 min utes  [2,4]. The shape de pend -
ent sintering of Pt-Rh nanoparticles dur ing CO ox i da tion
can be mon i tored by in stan ta neous re cip ro cal space map -
ping [1]. A com bi na torial sam ple de sign in com bi na tion
with graz ing in ci dence high en ergy x-ray dif frac tion al -

lowed to iden tify a com po si tion de pend ent ox i da tion
mech a nism for Pd-Rh nanoparticles on MgAl2O4(100).
With the ad vent of dif frac tion lim ited syn chro tron light
sources in the near fu ture, im proved nanofocussing of high
en ergy x-ray beams will enable single nano object studies
under operational conditions.       

1. U. Hejral, P. Müller, O. Balmes, D. Pontoni, A. Stierle, Na -
ture Com mu ni ca tions 7, 10964  (2016).

2. J. Gustafson, M. Shipilin, C. Zhang, A. Stierle, U. Hejral,
U. Ruett, O. Gutowski, P.-A. Carlsson, M. Skoglundh, 
E. Lundgren, Sci ence 343 (6172) 758-61 (2014).

3. P. Müller, U. Hejral, U. Rütt and A. Stierle, Phys. Chem.
Chem. Phys. 16, 13866 (2014).

4. M. Shipilin, U. Hejral, E. Lundgren, L.R. Merte, C. Zhang, 
A. Stierle, U. Rütt, O. Gutowski, M. Skoglundh, P.-A.
Carlsson, J. Gustafson, Surf.Sci. 630, 229 (2014).

C14

 IN OPERANDO X-RAY CHARACTERIZATION OF NANOWIRE DEVICES   

J. Wallentin1,2*, M. Osterhoff1, and T. Salditt1  
1In sti tute for X-Ray Phys ics, Uni ver sity of Göttingen, GERMANY

2Syn chro tron Ra di a tion Re search, Lund Uni ver sity, SWEDEN
jesper.wallentin@sljus.lu.se

To char ac ter ize strain in nanodevices it is im por tant to
mea sure com plete de vices, since the strain is af fected by
de pos ited metal and ox ide films. In ad di tion to these static
ef fects, semi con duc tor de vices in op er a tion are ex posed to
high elec tric fields and tem per a tures. We dem on strate how
in operando hard X-ray dif frac tion us ing a nanofocused
beam can quan ti ta tively mea sure both strain and bend ing in 
a nanowire de vice un der elec tric bias, and how nanowires
can be used as X-ray de tec tors.  

  Nanowire tran sis tors were mounted in a spe cial sam -
ple holder which al lows si mul ta neous X-ray and elec tri cal
mea sure ments, and char ac ter ized with nanofocused X-rays 
at the ESRF and PETRA-III synchrotrons. Scan ning X-ray
Bragg dif frac tion was per formed with 100 nm real-space
res o lu tion along the nanowire axis, also be hind the metal
con tacts. The 3D shape of the nanowire was re con structed
from the XRD data. 

In the as-pro cessed de vice, the strain was small but the
nanowire was bent in an arch be tween the con tacts. The de -
vice was then ex posed to in creas ing bias volt ages un til
break down, while si mul ta neously mea sur ing the elec tri cal
cur rent and per form ing scan ning X-ray Bragg dif frac tion
at each bias. We ob served small and non-re vers ible bend -
ing at 2V bias. At higher bias volt ages the arch grad u ally
dis ap peared while the lat tice con stant changed in the con -
tact re gions. The struc tural changes were cor re lated with a
re duc tion in electrical conductance [1]. 

Mea sure ments with an other nanowire de vice show that
car ri ers gen er ated by X-ray ab sorp tion in creased the elec -
tri cal con duc tance by five or ders of mag ni tude. By 2D
scan ning the de vice, and mea sur ing the cur rent at con stant
elec tri cal bias for each point, we cre ated an im age of the
X-ray nanofocus with submicron resolution [2]. 

1. J. Wallentin, M. Osterhoff, and T. Salditt, “In operando
X-ray dif frac tion re veals elec tri cally in duced strain and
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bend ing in sin gle nanowire de vice” Adv. Ma ter.
28 (9), 1788 (2016)
http://dx.doi.org/10.1002/adma.201504188  

2. J. Wallentin, M. Osterhoff, R. N. Wilke, K.-M.
Persson, L.-E. Wernersson, M. Sprung, and T.
Salditt, “Hard X-ray de tec tion us ing a sin gle 100 
nm-di am e ter nanowire” Nano Lett. 14 (12), 7071 
(2014) http://dx.doi.org/10.1021/nl5040545.

C15

GROWING SELF-CATALYSED GaAs NANOWIRES PROBED BY TIME-RESOLVED
IN-SITU HIGH-RESOLUTION X-RAY DIFFRACTION

Philipp Schroth1,2,3, Julian Jakob2,3, Mar tin Köhl3, Lud wig Feigl3, Seyed Mohammad
Mostafavi Kashani1, Jonas Vogel1, Arman Davtyan1, Jörg Strempfer4, Tilo Baumbach2,3 and

Ullrich Pietsch1

1Universität Siegen, Siegen, Ger many
2Lab o ra tory for Ap pli ca tion of Syn chro tron Ra di a tion (LAS), Fac ulty of Phys ics,  Karlsruhe In sti tute of Tech -

nol ogy
3In sti tute for Pho ton Sci ence and Syn chro tron Ra di a tion (IPS), Karlsruhe In sti tute of Tech nol ogy (KIT),

Karlsruhe, Ger many
4Deutsches Elektronen Syn chro tron (DESY), Ham burg, Ger many

Time-re solved X-ray mea sure ments can pro vide valu able
in sight in the dy nam ics of the growth of semi con duc tor
nanostructures as e.g. GaAs nanowires, in par tic u lar in the
evo lu tion of their crys tal lo graphic prop er ties and their
shape. Here, we re port on the growth of self-catalysed
GaAs nanowires onto Sil i con (111) sub strates us ing the
por ta ble mo lec u lar beam ep i taxy setup of LAS/IPS [1]  at
KIT. These nanowires are grown by the va por-liq uid-solid
mode us ing a liq uid Ga-drop let as cat a lyst. We probe the
crys tal lo graphic prop er ties and the shape of the grow ing
nanowires in-situ by means of time-re solved high-res o lu -
tion X-ray dif frac tion. 

The X-ray ex per i ments have been per formed at the P09
beamline of PETRA III at DESY, where the (311) and
(220) zinc-blende and (10.3) wurt zite Bragg re flec tions
have been mon i tored dur ing growth. 

We gain in sight in the evo lu tion of polytypism in
self-cat a lyzed GaAs nanowires dur ing growth. Fur ther, we
ob tain in for ma tion on ra dial growth pro cesses of wurt zite
and zinc-blende seg ments in the grow ing GaAs nanowires.
In par tic u lar, we sep a rate ra dial facet growth pro cesses
from ta per ing caused by an in fla tion of the liq uid Ga drop -
let and com pare the find ings with ex-situ SEM and
theoretical growth models.

We are grate ful for Thomas Keller and Andreas Stierle at
the Nanolab@DESY, Da vid Reuther at P09, Hans Gräfe,
Bärbel Krause and Annette Weißhardt at the UHV-lab o ra -
tory@ANKA, KIT.  The pro ject was sup ported by Ger man
BMBF (05ES7CK and 05K13PS3).

1. T. Slobodskyy, et al., Rev. Sci. Instrum. 83, 105112 (2012).

Fig ure 1. (a) Ex per i men tal setup, (b) 3D model of
nanowire in the de vice [1], (c) Con duc tance of a
nanowire de vice as func tion of time, for three dif fer ent
X-ray fluxes [2], (d) Im ag ing of a fo cused X-ray beam
us ing the nanowire de vice, at (left) and 24 mm (right) af -
ter the nanofocus. 

http://dx.doi.org/10.1002/adma.201504188
http://dx.doi.org/10.1021/nl5040545
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SYNCHROTRON X-RAY BRAGG DIFFRACTION IMAGING TECHNIQUES TO
CHARACTERISE ICE DISTORTION UNDER LOADING

A. Philip1, R. T. Kluender2, L. Capolo1*, J. Meyssonnier1, J. Baruchel2

1LGGE, UGA-CNRS, Grenoble, France; 2ESRF, Grenoble, France 
* now at Grenoble Université Presses

The way ice dis torts un der an ex ter nal force is an im por tant
topic for both me chan ics (be cause ice is an ex am ple of very 
anisotropic sol ids [1]), and en vi ron men tal sci ence. In deed
strain and ori en ta tion heterogeneities oc cur in each of the
crys tal lites of polycrystalline ice when sub mit ted to ap -
plied stresses. These intra-gran u lar inhomogeneities, as
well as the in ter ac tions of dis lo ca tions with grain bound -
aries [2], play an im por tant role in pro cesses like yield ing,
creep, recrystallisation or frac ture. We in ves ti gated, at the
ESRF beamline BM05, a high crys tal line qual ity tricrystal
of ice (ini tial dis lo ca tion den sity less than 100 cm/cm3),
which con sti tutes the sim plest model for a polycrystal. This 

tricrystal was sub mit ted, within a spe cially de signed cold
cell, to sev eral steps of com pres sion.

A first, qual i ta tive, ap proach, was car ried out by us ing
white beam dif frac tion to pog ra phy, which al lows fol low -
ing the move ment and mul ti pli ca tion of the dis lo ca tions at
the in cep tion of the de for ma tion. Their ve loc ity was found

to be in the 0.5 - 1 mms-1
 range at -10 °C un der a com pres -

sion stress of 0.3 MPa, in agree ment with the or der of mag -
ni tude of the mo bil ity of dis lo ca tions in ice found in the
lit er a ture [3]. The dis lo ca tion den sity in creases dur ing
load ing, and stress con cen tra tions oc cur at the level of
grainb bound aries: they ap pear as ar eas of in creased dif -
fracted in ten sity (‘black’, with the usual con ven tion) on the 

Fig ure 1. a) Bragg dif frac tion com pos ite im age (the re flec tion used is dif fer ent for the dif fer ent grains, but the im ages are si mul ta -
neous) of the de for ma tion of an ice tri-crys tal un der a com pres sion of 0.2 MPa.  b) Photo taken with polar ised light. The pro jec tion of
the c-axis of each grain on the plane is in di cated by the ar rows. The c-axes are per pen dic u lar to the basal slip lines.

Fig ure 2. Ex am ple of the mea sure ment of the cur va ture field map (which is di rectly re lated to the geo met ri cally nec es sary dis lo ca tion
den sity map) through the use of “reticulography”: a tung sten grid lo cated in front of the crys tal lead to a num ber of spa tially in de pend -
ent Bragg spots (in this case cor re spond ing to the (1-100) re flect ing planes), al low ing mea sur ing the vari a tion of po si tion/ori en ta tion
of the ar eas im aged on these spots in the de formed state with re spect to the po si tion in the initial (non-deformed) one.  
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com pos ite topograph shown on Fig. 1a. At the be gin ning of 
load ing, the black re gions ap pear to be re lated to the in ter -
nal elas tic strain since they dis ap pear when the ex ter nal
load is re moved. How ever, af ter the spec i men has been
loaded for some time then un loaded, the topographs still
ex hibit black ar eas at the grain bound aries, sug gest ing that
this dis tor tion is re lated to the dis lo ca tions pil ing up at the
level of the grains, as al ready ob served in the Fe-Si
bicrystal case [4]. The ori en ta tion of the grains (fig1b) de -
ter mines their de gree of strain com pat i bil ity: if the two
grains have a-axes in the same di rec tion, they be have as
“strain-com pat i ble”, be cause the Bur gers vec tors of the
basal dis lo ca tions in both grains are par al lel to each other.
We ob serve dis tor tions as so ci ated with the en ergy stored
by the dis lo ca tion pil ing up, which are stron ger for grains
where the dis lo ca tion Bur gers vec tors are not com pat i ble
than for those where they are.

More quan ti ta tive re sults were ob tained by us ing
3D-RCI [5], which com bines rock ing curve im ag ing with
sec tion and pin hole to pog ra phy, in or der to mea sure lat tice
dis tor tions in all three spa tial di men sions. This 3D-RCI
method al lowed quan ti fy ing the lat tice ori en ta tions with a

spa tial voxel of about 50 × 50 × 50 mm3, and an an gu lar res -

o lu tion is in the few mra di ans range. 3D-RCI is a so phis ti -
cated and pow er ful tech nique, but, as it rests on the
as sump tion that an el e men tary vol ume in the crys tal al ways 
dif fract on a given pixel of the de tec tor (size p), it can only

be ap plied when the lo cal mo saic spread Dw of this el e men -

tary vol ume is such that  Dw < p / (2D sin q), where D is the
sam ple-to-de tec tor dis tance. This leads, with our usual ex -

per i men tal con di tions, to a limit Dw < 1 mrad) which re -
mains low with re spect to the dis tor tions that are im por tant
to in ves ti gate. 

An other tech nique, “reticulography” [6], al lows char -
ac ter is ing dis tor tions in duced un der higher or lon ger com -
pres sions. It im plies lo cat ing an ab sorb ing grid in front of
the sam ple, to split the beam into a se ries of sub-beams.

Each dif frac tion spot is thus split into sub-re gions. By
point ing the grid nodes on the top o graphic im age ob tained
by us ing var i ous re flect ing lat tice planes (at least two), it is
pos si ble to ob tain the com po nents of the dif frac tion vec -
tors, and con se quently the crys tal lo graphic ori en ta tion at
each node. An ex am ple of ap pli ca tion of reticulography is
presented on Figure 2. 

These two tech niques (3D-RCI for the lower statesof
dis tor tion, and reticulography) were used to mea sure the
crys tal line ori en ta tion in a whole grain vol ume. From these
ex per i men tal re sults we have cal cu lated the gra di ent of lat -
tice ro ta tion, and es ti mated the cur va ture ten sor field in the
grain. This later ten sor al lows reach ing the den sity of “geo -
met ri cally nec es sary dis lo ca tions”7, which is di rectly re -
lated to the viscoplastic de for ma tion of the crys tal line
ma te rial. To our knowl edge no ex per i men tal re sults as
these ones have been pub lished up to now. These re sults
are very prom is ing, but have to be im proved both for RCI
(where an en hanced sta bil ity is re quired) and
reticulography (where the grid size must be re duced), if we
wish ac quir ing mea sure ments of the strong strain gra di ents
that oc cur in ice, which are ac tu ally useful for the
mechanical simulations that are developing nowadays.

1. V. F. Petrenko, R. W. Whitworth, “Phys ics of Ice’, Ox ford
Uni ver sity Press, 1999.

2. D.A. Smith, http://dx.doi.org/10.1051/jphyscol:1982621.

3. Y. Okada, T. Hondoh, S. Mae, Phil. Mag. A, 79, (1996),
2853.

4. M. Polcarová, J. Gemperlová, A. Jacques, J. Brádler, A.
George, J. Phys. D: Appl. Phys. 39, (2006), 4440.

5. R.T. Kluender, A. Philip, J. Meyssonier, J. Baruchel, Phys.
Sta tus Solidi 208, (2011), 2505.

6. A.R. Lang, A.P.W. Makepiece, J. Syn chro tron Rad. 3,
(1996), 313.

7. M. F. Ashby, Phil. Mag. 13, (1970), 399.
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HIGH-ENERGY LOW-DOSE MAMMOGRAPHY USING EDGE ILLUMINATION X-RAY
PHASE-CONTRAST IMAGING

P. C. Diemoz1, A. Bravin2, A. Sztrókay-Gaul3, M. Ruat2, S. Grandl3, D. Mayr4,  A. Mittone2,5, 
M. F. Reiser3, P. Coan3,5, A. Olivo1

1De part ment of Med i cal Phys ics and Bio med i cal En gi neer ing, UCL, Lon don WC1E 6BT, UK
2Eu ro pean Syn chro tron Ra di a tion Fa cil ity, 38043 Grenoble, France

3In sti tute for Clin i cal Ra di ol ogy, Lud wig-Maximilians Uni ver sity, 81377 Mu nich, Ger many
4In sti tute for Pa thol ogy, Lud wig-Maximilians Uni ver sity, 80337 Mu nich, Ger many

5De part ment of Phys ics, Lud wig-Maximilians Uni ver sity, 85748 Garching, Ger many
p.diemoz@ucl.ac.uk

Edge il lu mi na tion (EI) is an X-ray phase-con trast im ag ing
(XPCI) tech nique that has been un der in ten sive de vel op -
ment at Uni ver sity Col lege Lon don (UK) in re cent years.
Be sides be ing ap pli ca ble at syn chro tron ra di a tion fa cil i ties
[1], EI was also dem on strated to be com pat i ble with ta -
ble-top set ups based on non-microfocal X-ray tubes [2]. In
fact, EI is in sen si tive to both beam polychromaticity and

rel a tively large source sizes (up to at least 100 µm). This di -
rectly fol lows from the in co her ent na ture of the method,
which in fact can be de scribed ac cu rately through sim ple
geo met ri cal op tics.

The goal of this study was to dem on strate that EI, when
used at X-ray en er gies much larger than those em ployed in
clin i cal prac tice, en ables the achieve ment of very low
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doses in mam mog ra phy. Since the first days of XPCI,
mam mog ra phy has been con sid ered as one of the most im -
por tant can di dates for a clin i cal ap pli ca tion [3]. In fact, the
im ag ing of breast can greatly ben e fit from soft tis sue con -
trast im prove ments and/or from ra di a tion dose reductions
provided by XPCI.

In or der to achieve this aim, a proof-of-prin ci ple ex per -
i ment was per formed at the Eu ro pean Syn chro tron Ra di a -
tion Fa cil ity (ESRF, France), on ex cised hu man breast
spec i mens. A pho ton-count ing de tec tor achiev ing al most
100% ef fi ciency at high X-ray en er gies was used in or der
to min i mize the im age noise. More over, a new re trieval al -
go rithm ca pa ble of ex tract ing the phase shift from a sin gle
EI im age was ex ploited to pro cess the ac quired im ages [4].
This method pres ents the two fold ad van tage of be ing sta ble 
with re spect to noise (thus al low ing fur ther dose re duc -
tions) [5] and of need ing only one in put im age, thus sig nif i -
cantly sim pli fy ing and speed ing up the ac qui si tion.
Im por tantly, al though this proof-of-prin ci ple study was
car ried out with syn chro tron ra di a tion, the method has po -

ten tial for an ap pli ca tion in ta ble-top set ups, which
represents an essential requirement for any future clinical
implementation.

In this talk, we will first in tro duce the EI tech nique and
its main fea tures. We will then pres ent the re cently de vel -
oped sin gle-im age re trieval al go rithm and the pi lot ex per i -
ment car ried out at the ESRF, and sug gest ways to ex ploit
these re sults for po ten tial fu ture clinical applications.

1. A. Olivo, et al., Med. Phys., 28, (2001), 1610.

2. A Olivo, R. D. Speller, Appl. Phys. Lett., 91, (2007),
074106.

3. V. N. Ingal, E. A. Beliaevskaya, A. P. Brianskaya, R. D.
Merkurieva, Phys. Med. Biol., 43, (1998), 2555.

4. P. C. Diemoz, F. A. Vit toria, C. K. Hagen, M. Endrizzi, P.
Coan, E. Brun, U. H. Wag ner, C. Rau, I. K. Rob in son, A.
Bravin, A. Olivo, J. Syn chro tron Radiat., 22, (2015), 1072.

5. P. C. Diemoz, F. A. Vit toria, C. K. Hagen, M. Endrizzi, P.
Coan, A. Bravin, U. H. Wag ner, C. Rau, I. K. Rob in son, A. 
Olivo, sub mit ted.
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SYNCHROTRON-BASED X-RAY STRUCTURAL ANALYSIS OF FUNCTIONAL
MATERIALS TOWARDS CATALYTIC STRUCTURE-ACTIVITY RELATIONSHIPS

J. P. Hofmann

Lab o ra tory of In or ganic Ma te ri als Chem is try, De part ment of Chem i cal En gi neer ing and Chem is try,
Eindhoven Uni ver sity of Tech nol ogy, P.O. Box 513, 5600MB Eindhoven, The Neth er lands

j.p.hofmann@tue.nl

Het er o ge neous ca tal y sis plays a sig nif i cant role in chem i -
cal in dus try. To ar rive at a knowl edge-based cat a lyst de -
sign, fun da men tal in sight into re la tions be tween struc ture
and cat a lytic prop er ties, such as ac tiv ity, se lec tiv ity and
sta bil ity, is needed. Dur ing this lec ture, ex am ples from re -
cent work at ESRF beamlines ID01 and ID03 will be dis -
cussed. Three show case ap pli ca tions from the field of
het er o ge neous model ca tal y sis will be high lighted. 

1) Zeolites are com monly used as solid acid cat a lysts in
many large scale in dus trial pro cesses, such as the Meth a -
nol-to-Hy dro car bons pro cess. Ze o lite H-ZSM-5 is a well-
 known can di date and has been stud ied ex ten sively be cause
of its in trigu ing 3D inter growth struc ture. We have ap plied
mi cro-fo cused X-ray dif frac tion im ag ing at higher or der
Bragg re flec tions to un ravel the inter growth pat tern of in di -
vid ual large H-ZSM-5 crys tals [1]. Ad di tion ally, in for ma -
tion about alu minium zon ing, which sen si tively im pacts on 
cat a lytic prop er ties, could be ob tained based on sub tle
changes of the lat tice con stants. Re cently, we ex tended the
µXRD ap proach by cou pling op ti cal de tec tion of X-ray ex -
cited op ti cal flu o res cence (XEOF) of la belled H-ZSM-5
crys tals [2]. Re cord ing XEOF of sty rene oli go mers as a
Brønsted acid site specific la bel to gether with µXRD re -
sponse led to the si mul ta neous char ac ter iza tion of local

crystallinity and the presence and nature of catalytically
active sites.

2) Operando sur face X-ray scat ter ing ex per i ments un -
der elec tro chem i cal con di tions have been car ried out to ar -
rive at cat a lytic struc ture-ac tiv ity re la tion ships for sin gle
crys tal (here Pt(111)) model elec trodes [3]. In this ex per i -
ment, SXRD, XRR and GISAXS have been ap plied to -
gether with On-Line-Elec tro chem i cal Mass Spec trom e try
(OLEMS) to study the in flu ence of sur face struc tural
changes on ac tiv ity of the model elec trode in hy dro gen and
ox y gen evo lu tion re ac tions. OLEMS adds chem i cal spec i -
fic ity to elec tro chem i cally mea sured cur rents and plays to
its strength when reactions with a selectivity dimension are
studied. 

3) Most re cently, nanocrystal model cat a lysts have
been in tro duced for in-situ stud ies of in di vid ual
nanoparticle ca tal y sis. Real space struc ture and strain dis -
tri bu tion is stud ied by Co her ent X-ray Dif frac tion Im ag ing
(CXDI). In-situ cells for both het er o ge neous gas phase ca -
tal y sis and electrocatalysis have been con structed and suc -
cess fully ap plied; show cases from both field will be
highlighted. 
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doses in mam mog ra phy. Since the first days of XPCI,
mam mog ra phy has been con sid ered as one of the most im -
por tant can di dates for a clin i cal ap pli ca tion [3]. In fact, the
im ag ing of breast can greatly ben e fit from soft tis sue con -
trast im prove ments and/or from ra di a tion dose reductions
provided by XPCI.

In or der to achieve this aim, a proof-of-prin ci ple ex per -
i ment was per formed at the Eu ro pean Syn chro tron Ra di a -
tion Fa cil ity (ESRF, France), on ex cised hu man breast
spec i mens. A pho ton-count ing de tec tor achiev ing al most
100% ef fi ciency at high X-ray en er gies was used in or der
to min i mize the im age noise. More over, a new re trieval al -
go rithm ca pa ble of ex tract ing the phase shift from a sin gle
EI im age was ex ploited to pro cess the ac quired im ages [4].
This method pres ents the two fold ad van tage of be ing sta ble 
with re spect to noise (thus al low ing fur ther dose re duc -
tions) [5] and of need ing only one in put im age, thus sig nif i -
cantly sim pli fy ing and speed ing up the ac qui si tion.
Im por tantly, al though this proof-of-prin ci ple study was
car ried out with syn chro tron ra di a tion, the method has po -

ten tial for an ap pli ca tion in ta ble-top set ups, which
represents an essential requirement for any future clinical
implementation.

In this talk, we will first in tro duce the EI tech nique and
its main fea tures. We will then pres ent the re cently de vel -
oped sin gle-im age re trieval al go rithm and the pi lot ex per i -
ment car ried out at the ESRF, and sug gest ways to ex ploit
these re sults for po ten tial fu ture clinical applications.

1. A. Olivo, et al., Med. Phys., 28, (2001), 1610.

2. A Olivo, R. D. Speller, Appl. Phys. Lett., 91, (2007),
074106.

3. V. N. Ingal, E. A. Beliaevskaya, A. P. Brianskaya, R. D.
Merkurieva, Phys. Med. Biol., 43, (1998), 2555.

4. P. C. Diemoz, F. A. Vit toria, C. K. Hagen, M. Endrizzi, P.
Coan, E. Brun, U. H. Wag ner, C. Rau, I. K. Rob in son, A.
Bravin, A. Olivo, J. Syn chro tron Radiat., 22, (2015), 1072.

5. P. C. Diemoz, F. A. Vit toria, C. K. Hagen, M. Endrizzi, P.
Coan, A. Bravin, U. H. Wag ner, C. Rau, I. K. Rob in son, A. 
Olivo, sub mit ted.
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I6

SYNCHROTRON-BASED X-RAY STRUCTURAL ANALYSIS OF FUNCTIONAL
MATERIALS TOWARDS CATALYTIC STRUCTURE-ACTIVITY RELATIONSHIPS

J. P. Hofmann

Lab o ra tory of In or ganic Ma te ri als Chem is try, De part ment of Chem i cal En gi neer ing and Chem is try,
Eindhoven Uni ver sity of Tech nol ogy, P.O. Box 513, 5600MB Eindhoven, The Neth er lands

j.p.hofmann@tue.nl

Het er o ge neous ca tal y sis plays a sig nif i cant role in chem i -
cal in dus try. To ar rive at a knowl edge-based cat a lyst de -
sign, fun da men tal in sight into re la tions be tween struc ture
and cat a lytic prop er ties, such as ac tiv ity, se lec tiv ity and
sta bil ity, is needed. Dur ing this lec ture, ex am ples from re -
cent work at ESRF beamlines ID01 and ID03 will be dis -
cussed. Three show case ap pli ca tions from the field of
het er o ge neous model ca tal y sis will be high lighted. 

1) Zeolites are com monly used as solid acid cat a lysts in
many large scale in dus trial pro cesses, such as the Meth a -
nol-to-Hy dro car bons pro cess. Ze o lite H-ZSM-5 is a well-
 known can di date and has been stud ied ex ten sively be cause
of its in trigu ing 3D inter growth struc ture. We have ap plied
mi cro-fo cused X-ray dif frac tion im ag ing at higher or der
Bragg re flec tions to un ravel the inter growth pat tern of in di -
vid ual large H-ZSM-5 crys tals [1]. Ad di tion ally, in for ma -
tion about alu minium zon ing, which sen si tively im pacts on 
cat a lytic prop er ties, could be ob tained based on sub tle
changes of the lat tice con stants. Re cently, we ex tended the
µXRD ap proach by cou pling op ti cal de tec tion of X-ray ex -
cited op ti cal flu o res cence (XEOF) of la belled H-ZSM-5
crys tals [2]. Re cord ing XEOF of sty rene oli go mers as a
Brønsted acid site specific la bel to gether with µXRD re -
sponse led to the si mul ta neous char ac ter iza tion of local

crystallinity and the presence and nature of catalytically
active sites.

2) Operando sur face X-ray scat ter ing ex per i ments un -
der elec tro chem i cal con di tions have been car ried out to ar -
rive at cat a lytic struc ture-ac tiv ity re la tion ships for sin gle
crys tal (here Pt(111)) model elec trodes [3]. In this ex per i -
ment, SXRD, XRR and GISAXS have been ap plied to -
gether with On-Line-Elec tro chem i cal Mass Spec trom e try
(OLEMS) to study the in flu ence of sur face struc tural
changes on ac tiv ity of the model elec trode in hy dro gen and
ox y gen evo lu tion re ac tions. OLEMS adds chem i cal spec i -
fic ity to elec tro chem i cally mea sured cur rents and plays to
its strength when reactions with a selectivity dimension are
studied. 

3) Most re cently, nanocrystal model cat a lysts have
been in tro duced for in-situ stud ies of in di vid ual
nanoparticle ca tal y sis. Real space struc ture and strain dis -
tri bu tion is stud ied by Co her ent X-ray Dif frac tion Im ag ing
(CXDI). In-situ cells for both het er o ge neous gas phase ca -
tal y sis and electrocatalysis have been con structed and suc -
cess fully ap plied; show cases from both field will be
highlighted. 
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1. Z. Ristanovic, J. P. Hofmann, U. Deka, T. U. Schülli, M.
Rohnke, A. M. Beale, B. M. Weckhuysen, Angew. Chem.
Int. Ed. 52, (2013), 13382.

2. Z. Ristanovic, J. P. Hofmann, M.-I. Rich ard, T. Jiang, G.
A. Chahine, T. U. Schülli, F. Meirer, B. M. Weckhuysen,
Angew. Chem. Int. Ed., (2016) in press.

3. A. Goryachev, A. H. Won ders, F. Carlà, J. Drnec, R. Felici, 
P. P. T. Krause, E. J. M. Hensen, J. P. Hofmann,

ChemistrySelect, (2016), in press, DOI:
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TRANSMISSION SURFACE DIFFRACTION: A NEW TOOL FOR IN-SITU AND
OPERANDO SURFACE SCIENCE

F. Reikowski1, T. Wiegmann1, J. Stettner2, J. Drnec2, V. Honkimäki2, F. Maroun3, 
O. M. Magnussen1 

 1In sti tute of Ex per i men tal and Ap plied Phys ics, Kiel Uni ver sity, Kiel 24098, Ger many
2Ex per i men tal di vi sion, ESRF, 71 Av e nue des Mar tyrs, 38000 Grenoble, France

3Phy sique de la MatiPre Condensée, Ecole Polytechnique, CNRS, 91128 Palaiseau, France
drnec@esrf.fr

A new sur face dif frac tion method for in situ stud ies of bur -
ied in ter faces which em ploys syn chro tron X-ray ra di a tion
of high pho ton en ergy is pre sented. In con trast to the stan -
dard ge om e try with graz ing in ci dence an gles [1], in this
tech nique a trans mis sion ge om e try where the X-ray beam
passes through the sam ple is used (Fig. 1). Trans mis sion
sur face dif frac tion (TSD) is a pow er ful and user-friendly
method that en ables fast si mul ta neous im ag ing of the full
in-plane struc ture of solid sur faces. Fur ther more, it al lows
sur face X-ray dif frac tion stud ies with mi crom e ter spa tial
res o lu tion, open ing up the way to map the atomic in ter face
struc ture of spa tially inhomogeneous sys tems or to study
the sur face prop er ties of small sam ples. The fea si bil ity of
this ap proach is dem on strated by TSD mea sure ments of Co 
and Bi electrodeposition on Au(111) elec trodes [2], per -
formed at beamline ID 31 of the ESRF. The for ma tion of

the crys tal trun ca tion rods (CTRs), changes in the Au CTRs 
due to epitaxial strain, and the dis ap pear ance of the rods

cor re spond ing to the (22 x Ö3) phase of the Au sur face re -
con struc tion can be di rectly ob served with out lengthy
searches in re cip ro cal space. In ad di tion, in situ microscale
map ping of the de posit and sub strate prop er ties and stud ies
dur ing Co dis so lu tion are dis cussed.

1. J. Gustafson, M. Shipilin, C. Zhang,  A. Stierle, U. Hejral,
U. Ruett, O. Gutowski, P.-A. Carlsson, M. Skoglundh, E.
Lundgren, Sci ence 343, 758 (2014).

2. F. Reikowski, F. Maroun, N. Di, P. Allongue, M. Ruge, J.
Stettner, O. M. Magnussen, Electrochimica Acta 197,  273
(2016).

Fig ure 1. (a) Real space and re cip ro cal space ge om e try of TSD. (b) In situ TSD of Au(111) in 0.1 M NaClO4 + 1.3 mM HCl +
1mM CoCl2, re corded at 40 keV. Shown is the in ten sity dif fer ence be tween de tec tor im ages of the Au sam ple at -0.2 VAg/AgCl and
af ter electrodeposition of a 20 ML thick epitaxial Co(001) film at -1.05 VAg/AgCl. 
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INTERMIXING IN SINGLE Ge-Si CORE-SHELL NANOWIRES: 
A COHERENT X-RAY IMAGING STUDY

S. Fernández1,2, M.-I. Rich ard1,2, S. Labat2 , P. Gen tile3, T. Schülli2, O. Thomas1

1Aix-Mar seille Université, CNRS, IM2NP UMR 7334, Cam pus de St-Jérôme, 13397 Mar seille, France
2ESRF, The Eu ro pean Syn chro tron, 71 Av e nue des Mar tyrs, 38043 Grenoble Cedex, France

3CEA Grenoble/ INAC/PHELIQS, 17 Av e nue des Mar tyrs, 38054, Grenoble

Char ac ter is ing the struc tural prop er ties (strain gra di ents,
chem i cal com po si tion, crys tal ori en ta tion and de fects) in -
side nanostructures is a grand chal lenge in ma te ri als sci -
ence. In this con text, the tem per a ture evo lu tion of the
in ter face struc ture in a core-shell nanostructure is es pe -
cially in ter est ing to study. It raises fun da men tal ques tions
about in ter mix ing at the nanoscale where a strong in ter -
play be tween strain and in ter fa cial en er gies is ex pected to
play an im por tant role. Co her ent dif frac tion im ag ing
(CDI) in Bragg con di tion is a prom is ing and at trac tive
method to map the shape, the con cen tra tion and de for ma -
tion fields si mul ta neously in side sin gle nanostructures. It
also per mits in situ ex per i ments ow ing to its non-de struc -
tive na ture.

We dem on strate the ca pa bil i ties of the CDI tech nique
in Bragg con di tion on sin gle Ge-Si core-shell nanowires

(NWs) with a typ i cal di am e ter of 300 nm and a length of 10
mi crom e ters. NWs are grown by Va por-Liq uid-Solid
(VLS) phase ep i taxy and then iso lated us ing a SEM/FIB
instrument. 

High res o lu tion X-ray dif frac tion ex per i ments have
been per formed at the ID01 beamline of ESRF (France).  A
Fres nel Zone Plate fo cused the beam on a 150 (V) × 400 (H)
nm2 spot. X-ray re cip ro cal space maps around four dif fer ent 
Bragg re flec tions were re corded, ev i denc ing a Ge core
com pletely re laxed (i.e., at its bulk lat tice pa ram e ter). Also
a lat tice tilt in the growth di rec tion of the NW was ob served
dur ing the mea sure ments. Then, an in-situ study as func tion 
of tem per a ture was per formed on the iso lated wire, yield ing 
changes in the re corded dif frac tion pat terns. Phase re trieval
anal y sis and re con struc tion of the studied NW are in
progress.
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Wednesday, Sep tem ber 7 - morning

I7

FOLLOWING MACROSCOPIC, MESOSCOPIC AND ATOMIC MOTIONS IN
MULTI-DOMAIN CRYSTALS UNDER ALTERNATING ELECTRIC FIELD 

S. Gorfman1, H. Choe1, N. Zhang2, M. Ziolkowski1, U. Pietsch1 
1 De part ment of Phys ics, Uni ver sity of Siegen, Siegen, Ger many

2 Elec tronic Ma te ri als Re search Lab o ra tory, Xi’An Jiaotong Uni ver sity, Xi’An, China
gorfman@physik.uni-siegen.de

Phys i cal prop erty is a re sponse of a ma te rial to an ex ter nal
per tur ba tion, as e.g. con verse piezoelectricity ac counts for
me chan i cal de for ma tion in re sponse to an elec tric field.
Be ing ob serv able and ap pli ca ble in de vices on a mac ro -
scopic level, phys i cal prop er ties are un der pinned by some
deeper struc tural or / and microstructural mo tions. Im por -
tantly, many func tional prop er ties (e.g. gi ant piezo -
electricity, super-elas tic ity and shape-mem ory ef fect) are
at trib uted to the mesoscopic length scale, where ex ter nal
elec tric field or stress move do main walls and change the
vol ume ra tios be tween do mains. Mesoscopic length scale
and multi-do main struc ture plays piv otal role in ferroic
(e.g. ferroelastic and ferro elec tric) crys tals, where do mains 
nat u rally ap pear af ter a phase tran si tion from higher- and
lower-sym me try phases. Sur pris ingly, the tre men dous po -
ten tial of mesoscopically dom i nated prop er ties in de vices
re mains un ex plored as long as si mul ta neous prob ing of
mac ro scopic, mesoscopic and atomic dy nam ics in multi-
 do main crys tals re mains to be a se ri ous chal lenge. 

In this talk we ex plore the ca pa bil i ties of the state-
 of-the-art high-res o lu tion X-ray dif frac tion for com bined
in-situ probes of multi-do main pro cesses in ferroics un der
al ter nat ing and quasi-static elec tric fields. We will fo cus on 

the re cent in sights to the func tional ferro elec tric and
ferroelastic ma te ri als and show how high-res o lu tion re cip -
ro cal space scans / 2D maps / 3D vol umes can be mea sured
si mul ta neously with e.g. mac ro scopic P-E hys ter esis
loops. We will dis cuss the sep a ra tion of in trin sic re sponse
(dis place ment of at oms in a unit cell [1], changes of lat tice
pa ram e ters [2]) and ex trin sic re sponses (field-in duced do -
main-wall mo tion, vol u met ric ex change be tween do mains) 
as well as their pos si ble in ter con nec tion.

We will dem on strate and dis cuss in-situ X-ray dif frac -
tion data (the ex am ple is in the Fig ure 1) from uni ax ial
Sr0.5Ba0.5Nb2O6 ferro elec tric, where only 180° (in ver sion)
do mains are pres ent [2] and from the perovskite-based
PbZr1-xTixO3 and Na0.5Bi0.5TiO3, where tetragonal,
rhombohedral and monoclinic strain do mains are present. 

1. S. Gorfman, H. Simons, T. Iamsasri, S. Prasertpalichart,
D.P. Cann, H. Choe, U. Pietsch, Y. Watier, J.L. Jones.
Sci en tific Re ports 6, 20829, (2016).

2. S. Gorfman, H. Choe, V.V. Shvartsman, M. Ziolkowski,
M. Knapp, M. Vogt, J. Strempfer, T. £ukasiewicz, U.
Pietsch, J. Dec. Phys i cal Re view Let ters 114, 097601,
(2015).

Fig ure 1. Re cip ro cal space maps around -8 0 6 Bragg re flec tions of uni ax ial Sr0.5Ba0.5Nb2O6

ferro elec tric, stro bo scop i cally col lected un der al ter nat ing ex ter nal elec tric field (P08 beamline
at PETRA III). X-ray dif frac tion was mea sured si mul ta neously with the po lar iza tion-elec tric
field hys ter esis loop (bot tom mid dle). The maps are com posed of two Bragg peak com po nents
which are dis placed against one an other due to the op po site (pos i tive / neg a tive) pi ezo elec tric
re sponses in 180° / inversion ferroelectric domains. 
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TWIN DOMAIN MAPPING IN TOPOLOGICAL INSULATOR Bi2X3 (X = Se,Te) BY
SCANNING XRD AND ELECTRON BACKSCATTERING DIFFRACTIONG

D. Kriegner1, P. Harcuba1, A. Lesnik2, G. Springholz3, G. Bauer3, V. Holy1

1Fac ulty of Math e mat ics and Phys ics, Charles Uni ver sity in Prague, Praha, Czech Re pub lic
2Otto-von-Guericke Universität Magdeburg, FNW/IEP/AHE, Magdeburg, Ger many

3In sti tute of Semi con duc tor and Solid State Phys ics, Johannes Kep ler Uni ver sity Linz, Linz, Aus tria
dominik.kriegner@gmail.com

3D top o log i cal in su la tors are a new kind of mat ter with in -
verted bulk band gap and Dirac cone-like sur face states [1]. 
Bi2X3 with X = Se and Te are prime mem bers of this ma te -
rial class and were shown to ex hibit the pre dicted top o log i -
cal prop er ties [2]. For elec tri cal de vices made from these
ma te ri als large area high qual ity thin films are re quired
which, how ever, com monly show the for ma tion of twin de -
fects as can be seen in Fig.1a. Hor i zon tal (c-plane) twin de -
fects were shown to in flu ence the elec tronic prop er ties [3]
whereas lit tle is known about ver ti cal twin de fects. We
have in ves ti gated the hor i zon tal and ver ti cal twin de fect
for ma tion in mo lec u lar beam ep i taxy grown Bi2Se3 and
Bi2Te3 thin films by scan ning X-ray dif frac tion (SXRD) [4] 
and elec tron back scat ter dif frac tion (EBSD). With EBSD
we di rectly ob tain the crys tal ori en ta tion in the vi cin ity of
the sur face as shown in Fig. 1b. Scan ning X-ray dif frac tion
probes the bulk of the thin films and thus com ple ments the
sur face sen si tive elec tron im ag ing tech niques. For SXRD a 
fo cused X-ray beam (~150nm di am e ter) is used and with
the sam ples mounted on piezo-scan ners the XRD in ten sity

is mapped in real space. Per form ing mea sure ments at the
asym met ric (10-1.20) Bragg peak the XRD in ten sity (Fig.
1c) there fore re veals that de fects sep a rat ing the two twin
do mains are not strictly ver ti cal but that one twin do main
might also over grow an other sec ond one. Based on these
re sults we are able to pres ent a strat egy to re duce the sur -
face den sity of such de fects which has im por tant im pli ca -
tions for the study of top o log i cal sur face states.

1. H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang and S.-C.
Zhang, Na ture Phys ics 5, 438 - 442 (2009).

2. Y. L. Chen, J. G. Analytis, J.-H. Chu, Z. K. Liu, S.-K. Mo,
X. L. Qi, H. J. Zhang, D. H. Lu, X. Dai, Z. Fang, S. C.
Zhang, I. R. Fisher, Z. Hussain and Z.-X. Shen, Sci ence
325, 178-181 (2009).

3. H. Aramberri, J. I. Cerdá, and M. C. Muñoz, Nano Lett., 15 
3840–3844 (2015).

4. J. Stangl, C. Mocuta, A. Diaz, T. H. Metzger, and G.
Bauer, ChemPhysChem 10, 2923-2930 (2009).

Fig ure 1. Twin for ma tion in Bi2Te3 thin films. a) Scan ning elec tron mi cro graph of a twin bound ary (dashed line) sep a rat ing two
crys tal lo graphi cally twinned ar eas. b) Elec tron back scat ter dif frac tion (EBSD) inplane ori en ta tion map show ing the twin do mains in 
a larger area. c) bulk sen si tive scan ning XRD mea sure ment of the very same area shown in b), how ever, with bulk sen si tiv ity.
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IN SITU NANO-MECHANICAL TESTS IN THE LIGHT OF SYNCHROTRON X-RAY
DIFFRACTION 

T. W. Cornelius1, Z. Ren1, C. Leclere1, M. Dupraz2, G. Beutier2, M. Verdier2, 
O. Robach3, J.-S. Micha3, E. Rabkin4, G. Rich ter5, O. Thomas1
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3CRG-IF BM32 Beamline at the Eu ro pean Syn chro tron (ESRF), CS40220, 38043 Grenoble Cedex 9, France
4Technion -Is rael In sti tute of Tech nol ogy De part ment of Ma te ri als En gi neer ing, 32000 Haifa, Is rael
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In the re cent past, low-di men sional ma te ri als at tracted
enor mous at ten tion due to the ex traor di nary prop er ties
com pared to their bulk coun ter parts. For in stance, mi -
cro-and nano-me chan i cal tests re vealed an in creas ing yield 
strength with de creas ing struc ture size reach ing the ul ti -
mate limit of the ma te rial for nanowires [1, 2]. To shed ad -
di tional light on the me chan i cal be hav ior of low- 
di men sional ma te ri als, in situ ex per i men tal set ups are be -
ing de signed for mon i tor ing the evo lu tion of the struc tures
dur ing the me chan i cal de for ma tion. So far, in situ me chan i -
cal tests cou pled with X-ray dif frac tion tech niques con cen -
trated on micrometric sam ples [3, 4]. For in situ nano- 
me chan i cal tests, a scan ning force mi cro scope was de vel -
oped which can be in stalled at dif fer ent 3rd gen er a tion syn -
chro tron beamlines [5, 6, 7]. Here, we will pres ent the
cou pling of this new tool with Bragg co her ent X-ray dif -
frac tion im ag ing (BCDI) and µLaue dif frac tion for in situ
nano-in den ta tion on Au nano crystals and in situ three-
 points bend ing tests on self-sus pended Au nanowires, re -
spec tively [7, 8]. These in situ ex per i ments en abled us for
the first time to im age by BCDI a pris matic loop in a Au
crys tal which had been in duced by nano-in den ta tion. A
scan ning elec tron mi cro graph and the re con structed elec -
tron den sity of the in dented Au nanocrystal are pre sented in 

Fig. 1(a). More over, the in situ cou pling with µLaue dif -
frac tion al lowed for mea sur ing the com plete pro file of a
me chan i cally loaded nanowire giv ing ac cess to the elas tic
as well as the plas tic de for ma tion of the nanostructure. Fig -
ure 1(b) dis plays in te grated dif frac tion pat terns of the Au
222 Laue spot re corded along the nanowire at dif fer ent de -
for ma tion stages em ploy ing a newly de vel oped KB scan -
ning method [8]. From these in te grated dif frac tion pat terns, 
the bend ing an gle and the com plete nanowire pro file also
shown in this fig ure were de ter mined. 

This work was funded by the French Na tional Re search
Agency through pro ject ANR-11-BS10-01401 MecaniX.

1. B. Wu et al., Na ture Ma te ri als 4 (2005) 525.

2. G. Rich ter et al., Nano Lett. 9 (2009) 3048.

3. C. Kirchlechner et al., Acta Materialia 60 (2012) 1252.

4. R. Maaß et al., Ma ter. Sci. Eng. A 524 (2009) 40.

5. Z. Ren et al., J. Syn chro tron Radiat. 21 (2014) 1128.

6. C. Leclere et al., J. Appl. Cryst. 48, 291 (2015).

7. M. Dupraz, PhD the sis, Université Grenoble Alpes,
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Fig ure 1. a) SEM im age, re con structed shape and elec tron den sity of an in dented Au nanocrystal. b) In te grated dif frac tion pat terns
of the Au 222 Laue spot re corded along the de formed nanowire, bend ing an gle and nanowire pro file in ferred from the dif frac tion
pat terns.



C22

OBSERVATION OF SAGITTAL X-RAY DIFFRACTION OF SURFACE ACOUSTIC
WAVES IN BRAGG GEOMETRY 

S. Vadilonga1,2, I. Zizak1, A. Erko1,2, D. V. Roshchupkin3
 

1Helmholtz-Zentrum Berlin, Al bert Ein stein str. 15, 12489 Berlin, Ger many
2Freie Universität Berlin, Arnimallee 14, 14195 Berlin, Ger many

3In sti tute of Mi cro elec tron ics Tech nol ogy and High Pu rity Ma te ri als, Rus sian Acad emy of Sci ences, 6 Ac a -
demic Ossipyan str., Chernogolovka, Mos cow re gion 142432, Rus sia

simone.vadilonga@helmholts-berlin.de

X-ray dif frac tion on sur face acous tic waves (SAW) was
pre vi ously dem on strated in me rid i o nal dif frac tion ge om e -
try in sev eral works [1, 2]. SAW travel on the crys tal sur -
face, tem po rarily cre at ing grat ing-like struc tures with
am pli tude up to one nanometer and near-si nu soi dal de for -
ma tion pro file. Us ing this ef fect Tucoulou et al. dem on -
strated the fea si bil ity of a high fre quency chop per for
syn chro tron ra di a tion at ESRF [2]. But due to the fact that
the ve loc i ties of the SAW are typ i cally on the or der of 3000 
m/s, the time res o lu tion of the de vice was lim ited by the
value of ~1 µs due to the large travel dis tance of the SAW
pulse through the foot print of the X-ray beam at a small
graz ing in ci dence an gle. In this work we ob served an X-ray 
beam split ting by SAW in sagittal dif frac tion ge om e try. A
sim i lar ex per i ment was al ready done by Roshchupkin et al.
[3]. The (200) Bragg re flec tion on a langasite
(La3Ga5SiO14) sin gle crys tal was used. SAW with fre quen -
cies up to 500 MHz were ex cited in pi ezo elec tric ma te ri als
us ing interdigital trans duc ers de pos ited on the crys tal sur -
face. The ex per i ment was per formed in sagittal dif frac tion
ge om e try (Fig. 1 b) by elec tronic puls ing of the SAW emis -
sion and syn chro ni za tion with the ar rival of the syn chro -

tron x-ray pulses. The achieved time res o lu tion was in the
or der of 50 ns, and it was smeared by the time that the SAW 
need to cross the beam foot print. In Fig. 2 it is shown the
Bragg re flec tion with out and with SAW. Once the SAW
are ex cited the 0-th or der is sup pressed and only the
m=+/-1 sat el lites are vis i ble. The ob served ef fect can be
used for fast mod u la tion of X-ray beams with the time res o -
lu tion better of 50 ns, which is faster than most me chan i cal
chop pers. The re sults of the mea sure ment were com pared
with the o ret i cal cal cu la tions us ing GSolver, a rig or ous dif -
frac tion grat ing anal y sis pro gram. 

1.  D.V. Roshchupkin et al., Ap plied Phys ics A, 114 (2014).

2.  R. Tucoulou et al., Nu clear In stru ments and Meth ods in
Phys ics Re search B, 132, 207-213 (1997) .

3.  D.V. Roshchup kin et al., Jour nal of Ap plied Phy s ics, 110

(2011). 
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Fig ure 2. Bragg peak re corded with a CCD b) ge om e try cam -
era.When SAW are switched on the 0-th or der is sup pressed and
the sat el lite peaks ap pear

Fig ure 1. SAW ex per i ment in me rid i o nal a) and sagittal b) ge -
om e try.
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De vel op ing the means to ob serve a sam ple’s full vol u met -
ric struc tural evo lu tion dur ing dy namic pro cesses with
high tem po ral and spa tial res o lu tion has been a key pro ject
of the tomographic mi cros copy beamline TOMCAT [1] at
the Swiss Light Source. We have achieved the ac qui si tion
of tomographical scans with 3 mi crons voxel size at 20 Hz
[2], and were able to push the time-res o lu tion into the kHz
re gime for quasi-pe ri odic mo tions [3].

A ma jor tech ni cal in no va tion en hances the ca pa bil i ties
of our high-speed cam era sys tem. Com mer cially avail able
CMOS de tec tors able to col lect im ages at multi-kHz rates
are de signed for burst op er a tion. Im ages are first buf fered
in on-board mem ory, and the sub se quent read out pro cess
to ex ter nal stor age is slow, thus pre clud ing a sus tained data
ac qui si tion. The avail able amount of in ter nal mem ory lim -
its the to tal num ber of frames that can be re corded, and is in 
many cases much too small to cap ture the en tire du ra tion of 
dy namic pro cesses at a suf fi cient tem po ral res o lu tion and
field of view. To over come this lim i ta tion, we have de vel -
oped the “Gigabit Fast Read-out System for Tomography”, 
coined GigaFRoST. The data col lected by a pco.Dimax fast 
im ag ing sen sor are read out by cus tom-de signed read out
elec tron ics and di rectly streamed to the pro cess ing serv ers
via eight par al lel 10 Gbit fi ber-op tic links, reach ing a trans -
fer rate of 7.7 GB/s, which is suf fi cient to han dle the max i -
mum data rate pro duced by the chip. On the server side,
in de pend ent pro cesses can ac cess the data si mul ta neously
to pro duce real-time pre views and write data to per ma nent
disk stor age. In par al lel, we plan to per form on-the-fly data
re con struc tion and anal y sis to se lect only the use ful data

for stor age or to pro vide on-line feed back to the ex per i -
ment. GigaFRoST also of fers very flex i ble trig ger
schemes, pro vid ing an adapt able and ver sa tile in ter face for
com plex in situ, in operando, and in vivo experiments. 

We will pres ent an over view of the sys tem ar chi tec ture
and its im ple men ta tion at TOMCAT, as well as ex am ples
of ex per i ments that will greatly profit from the GigaFRoST 
ca pa bil i ties, rang ing from the ob ser va tion of crack prop a -
ga tion in met als [2], and self-heal ing in ce ram ics [4], to in
vivo mea sure ments of lung tis sue dur ing breath ing in mice
[5] and the musculoskeletal mo tion of a fly tho rax in flight
[3]. The sus tained high-speed ac qui si tion has al ready en -
abled the de tailed ob ser va tion of sintering dy nam ics in vol -
ca nic materials in real-time for up to 30 minutes.

1. M. Stampanoni, A. Groso, A. Isenegger, G. Mikuljan, Q.
Chen, A. Bertrand, S. Henein, R. Betemps, U. Frommherz,
P. Böhler, D. Meister, M. Lange, and R. Abela, Proc. of
SPIE 6318 (2006) , 63180M.
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Mokso, Int J Fract 1 (2016).

3. R. Mokso, D. A. Schwyn, S. M. Walker, M. Doube, M.
Wicklein, T. Müller, M. Stampanoni, G. K. Tay lor, and H.
G. Krapp, Sci en tific Re ports 5 (2015) , 8727.

4. W. G. Sloof, R. Pei, S. A. Mc Don ald, J. L. Fife, L. Shen,
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Biomineralization in te grates com plex physico-chem i cal
pro cesses lead ing to an ex traor di nary di ver sity of cal car e -
ous biomineral crys tal line ar chi tec tures, in in trigu ing con -
trast with the con sis tent pres ence of a submicrometric
gran u lar struc ture [1]. Un der stand ing how the min eral
gran ules or ga nize is a key el e ment to gain knowl edge on
the biomineralization pro cesses. While ev i dences for the
ex is tence of a mesoscale crys tal line or ga ni za tion, span ning 
over a few gran ules, have been re ported, a 3D im age of the
spa tial or ga ni za tion of the crys tal line do mains is still lack -
ing.

In this con text, we have pro posed to ap ply 3D X-ray
Bragg ptychography mi cros copy [2], a re cently dem on -
strated co her ent dif frac tion im ag ing ap proach, based on the 
in ver sion of a set of in ten sity-only data [3]. Ptychography
ex ploits the par tially re dun dant in for ma tion ob tained by
scan ning a fi nite beam spot size transversally to the sam ple, 
while mea sur ing the cor re spond ing 3D far-field co her ent
dif frac tion pat tern. Thereby, 3D im ag ing of ex tended crys -
tal line samples becomes possible [4, 5].

In this pre sen ta tion, we first briefly re view the evo lu -
tion of the Bragg ptychography ap proach, be fore de tail ing
the re sults ob tained in the frame work of biomineralization.
Spe cif i cally, we show the 3D im ages of the pris matic part
of a Pinctada margaritifera shell, re veal ing this way the
spa tial ar range ment of the crys tal line struc ture with a
nanometric res o lu tion. We ev i dence a crys tal line co her -
ence ex tend ing over a few gran ules and fur ther prove the

ex is tence of larger iso-ori ented crys tal line do mains,
slightly misoriented with re spect to each other around a
sin gle ro ta tion axis [6]. These orig i nal re sults bring new
struc tural in for ma tion, which will be dis cussed in the
frame work of recently proposed biomineralization growth

schemes.  
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(2015), 9827.
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Edge il lu mi na tion X-ray phase con trast im ag ing (EI XPCI) 
is a tech nique that en ables quan ti ta tive re trieval of the ab -
sorp tion, dif fer en tial phase and ul tra-small an gle X-ray
scat ter ing prop er ties of an ob ject us ing com mer cially avail -
able, poly chro matic sources in a lab o ra tory en vi ron ment
[1,2]. Two pe ri odic masks, con sist ing of long, ver ti cal slits
are nor mally used. The first (sam ple) mask is placed be fore
the sam ple and re shapes the in com ing beam, while the sec -
ond is placed just be fore the de tec tor pix els, par tially in ter -
cept ing the beamlets, thereby mak ing the sys tem sen si tive
to re frac tion caused by the sam ple. A sin gle im age taken at
a given sam ple mask dis place ment con tains a mix ture of
ab sorp tion, dif fer en tial phase and scat ter ing ef fects. To re -
trieve the two (phase & ab sorp tion) or three (phase, ab sorp -
tion & scat ter ing) chan nels of in for ma tion, two or three
im ages need to be ac quired at dif fer ent sam ple mask dis -
place ments and then math e mat i cally com bined.

In this pre sen ta tion, we re port on a new lab o ra tory im -
ple men ta tion of EI based on the use of a sin gle mask. Be -
sides sim pli fy ing the set-up and re lax ing the sys tem
align ment con straints, it also en ables phase and ab sorp tion
re trieval through the si mul ta neous ac qui si tion of two im -
ages in a sin gle shot. This is real ised by re mov ing the sec -
ond mask and us ing the bound ary be tween de tec tor pix els
as the edge sens ing mech a nism (Fig. 1(a)). Fig ure 1(b)
shows the im age cap tured by a sin gle mask EI sys tem for
all the de tec tor pix els, and how al ter nat ing sets of pix els are 
then used to ob tain a pair of im ages with in verted re frac tion 
con trasts. The sin gle mask EI set-up can also po ten tially re -
duce the dose de liv ered to the sam ple by the cur rent, “stan -
dard” dou ble mask set-up by up to a fac tor of two, as only a
sin gle ex po sure is needed.

We will ad di tion ally show how two-di rec tional EI sen -
si tiv ity can be achieved by re plac ing the ver ti cal slits with
L-shapes and ac quir ing im ages at six dif fer ent sam ple
mask dis place ments [3]. This yields the re frac tion and scat -
ter ing chan nels in both di rec tions. In gen eral, 2D dif fer en -
tial phase im ages have the ad van tage of en abling easy
phase in te gra tion and re mov ing the streak artefacts
common to the 1D case [4].

Fur ther more, these de vel op ments can be com bined
with new de tec tor tech nol ogy, e.g. PixiRad a pho ton coun -
ter with a sharp PSF [5], and high-qual ity masks to im prove 
the afore men tioned set-ups. This will lead to the reali sa tion 
of new de signs (sin gle mask 2D EI, dual-en ergy EI etc.)
which even better ex ploit the ad van tages pro vided by the
EI technique.

1. A. Olivo & R. Speller, Appl. Phys. Lett., 91(7), (2007).
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Phys. Lett., 107(20), (2015).
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15(3), (2007), pp. 1175-1181.
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Fig ure 1. (a) Sche matic for the sin gle mask edge il lu mi na tion
set-up, (b) an un pro cessed im age us ing all de tec tor pix els (top),
and the im ages formed by the two sets of pix els (bot tom).
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With syris we pres ent a soft ware tool to sim u late the com -
plete im age for ma tion pro cess from an X-ray source
through an ar bi trary num ber of ob jects to a de tec tor sys tem. 
Our cur rent im ple men ta tion takes sam ple and beam mo -
tion, wavefield prop a ga tion, its de tec tion pro cess and co -
her ence ef fects into ac count. This al lows us to sim u late a
broad range of X-ray im ag ing ex per i ments and their pe cu -
liar i ties like mo tion blur, beam drift and re al is tic noise.

Syris is or ga nized as a frame work and con sists of ba sic
ab stract build ing blocks with a well-de fined ap pli ca tion
pro gram ming in ter face (API) in Py thon. We pro vide im -
ple men ta tions of all build ing blocks to con duct full vir tual
ex per i ments. These im ple men ta tions are op ti mized to
achieve a rea son able com pro mise be tween ef fi ciency and
phys i cal cor rect ness. More over, they are writ ten in
OpenCL [1] and can thus be ex e cuted on nu mer ous plat -
forms, e.g. mod ern highly par al lel GPUs which greatly
speed up the com pu ta tions. Us ers can pro vide their own
im ple men ta tions of this API which increases the frame -
work’s flexibility.

Com bin ing flex i bil ity with an ef fi cient im ple men ta tion
makes syris a pow er ful tool to in ves ti gate novel im ag ing
ap proaches [2, 3] and val i date so phis ti cated data pro cess -

ing pipe lines [4, 5]. Be cause the data pro cess ing pa ram e -
ters de pend on ex per i men tal con di tions, sys tem atic stud ies
of mu tual de pend en cies will help to de velop more ro bust
al go rithms optimized for particular scientific use cases.

To dem on strate the po ten tial of the frame work we first
show the sim u la tion of a high-speed ra di og ra phy ex per i -
ment con ducted with dif fer ent ex po sure times giv ing rise
to vary ing noise lev els. We then show the ac cu racy of a se -
lected mo tion es ti ma tion al go rithm as a func tion of the
noise level. Af ter wards we pick a noise level and op ti mize
one of the al go rithm’s pa ram e ters to ob tain the most ac cu -
rate flow field. Fi nally, we em ploy syris to cre ate a com -
plex 3D res o lu tion pat tern and use it as a sam ple in a vir tual
tomographic ex per i ment to in ves ti gate the im pact of var i -
ous im ag ing con di tions on the pre ci sion of dif fer ent
reconstruction algorithms.

1. Stone, J. E., Gohara, D. & Shi, G. (2010). Com put ing in
sci ence & en gi neer ing, 12(1-3), 66–73.
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ture, 497(7449), 374-377.
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Fig ure 1. Sim u la tion of a white beam X-ray ra dio graph of a bi o log i cal screw joint found in Trigonopterus oblongus [6] based on data 
from a real CT mea sure ment. The de tailed crop in b) shows the ap pear ance of re al is tic noise and the edge en hance ment by free-space
prop a ga tion vis i ble as a white out lier on the sample boundary.



3. dos Santos Rolo, T., Ershov, A., van de Kamp, T. &
Baumbach, T. (2014). Pro ceed ings of the Na tional Acad -
emy of Sci ences, 111(11), 3921–3926.

4. Paganin, D., Mayo, S., Gureyev, T. E., Miller, P. R. &
Wilkins, S. W. (2002). Jour nal of mi cros copy, 206(1),
33-40.

5. Van Nieuwenhove, V., De Beenhouwer, J., De Carlo, F.,
Mancini, L., Marone, F. & Sijbers, J. (2015). Op tics ex -
press, 23(21), 27975– 27989. 

6. van de Kamp, T., Vagoviè, P., Baumbach, T. & Riedel, A.
(2011). Sci ence, 333(6038), 52-52.

C26

IN-SITU X-RAY TOMOGRAPHY STUDY OF CO2 - INDUCED HEALING IN FRACTURED 
CEMENT

E. A. Chavez Panduro1, M. TorsFter2, K. Gawel2, R. Bjrrge3, A. Gibaud4, Y. Yang5, Y. Zheng6,
H. O. Srrensen5, D. W. Breiby1 

1Nor we gian Uni ver sity of Sci ence and Tech nol ogy, Hrgskoleringen 5, 7491 Trondheim, Nor way
2SINTEF Pe tro leum Re search, Trondheim, Nor way

3SINTEF Ma te ri als and Chem is try, Trondheim, Nor way
4LUMAN, IMMM, UMR 6283 CNRS, Université du Maine, Le Mans Cedex 09, France

5Uni ver sity of Co pen ha gen, De part ment of Chem is try, Co pen ha gen, Den mark
6Tech ni cal Uni ver sity of Den mark, De part ment of  Phys ics, Lyngby, Den mark

elvia.a.c.panduro@ntnu.no

The spe cial re port on Car bon Cap ture and Stor age (CCS)
pub lished by the In ter gov ern men tal Panel of Cli mate
Change (IPCC) out lines that wells are among the most
prob a ble leak age paths from CO2 stor age res er voirs [1].
Whether they are in op er a tion, or per ma nently plugged and 
aban doned, these wells are man-made struc tures of steel
and ce ment that con nect the stor age res er voir with the at -
mo sphere. If the steel or ce ment bar ri ers break, leak age
paths are likely to de velop. To es ti mate po ten tial leak age
rates over time, and to op ti mize well remediation pro to cols, 
the com pat i bil ity of ce ment with CO2 has been stud ied
[2-5]. An im por tant re cent find ing is that de fects in ce ment
(e.g. cracks) grad u ally heal when ex posed to CO2 [3-5].
The heal ing pro cess, and its ki net ics, has not yet been fully
un der stood. In or der to make use of this ben e fi cial ce ment
heal ing pro cess in prac tice, a more de tailed un der stand ing
is re quired of how and when it oc curs. For that pur pose we
re port in-situ µ-CT mea sure ment in an en vi ron ment of CO2

sat u rated in brine to study both the car bon ation and the
heal ing pro cesses on frac tured ce ment. 

Ce ment blocks with ar ti fi cial chan nels were used to
mimic frac tures in ce ment. The sam ple was sub merged in a

sa line so lu tion (1%wt NaCl) in side the pres sure cell and
ex posed to CO2 for 20 hours at 50 bars and am bi ent tem per -
a ture. Fig ure 1 shows that CO2 ex po sure of ce ment in duces
CaCO3 pre cip i ta tion in all con fined ar eas (e.g. in frac tures,
microcavities, non-con nected pores and at ce ment/alu mi -
num in ter faces). The vol ume rate at which CaCO3 pre cip i -
tated was found to be 4.6x10-5 mm3/min. High res o lu tion
µ-CT shows us a vary ing CaCO3 con tent within car bon ated 
front of ce ment block sug gest ing dis so lu tion of CaCO3

dur ing CO2 exposure.

1.  IPCC Spe cial re port on CO2 Cap ture and Stor age. Eds: B.
Metz et al. Cam bridge UniversityPress, (2005) 244 pp.

2. B. G. Kutchko et al En vi ron men tal Sci ence & Tech nol ogy
42 (2008) 6237–6242.

3. H. E. Ma son et al .En vi ron men tal Sci ence & Tech nol ogy 47
(2013) 1745-1752.

4. S.D.C. Walsh et al. Int. J. Greenh. Gas Con. 22 (2014)
176-188.

5. C. Kjrller et al. En ergy Procedia 86 (2016) 342-351.
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Fig ure 1. Re sults ob tained from µ-CT. a) Cross
sec tion mea sured af ter 820 min, b) 3D rep re sen ta -

tions of CaCO3 pre cip i ta tion in the microcavity as a
func tion of time dur ing the CO2 ex po sure.
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FROM GLOBAL AND LOCAL Ge INTEGRATION APPROACHES ON Si(001): NOVEL
INSIGHTS BY ADVANCED SYNCHROTRON-BASED SCANNING XRD

M. H. Zoellner1,*, G. Chahine2, M.-I. Rich ard2,3, P. Zaumseil1, C. Reich1, M. Häberlen4, 
G. Capellini1, F. Montalenti5, A. Marzegalli5, P. Storck4, T. U. Schülli2, and T. Schroeder1,6

1IHP, Im Technologiepark 25, 15236 Frank furt (Oder), Ger many
2Eu ro pean Syn chro tron Ra di a tion Fa cil ity, BP 220, 38043 Grenoble, France

3Aix-Mar seille Université, CNRS, IM2NP UMR 7334, 13397 Mar seille, France
4Siltronic AG, Hans-Seidel-Platz 4, 81737 München, Ger many

5Dipartimento di Scienza dei Materiali, Universita B degli Studi di Milano-Bicocca, It aly
6Brandenburgische Technische Universität Cottbus, Konrad -Zuse-Strasse 1, 03046 Cottbus, Ger many

*zoellner@ihp-mi cro elec tron ics.com

Global and lo cal in te gra tion schemes of Ger ma nium (Ge)
based heteroepitaxial sys tems on a Sil i con (Si) plat form are 
of cru cial im por tance for ad vanced com ple men tary
metal-ox ide-semi con duc tor (CMOS) tech nol ogy and elec -
tronic photonic in te grated cir cuits (EP ICs). To im prove the 
per for mance of such heterostructures for Ge-based de -
vices, fun da men tal in sights into the lo cal crys tal struc ture
are re quired. This in for ma tion can be a valu able in put to
en gi neers for the o ret i cal sim u la tions to cor re late the struc -
tural prop er ties with ma te ri als elec tronic and photonic
prop er ties. 

A re cently de vel oped synchrotron-based scan ning
X-ray dif frac tion microscopy tech nique, called quicK-
 mapping (K-map), from the beam line ID01 of the Eu ro -
pean Syn chro tron ra di a tion fa cil ity (ESRF) is ide ally suited 
to non-de struc tively im age with sub-mi cron res o lu tion

local tilt and lat tice con stant vari a tions (Da/a) with a sen si -
tiv ity down to 10-3 de gree and 10-5, re spec tively. Lo cal
lattice ori en ta tions and con stants are ex tracted by the X-ray 
Strain Ori en ta tion Calculation Soft ware (XSOCS) [1]. In
the pre sen ta tion, K-map re sults from SiGe buffer lay ers
and Ge mi cro-stripes are dem on strated as ex am ples for
global and lo cal Ge heterostructures. 

SiGe „vir tual sub strates“ are a prom is ing ap proach for
the very large scale in te gra tion (VLSI) of Ge as closed
films on Si(001). Al though, growth and re lax ation pro -
cesses of SiGe buffer lay ers on Si(001) are well in ves ti -
gated and ma jor achieve ments were made, con trol over the
struc tural ho mo ge ne ity of SiGe buff ers be low mi cro-me ter

scale is still a chal lenge for global in te gra tion on 300 mm
Si(001) wa fers. The ca pa bil ity of the K-map tech nique to
de ter mine lattice pa ram e ters in a quan ti ta tive way dem on -
strates the achieved qual ity given by the in flu ence of plas -
tic re lax ation to the tilt, strain and com po si tion of
Ge/SiGe/Si(001) systems.[2,3]

Ge mi cro-struc tures on Si(001) achieved by top-down
or bot tom-up ap proaches suf fer as well from inhomo -
geneities due to growth and  re lax ation pro cesses. Ad di -
tion ally, pro cess steps as cap ping lay ers and lo cal etch ing
or dop ing may fur ther in flu ence the crys tal struc ture. How -
ever, these ap proaches en able to en gi neer lo cal struc tural
prop er ties as the strain distribution.[4]

1. G.A. Chahine, M.-I. Rich ard, R.A. Homs-Regojo, T.N.
Tran-Caliste, D. Carbone, V.L.R. Jacques, R. Grifone, P.
Boesecke, J. Katzer, I. Costina, H. Djazouli, T. Schroeder,
and T.U. Schülli, J. Appl. Cryst., 47, 762 (2014).

2. M.H. Zoellner, M.-I. Rich ard, G.A. Chahine, P. Zaumseil,
C. Reich, G. Capellini, F. Montalenti, A. Marzegalli, Y.-H. 
Xie, T.U. Schülli, M. Häberlen, P. Storck, and T.
Schroeder, ACS Appl. Ma ter. In ter faces. Instrum., 7, 9031
(2015).

3. M.-I. Rich ard, M.H. Zoellner, G.A. Chahine, P. Zaumseil,
G. Capellini, M. Häberlen, P. Storck, T.U. Schülli, and T.
Schroeder, ACS Appl. Ma ter. In ter faces, 7, 26696 (2015).

4. G.A. Chahine, M.H. Zoellner, M.-I. Richard, S. Guha, C.
Reich, P. Zaumseil, G. Capellini, T. Schroeder, and T.U.
Schülli, Appl. Phys. Lett., 106, 071902 (2015).
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TABLE-TOP SAXS/WAXS (SCANNING) MICROSCOPY PROBES HYDROXYAPATITE
CONCENTRATION GRADIENTS IN ENGINEERED BIO-SCAFFOLDS  

Davide Altamura1, Stella G. Pastore1, Maria G. Raucci2, Dritan Siliqi1, Rocco Lassandro1,
Fabio De Pascalis3, Michele Nacucchi3, Luigi Ambrosio2,4 and Cinzia Giannini1 

1In sti tute of Crys tal log ra phy (IC), Na tional Re search Coun cil, Bari 70125, It aly
2In sti tute of Poly mers, Com pos ites, and Biomaterials (IPCB), Na tional Re search Coun cil, Na ples, It aly

3Ital ian Na tional Agency for New Tech nol o gies, En ergy and Sus tain able Eco nomic De vel op ment (ENEA),
Brin di si 72100, It aly 

4De part ment of Chem i cal Sci ences and Ma te ri als Tech nol ogy (DSCTM), Na tional Re search Coun cil, Rome
000133, It aly

 
A struc tural study of a scaf fold made of bo vine gel a tin and
hydroxyapatite (HA) is car ried out, for bone tis sue en gi -
neer ing pur poses [1]. The great rel e vance of such a ma te -
rial re lies on its po ten tial ap pli ca tion in the heal ing pro cess
of osteochondral de fects, which are re spon si ble for the
dam age of car ti lage and ad ja cent subchondral bone, com -
pro mis ing the qual ity of life of mil lions of pa tients. Two
tech niques ex ploit ing X-ray ra di a tion, with ta ble-top set -
ups, are used: mi cro-CT and microdiffraction. The for mer
allowes 3D im ag ing at the mi crom e ter scale spa tial res o lu -
tion, the lat ter pro vides com bined 2D struc tural/mor pho -
log i cal in for ma tion at the atomic and nano-scale, with a
hun dred mi crons spa tial res o lu tion. The com bi na tion of
these two tech niques al lowed the study of the scaf fold den -
sity gra di ent, re lated to the HA con cen tra tion gra di ent, en -
gi neered on pur pose to mimic the nat u ral bone struc ture
model. Mi cro-CT de fines the directionality of the gra di ent;
WAXS probes the crys tal line phases in the sam ple; SAXS
mi cros copy se lec tively probes HA dis tri bu tion through
map ping of the SAXS in ten sity in spe cific q-ranges. Scan -
ning SAXS mi cro graphs and WAXS pat terns were col -
lected by us ing a high bril liance Rigaku Fr-E+ SuperBright 
microsource, cou pled to a SMAX3000 three pin hole cam -
era through a fo cus ing multilayer op tics (CMF 15-105) [2].

1. D. Altamura, S. G. Pastore, M. G. Raucci, D. Siliqi, F. De
Pascalis, M. Nacucchi, L. Ambrosio, and C. Giannini.Scan -
ning Small- and Wide-An gle X-ray Scat ter ing Mi cros copy

Se lec tively Probes HA Con tent in Gel a tin/Hydroxyapatite
Scaf folds for Osteochondral De fect Re pair. ACS Appl.
Ma ter. In ter faces (2016). 8, 8728-8736.

2. D. Altamura, R. Lassandro, F. A. Vit toria, L. De Caro, D.
Siliqi, M. Ladisa & C. Giannini, X-ray MicroImaging Lab -
o ra tory (XMI-LAB), J. Appl. Cryst. (2012). 45, 869-873.
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EXTENDED RANGE ULTRA SMALL-ANGLE X-RAY, SMALL-ANGLE, AND
WIDE-ANGLE SCATTERING FOR ADVANCED ALLOY DEVELOPMENT

J. Ilavský1, F. Zhang2, L.E. Le vine2, A.J. Allen2

1Ad vanced Pho ton Source, Argonne Na tional Lab o ra tory, Argonne, IL, USA
2Na tional In sti tute of Stan dard and Tech nol ogy, Gaithersburg, MD, USA

ilavsky@aps.anl.gov

De vel op ment of new high-per for mance ma te ri als, e.g.,
new alu mi num or steel al loys, is crit i cal for ad vances in en -
ergy pro duc tion and uti li za tion (and many other ar eas).
These ma te ri als of ten ex hibit com plex micro struc tures
span ning mul ti ple length scales that con trol their per for -
mance.  In this con text, it is im por tant to si mul ta neously

char ac ter ize, ide ally in situ or in operando, var i ous fac ets
of the microstructure – for ex am ple pre cip i tate shape and
size, to gether with their phase and chem i cal com po si tion. 
Over many years, the Ad vanced Pho ton Source (APS) with 
NIST has de vel oped and op ti mized a com bined Ul tra-
 Small, Small, & Wide An gle X-ray Scat ter ing
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(USAXS/SAXS/WAXS) fa cil ity [1]. Data span ning over 5 
de cades in microstructural size can be col lected se quen -
tially in 4 to 6 min utes, from the same vol ume dur ing one
in-situ ex per i ment. In the case pre sented, we have stud ied
the Al-Cu-Mg al loys, e.g., AA2024, at dif fer ent ag ing con -
di tions.

The pre cip i tate struc ture and pre cip i ta tion ki net ics in
the Al-Cu-Mg al loy, AA2024, aged at 190 °C, 208 °C, and
226 °C have been stud ied us ing ex situ TEM and in situ
com bined USAXS/SAXS/WAXS at the APS across a
length scale from sub-Ang strom to sev eral mi crom e ters,
Fig.1. TEM pro vided in for ma tion con cern ing the na ture,
mor phol ogy, and size of the pre cip i tates, while USAXS/
SAXS/WAXS pro vided qual i ta tive and quan ti ta tive in for -
ma tion con cern ing the time-de pend ent size and vol ume
frac tion evo lu tion of the pre cip i tates at different stages of
the precipitation sequence. 

Us ing a three-pa ram e ter scat ter ing model con structed
on the ba sis of the TEM re sults, we es tab lished the tem per -
a ture-de pend ent ki net ics for the clus ter-dis so lu tion and
S-phase for ma tion pro cesses. These two pro cesses, while
oc cur ring si mul ta neously, have dif fer ent ki netic rates, with 
the clus ter-dis so lu tion rate ap prox i mately dou ble the
S-phase for ma tion rate.  We also iden ti fied a dis so lu tion
ac ti va tion en ergy at (149.5 ± 14.6) kJ mol-1, which trans -
lates to (1.55 ± 0.15) eV/atom, as well as an ac ti va tion en -
ergy for the for ma tion of S pre cip i tates at (129.2 ± 5.4) kJ
mol-1, i.e. (1.33 ± 0.06) eV/atom. The SAXS/WAXS re -
sults show the ab sence of an in ter me di ate GPB2/S" phase
in the sam ples un der the ex per i men tal age ing con di tions. 
These re sults are fur ther val i dated by pre cip i ta tion sim u la -
tions that are based on Langer-Schwartz the ory and a
Kampmann-Wag ner nu mer i cal method. This study [2]
clearly shows how the ex tended-range USAXS/SAXS/

WAXS facility simplifies and speeds up new advanced
materials characterization and development.  

1. J. Ilavsky, P.R. Jemian, A.J. Allen, F. Zhang, L.E. Le vine,
G.G. Long, Jour nal of Ap plied Crys tal log ra phy, 42,
(2009), 469-479.

2. Zhang, F., L. E. Le vine, A. J. Allen, C. E. Camp bell, A. A.
Creuziger, N. Kazantseva and J. Ilavsky, Acta Materialia
111, (2016), 385-398.

This re search used re sources of the Ad vanced Pho ton
Source, a U.S. De part ment of En ergy (DOE) Of fice of Sci -
ence User Fa cil ity op er ated for the DOE Of fice of Sci ence
by Argonne Na tional Lab o ra tory un der Con tract No.
DE-AC02-06CH11357.
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Fig ure 1 Ex am ple of com bined USAXS, SAXS, and WAXS for
AA202024 al loy. Fig ure 2. Evo lu tion of the in te grated 112 re flec tion of the S phase

pre cip i tate peak in ten sity at d = 2.570 C (or q = 2.445 C-1) at 190
°C, 208 °C, and 226 °C,...
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NANODIFFRACTION OF HIGHLY MISMATCHED COMPOSITIONALLY GRADED
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The heteroepitaxial growth of ma te ri als with dif fer ent lat -
tice and ther mal ex pan sion co ef fi cients, par tic u larly in the
form of var i ous semi con duc tor lay ers on sil i con, is one of
the cor ner stones of func tional scal ing for in te grat ing
high-speed elec tronic and op to el ec tronic de vices. Un for tu -
nately, the mis matched ma te ri als suf fer from mis fit (MDs)
and thread ing (TDs) dis lo ca tions formed at the ma te rial in -
ter face and from wa fer bow ing. Both MDs and TDs neg a -
tively im pact the elec tri cal and op ti cal prop er ties of the
po ten tial de vice. Wa fer bow ing can lead even to crack ing
of whole chips.

Re cently Falub et al. achieved a break through in the at -
tempt to elim i nate thread ing dis lo ca tions from hetero -
epitaxial SiGe/Si lay ers. This was re al ized by us ing a novel
kind of epitaxial growth in which densely packed 3D SiGe
crys tals are formed on pat terned Si sub strates in stead of
con tin u ous films [1]. Thanks to a fully fac eted mor phol ogy
and lim ited lat eral crys tal size, all thread ing dis lo ca tions

stem ming from the heavily de fected heterointerface are
forced to leave the crys tals through their side walls, leav ing
the up per crys tal re gion de fect-free [2]. 

Al though this method is highly ef fec tive in elim i nat ing
thread ing dis lo ca tions, it does not pre vent the for ma tion of
mis fit dis lo ca tions at the SiGe/Si heterointerface, as pre -
sented in our pre vi ous ex per i ments us ing scan ning X-ray
nanodiffraction [3]. How ever M. Salvalaglio et al. have re -
cently pro posed [4] an in no va tive ap proach to elim i nate 
mis fit dis lo ca tions in highly mis matched, compositionally
graded SiGe/Si heterostructures. The mis fit stress may be
re laxed en tirely elas ti cally  by choos ing the ap pro pri ate
crys tal width and Ge grad ing rate. Such heterostructures
have been re cently realised [5] and form the basis for this
paper.

In this work we pres ent X-ray nanodiffraction ex per i -
ments per formed at the ID01 beamline of the ESRF in
Grenoble on iso lated 3D Si1-xGex microcrystals (see Fig. 1), 
in which the Ge con tent x is lin early in creased from 0 to
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Fig ure 1. Per spec tive scan ning elec tron mi cro scope (SEM)
im age of an in di vid ual graded SiGe crys tal probed by an
X-ray nanobeam. 

Fig ure 2. RSM around the (004) Bragg re flec tion of a SiGe crys -
tal probed by a skewed nanobeam through the top part of the crys -
tal.



40% at the rate of 1.5% µm-1. De pend ing on the crys tal
width, the 3D SiGe crys tals are ex pected to be com pletely
free from mis fit and thread ing dis lo ca tions. Dur ing the ex -
per i ment we have per formed se ries of scan ning X-ray dif -
frac tion mi cros copy (SXDM) im ages for dif fer ent
in ci dence an gles from which 3D re cip ro cal space maps
(RSMs) have been built (see Fig. 2). RSMs around the
(004) and (115) Bragg re flec tions have been col lected on
2D meshes for microcrystals with dif fer ent Ge grad ing
rates and dif fer ent widths, and on an un pat terned area. By 
com bin ing se ries of RSMs we ob tain an evo lu tion of the
crys tal lat tice tilt and strain de pend ing on the Ge grad ing
rate and crys tal width at var i ous po si tions in side the crys tal. 
The X-ray data are compared with finite element
calculations.

1. C. V. Falub, H. von Känel, F. Isa, R. Bergamaschini, A.
Marzegalli, D. Chrastina, G. Isella, E. Müller, P.
Niedermann, and L. Miglio, Sci ence, 335, (2012), 1330.

2. C.V. Falub, M. Meduòa, D. Chrastina, F. Isa, A.
Marzegalli, T. Kreiliger, A. G. Taboada, G. Isella, L.

Miglio, A. Dommann, and A. H. von Känel, Sci. Rep., 3,
(2013). 2276.

3. M. Meduòa, C.V. Falub, F. Isa,  A. Marzegalli, D.
Chrastina, G. Isella, L. Miglio, A. Dommann, and H. von
Känel, J. Appl. Cryst, 49, (2016) in press, doi:
10.1107/S1600576716006397.

4. M. Salvalaglio and F. Montalenti, J. Appl. Phys., 116,
(2014), 104306.

5. F. Isa, M. Salvalaglio, Y.A.R. Dasilva, M. Meduòa, M.
Barget, A. Jung, T. Kreiliger, G. Isella, R. Erni, F. Pezzoli,
E. Bonera, P. Niedermann, P. Gröning, F. Montalenti, and
H. von Känel, Adv. Ma ter. 28, (2016), 884.
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TITLE X-RAY DIFFRACTION STUDY OF THE (MAGNETO-)STRUCTURAL
TRANSITION IN FeRh THIN LAYERS

L. Horák

Fac ulty of Math e mat ics and Phys ics, Charles Uni ver sity in Prague, Ke Karlovu 5, 121 16 Praha 2
horak@karlov.mff.cuni.cz

The Fe50Rh50  ma te rial ex hib its a re vers ible mag neto-struc -
tural tran si tion be tween a room-tem per a ture anti ferro -
magnetic (AFM) and a high-tem per a ture fer ro mag netic
(FM) phase ap prox i mately at 350 K [1]. Af ter the tran si tion 
to the FM state, the lat tice is dis cretely ex panded and this
tran si tion shows the tem per a ture/field hys ter esis in the lat -
tice pa ram e ter and in the mag netic net mo ment [2]. Most
prob a bly, the ini tial growth of the fer ro mag netic phase is
stim u lated by the de fects lo cated at the sur face and/or the
in ter face with the sub strate [2]. Fur ther, in the thin FeRh
lay ers, the pres ence of the sta ble re sid ual FM vol ume lo -
cated at the layer/sub strate or layer/cap ping interfaceis is
be ing ob served [3].

Us ing High-Res o lu tion X-ray diffractometry (HR-
 XRD), we have mea sured sev eral sam ples of FeRh thin
lay ers with var i ous thick nesses ben e fit ing from the dif fer -
ent lat tice pa ram e ter of the AFM and the FM phase. We
per formed the tem per a ture de pend ent mea sure ments (dur -
ing the heat ing and the cool ing) of the dis tri bu tion of dif -
fracted in ten sity in the re cip ro cal space. For the sim u la tion
we as sumed the mo saic-like model of FM and AFM do -
mains that al lowed to in ter pret the ex per i men tal data. From 
the fit ting we de ter mined the ver ti cal and lat eral size of do -
mains to gether the rel a tive vol ume of both phases.

We con firmed the pres ence of the FM vol ume at the
room tempereature. How ever, in con trary to the com mon
in ter pre ta tion based on thin FM interlayer, the dif frac tion
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Fig ure 1. The sketch of two com pet i tive model of FM/AFM do mains ar range ment (left panel). The com par i son of the mea sured and
sim u lated re cip ro cal space maps at var i ous tem per a tures (right panel).



data in di cated that both the FM and the AFM do mains have 
con stant ver ti cal size be ing equal to the layer thick ness ob -
tained from the X-ray re flec tivity. At room tem per a ture,
the FM vol ume (al though very small) is spread from the
very bot tom to the top of the thin layer, prob a bly in the
form of thin col umns lat er ally dis trib uted in the layer. Just
these col umns could be the seeds for the emerg ing FM
phase during the heating.
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 Re fined X-ray spec tros copy can play a key role in un der -
stand ing the fun da men tal mech a nisms re spon si ble for the
phys i cal and chem i cal prop er ties of ad vanced func tional
ma te ri als and de vices. In this con tri bu tion, we will fo cus on 
TiO2 – based nanostructures, which are ac tively stud ied for 
many ap pli ca tions, in clud ing photocatalysis. De spite many 
po ten tial ad van tages, one lim i ta tion of TiO2 is the wide

band gap, which lim its so lar light ab sorp tion. By us ing
high res o lu tion X-ray ab sorp tion spec tros copy (XAS) and
res o nant in elas tic X-ray scat ter ing (RIXS) we have re -
cently stud ied the atomic and elec tronic struc ture of two
ma te ri als sys tems de signed to over come this lim i ta tion:
nanostructures formed by close as sem bly of Au and TiO2

nanoparticles [1] and V-doped TiO2 [2]. 
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Fig ure 1: Graph i cal de scrip tion of the ex per i ment on Au:TiO2 and of hot elec tron charge trans fer. The in set re -

ports the ef fect of la ser il lu mi na tion on high res o lu tion XAS spec tra and a typ i cal RIXS plane.



data in di cated that both the FM and the AFM do mains have 
con stant ver ti cal size be ing equal to the layer thick ness ob -
tained from the X-ray re flec tivity. At room tem per a ture,
the FM vol ume (al though very small) is spread from the
very bot tom to the top of the thin layer, prob a bly in the
form of thin col umns lat er ally dis trib uted in the layer. Just
these col umns could be the seeds for the emerg ing FM
phase during the heating.
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Ex ploit ing plasmonic Au nanoparticles to sen si tize
TiO2 to vis i ble light is a widely em ployed route to pro duce
ef fi cient photocatalysts. How ever, a de scrip tion of the
atomic and elec tronic struc ture of the semi con duc tor sites
in which charges are in jected is still not avail able. Such a
de scrip tion is of great im por tance in un der stand ing the un -
der ly ing phys i cal mech a nisms and to im prove the de sign of 
cat a lysts with en hanced photoactivity. We in ves ti gated
changes in the lo cal elec tronic struc ture of Ti in pure and
N-doped nanostructured TiO2 loaded with Au nano -
particles dur ing con tin u ous se lec tive ex ci ta tion of the Au
lo cal ized sur face plasmon res o nance with XAS and RIXS.
Spec tral vari a tions strongly sup port the pres ence of long-
 lived charges lo cal ized on Ti states at the semi con duc tor
sur face, giving rise to new laser-induced low coordinated
Ti sites. 

Dop ing with tran si tion met als is an ef fec tive method to
en hance vis i ble-light ab sorp tion in TiO2 nanoparticles and
to im prove the ef fi ciency of many photocatalytic pro cesses

un der so lar ra di a tion. We have per formed an in-depth XAS 
study of V dop ants in TiO2 nanoparticles de pos ited by gas- 
phase con den sa tion with a lo cal struc ture sim i lar to ana -
tase, rutile, or in ter me di ate. The com bi na tion of K- and
L-edge spec tra in the pre-edge, edge, and ex tended en ergy
re gions with full po ten tial ab in itio spec tral sim u la tions
shows that V ions oc cupy substitutional cationic sites in the 
TiO2 struc ture, ir re spec tive of whether it is sim i lar to rutile, 
ana tase, or mixed. Very recently we have also per formed.

RIXS mea sure ments which high light changes in the oc -
cu pa tion of elec tronic states lo cal ized on Ti and V in duced
by vis i ble light ab sorp tion.

1. L. Amidani, A. Naldoni, M. Malvestuto, M. Marelli, P.
Glatzel, V. Dal Santo, and F. Boscherini, Angew. Chem.
Internat. Ed. 54, 5413 5416 (2015). DOI:
10.1002/anie.201412030. 

2. G. Rossi, M. Calizzi, V. Di Cintio, S. Magkos, L. Amidani, 
L. Pasquini, and F. Boscherini, Jour. Phys. Chem. C 120,
7457 (2015). DOI: 10.1021/acs.jpcc.5b12045.
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IMPROVING STRUCTURAL RESOLUTION OF BIOLOGICAL MOLECULES VIA

PHYSICAL PHASE MEASUREMENTS 

Sérgio L. Morelhao1, Cláudio M. R. Remédios2, Guilherme Calligaris3
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1In sti tute of Phys ics, Uni ver sity of São Paulo, São Paulo, SP, Brazil
2Faculdade de Física, Universidade Fed eral do Pará, Belém, PA, Brazil

3Instituto de Física, Universidade Estadual de Campinas, Campinas, SP, Brazil
4Di a mond Light Source, Harwell Sci ence and In no va tion Cam pus, OX11 0DE, UK
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From in or ganic crys tals to pro tein crys tals, struc ture de ter -
mi na tion with atomic res o lu tion is mostly based on dif frac -
tion tech niques (elec trons, X-rays, and neu trons).
How ever, since the co her ent scat ter ing cross-sec tion for
X-ray by at oms have in ter me di ate val ues be tween those for 
elec trons and neu trons, ex per i men tal mea sure ments of
struc ture fac tor phases have been suc cess fully car ried out

with X-rays [1]. Dy nam i cal dif frac tion tak ing place within
per fect do mains is an other re quire ment for phys i cal phase
mea sure ments via multi-beam dif frac tion ex per i ments. In
crys tals with small unit cells, dy nam i cal dif frac tion re gime
is achieved in much smaller do mains than in crys tals with
large cells such as pro tein crys tals. Fact that has al lowed
phase mea sure ments to re veal struc tural de tails-in ac ces si -
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Fig ure 1. Dy nam i cal dif frac tion in amino acid crys tal giv ing rise to asym met ric peak pro files of multi-beam cases.

Base line in ten sity (top panel) is from 261 re flec tion (dashed Bragg-cone line, bot tom panel). 



ble by other tech niques-of op ti cal crys tals with dop ant ions
[1,2], as well as to solve chirality in crys tals with no res o -
nant at oms [3]. Dif fer ently from any other method in X-ray
crys tal log ra phy based on struc ture re fine ment of in ten sity
data, phase mea sure ments pin point a spe cific fea ture of the
struc ture and di rectly prove its ex is tence be yond of any re -
li abil ity pa ram e ter or good ness-of-fit ting val ues. In this
work, we first pres ent a sim ple ap proach to the graphic in -
dex ing of ap pro pri ate cases for phase mea sure ments, e.g.
Fig. 1 (bot tom panel), which is also very use ful for other
dif frac tion tech niques in semi con duc tor de vices and sin gle
crys tals in gen eral [4,5]. Then, we pres ent dif frac tion data
in sin gle crys tals of D-alanine car ried out at two syn chro -
tron fa cil i ties and with dif fer ent in stru men ta tion (flux, op -
tics, and goniometry). Model struc tures tak ing into ac count 
ionic charges of hy dro gen at oms are pro posed and com -
pared to ex per i men tal data, lead ing to an ideal model to de -
scribe X-ray dif frac tion by this sim ple amino acid mol e cule 
in terms of in vari ant phase trip lets. More over, dy nam i cal
dif frac tion cal cu la tion of crit i cal do main size (per fect crys -
tal lat tice) for phase mea sure ments in large mol e cule crys -

tals, how to plan an ex per i ment in non-per fect crys tals,
sen si tiv ity to de tect hy dro gen at oms, and other ap pli ca tions 
are discussed. 

1.  Z. G. Amirkhanyan, C. M. R. Remédios, Y. P.
Mascarenhas, S. L. Morelhno. J. Appl. Cryst. 47, (2014),
160. 

2. S. L. Morelhno, C. M. R. Remédios, R. O. Freitas, A. O.
dos Santos. J. Appl. Cryst. 44, (2011), 93. 

3. S. L. Morelhno, Z. G. Amirkhanyan, C. M. R. Remédios.
Acta Cryst. A71, (2015), 291. 

4. J.  Z. Domaga³a, S. L. Morelhno, M. Sarzyñski, M.
MaŸdziarz, P. D³u¿ewski, M. Leszczyñski. J. Appl. Cryst.
49, (2016). 

5.  A. G. A. Nisbet, G. Beutier, F. Fabrizi, B. Moser, S. P.
Col lins. Acta Cryst. A71, (2015), 20. 
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Dur ing the last years, the mol e cule dioctyl- benzothieno -
benrothiophene (C8-BTBT-C8) has at tracted large at ten -
tion, since thin film tran sis tors based on this or ganic
semi con duc tor show out stand ing de vice per for mance. The
high qual ity of C8-BTBT-C8 films may be one of the key
fea tures for this suc cess ful ap pli ca tion. The pres ence of a
liq uid crys tal line smectic state at el e vated tem per a tures to -

gether with a crys tal line state at low tem per a tures al lows
for spe cial film prep a ra tion meth ods re sult ing in high
struc tural per fect ness. Films in the monolayer (thin films)
and in the multilayer re gime (thick films) are ac cessed by
spin coat ing, a method known to work far from ther mo dy -
namic equi lib rium. Heat treat ment of such films re sults in
strong islanding (for thick films). The struc ture of these or -
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Fig ure 1. Chem i cal struc ture of the mol e cule C8-BTBT (left), in-situ X-ray re flec tivity at de creas ing tem per a ture of a multilayer
film cross ing the phase tran si tion tem per a ture from the smectic A phase  to the crys tal line state (mid dle) and an atomic force mi cros -
copy im age of a bilayer film with the height dis tri bu tion im age as an in set (right).



ganic films is in ves ti gated by tem per a ture de pend ent
in-situ meth ods us ing atomic force mi cros copy, X-ray re -
flec tivity and graz ing in ci dence X-ray dif frac tion. Al ready
at tem per a tures few de grees be low the phase tran si tion
from the crys tal line state to the smectic A state (T = 381.5
K) the for ma tion of a sin gle monolayer is ob served (for thin 
films). The mo lec u lar re ar range ment is slow and it takes 30 
min utes un til the monolayer for ma tion is com pleted. In
case of thick films, an in crease of the tem per a ture in duces
dis crete monolayer for ma tion whereby bi-layer, tri -
ple-layer, … up to 5-monolayer struc tures form. The re -

vers ibil ity of the dis crete layer for ma tion strongly in di cate
that ther mo dy namic equi lib rium states are the rea son for
this be hav iour. Us ing rapid cool ing, also non-equi lib rium
struc tures can be ob served and are sta bi lised by the sub -
strate sur face. Ex pla na tion of these ob ser va tions are given
in terms of clas si cal film for ma tion mod els in volv ing sur -
face en ergy dif fer ences of the sil i con ox ide sur faces and
the C8-BTBT-C8 mol e cules whereby the later changes
con cretely on tem per a ture variation. 
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UNCOVERING THREE-DIMENSIONAL GRADIENTS IN FIBRILLAR ORIENTATION IN
AN IMPACT-RESISTANT BIOLOGICAL ARMOUR 
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The ar chi tec ture of the min er al ized cu ti cle of ar thro pods
like the man tis shrimp (stoma to pod) may serve as ex am -
ples of nat u ral struc tural ma te ri als for bioinspired ma te ri als 
de sign [1-4]. The stoma to pod telson is a de fen sive shield at 
the tail of the an i mal, used to re sists blows dur ing intra-spe -
cies fights [2]. As such, it  re quires strong im pact re sis -
tance, to re sist the high load ing rate blows in flicted by the
dac tyl club of other stoma to pods [1, 4] with out dam age to
struc tural in teg rity, and its ar chi tec ture will pro vide in sight
into, for ex am ple, de sign of new ar mour ma te ri als. At the
mo lec u lar- and supra mo lecu lar level, cu ti cle com prises a
fi brous com pos ite of chitin fi brils, cal cium car bon ate min -
eral and pro teins [3, 5]. How ever the ar chi tec ture and func -
tional gra di ents in this com pos ite at the meso- and
microscale, in clud ing in fi bril and min eral com po si tion, are 
less in ves ti gated. The ex trac tion of 3D ori en ta tion dis tri bu -
tions of min er al ized fi bril as well as the quan ti ta tive in for -
ma tion is tech ni cally chal leng ing due to the anisotropic
fea ture in side telson and the pres ence of both in-plane and
out plane fibres. Here, we re port the three-di men sional
chitin-fi bril ori en ta tion across the cen tral carinae of the
stoma to pod telson and ter gite, us ing a com bi na tion of
microfocus syn chro tron wide-an gle X-ray dif frac tion
(WAXD) to gether with a model for lo cal ized three-di men -
sional dif frac tion re con struc tion. We iden tify two sep a rate
fam i lies of in-plane and out-plane fi brils, cor re spond ing to

the fibres in the lamellae and per pen dic u lar pore-ca nals
run ning through the cu ti cle. The 3D ori en ta tion of these
two dif fer ent fi bril fam i lies and their quan ti ta tive ra tios are
mapped across the telson cu ti cle. We find gra di ents in fi bril 
ori en ta tion in both groups and that the rel a tive amounts of
the two fi brils var ies across the telson cross-sec tion. Higher 
pro por tions of out-plane fi brils in the cen tre of the telson
are iden ti fied, which may en able higher re sis tance to im -
pact loads dur ing nat u ral use. We pro pose a sim ple two-
 phase fi bre-buck ling model to un der stand how the telson
re sists high-im pact load ing. Fur ther, the 3D fibrillar ori en -
ta tion ex trac tion meth od ol ogy pre sented here can be ap -
plied to a range of other graded microtextured fi bre
com pos ites to pro vide in sights into struc ture-func tion cor -
re la tions at mul ti ple hierarchical levels.

1. J. C. Weaver et al, Sci ence 336:127-1279 (2012) .

2. J.R.A. Tay lor and S.N. Patek, J. Exp. Biol, 213: 3496-3504 
(2010).

3. A. C. Neville, Bi ol ogy of the Ar thro pod Cu ti cle, Berlin:
Springer (1975).

4. S. Amini et al, Nat Ma ter, ad vance on line pub li ca tion
(2015). 

5. C. Sachs et al, J Ma ter Res 21 (8), 1987-1995 (2006)
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X-RAY NANO-FOCUSING FOR COHERENT IMAGING: MEET YOUR PROBE

Tim Salditt

Institut für Röntgenphysik, Universität Göttingen

Ad vanced X-ray op tics and fo cus ing opens us the po ten tial
of hard X-rays struc ture anal y sis, which is unique in terms
of pen e tra tion, spa tial res o lu tion, con trast, and com pat i bil -
ity with en vi ron men tal con di tions was sig nif i cantly. With
the ad vent of highly bril liant ra di a tion, co her ent X-ray fo -
cus ing, and lens-less diffractive im ag ing, we can now
probe lo cal struc tures se lec tively, even in hi er ar chi cal en -
vi ron ment such as bi o log i cal cells and tis sues. 

We il lus trate cen tral chal lenges and ad vances of hard
X-ray nano fo cus ing for co her ent im ag ing, and pres ent a
com pound op ti cal sys tem con sist ing of el lip ti cal mir rors
and X-ray waveguides. The setup en ables full field pro jec -
tion im ag ing at high mag ni fi ca tion down to 20 nm res o lu -
tion [1], but can also cover a three-di men sional field of
view, large enough to probe thick tis sues with sen si tiv ity to 
sin gle cells and sub-cel lu lar struc tures [2]. The re quired in -
ver sion of the co her ent dif frac tion pat tern can be mas tered

by dif fer ent re con struc tion algorithms in the optical far and 
near-field. 

In this talk we fo cus on ad vanced wave guide x-ray op -
tics  [3] for co her ent im ag ing, and on the char ac teri sa tion
of the il lu mi na tion sys tem (probe) by dif fer ent ptycho -
graphic  re con struc tion schemes, both in the far- and near-
 field. 

1. M. Bartels, M. Krenkel, J. Habe, R.N. Wilke, T. Salditt:
X-Ray Ho lo graphic Im ag ing of Hy drated Bi o log i cal Cells
in So lu tion,  Phys. Rev. Lett. 114, 048103 (2015).

2. M. Krenkel, A. Markus, M. Bartels, C. Dullin, F. Alves, 
T. Salditt: Phase-con trast zoom to mog ra phy re veals pre cise 
lo ca tions of macrophages in mouse lungs, Sci.Rep. 5,
09973 (2015). 

3. T. Salditt, S. Hoffmann, M. Vassholz, J. Haber, 
M. Osterhoff, J. Hilhorst: X-Ray Op tics on a Chip: Guid ing 
X Rays in Curved Chan nels, Phys. Rev. Lett. (2015), 115,
203902.
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X-ray wave guides en able a va ri ety of X-ray op ti cal func -
tions, from beam collimation to be low 10 nm [1] and co her -
ence fil ter ing [2], as re quired for high res o lu tion
ho lo graphic X-ray im ag ing [3], to beam split ting [4] for in -
ter fer om e try, beam ta per ing [5] or an gu lar redirections [6].
While the guided X-ray beams are well con trolled in the
wave guide de vice, the exit near-field dis tri bu tion is gov -
erned by free-space prop a ga tion and dif frac tion broad en -
ing, and hence is al ways much wider than in the wave guide

it self, which lim its many in ter est ing ap pli ca tions in im ag -
ing, dif frac tion or spec tros copy with nanometer sized
X-ray beams. 

In this work we show that by ex ploit ing multi-wave -
guide in ter fer ence, the near-field dis tri bu tion be hind the
wave guide exit can be tai lored for spe cial prop er ties, for
ex am ple in view of cre at ing a sec ond ary fo cal spot. To this
end we use an ar ray of 7 pla nar waveguides, with pre cisely
var ied guid ing layer thick ness vari a tion, as fab ri cated by
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Name
Ge
sub

Mo C Mo C Mo C Mo C Mo C Mo C Mo C Mo

Layer/

nm
50.0 4.0 56.0 6.2 53.8 7.6 52.4 8.0 52.4 7.6 53.8 6.2 56.0 4.0 50.0

Ta ble 1. The de signed layer thick ness val ues of the x-ray wave guide ar ray (WGA).



high pre ci sion mag ne tron sput ter ing of amor phous car bon
and mo lyb de num. The con trolled thick ness vari a tions in
the range of 0.1 nanometers re sult ing in a de sired phase
shift of the dif fer ent wave guide beams. In this way, spe cial
ef fects such as a sin gle or a dou ble fo cus or tilted emis sion
of the beam can be achieved by multi-beam in ter fer ence. In 
con trast to the pre vi ously used res o nant beam cou pling
(RBC) for waveguides with mul ti ple guid ing lay ers [7], the 
pres ent de sign based on front cou pling of a pre-fo cused
beam is much more ver sa tile.  Fig.1 vi su al izes the gen eral
con cept of the X-ray wave guide ar rays (WGA) with cor re -
spond ing nu mer i cal sim u la tions. The de tailed lay ers thick -
ness val ues of an ex am ple WGA struc ture are show in Tab.
1. This struc ture was sim u lated and mea sured us ing bend -
ing mag net ra di a tion at the Eu ro pean Synchrotron Ra di a -
tion Facility (ESRF) in Grenoble (data not shown). 

Our study which in cludes nu mer i cal sim u la tions, de -
sign, fab ri ca tion, and ex per i men tal re sults dem on strates
that X-ray wave guide ar rays can be used to tai lor an X-ray
near-field dis tri bu tion. In par tic u lar, multi-beam in ter fer -
ence with phase shifts con trolled by vari a tion of guid ing
layer thick ness can lead to beam in ten sity max i mum in free
space be hind the wave guide exit with a spot size (FWHM)
in the sub-50nm range.  The sim u lated near-field is com -
pared to the re con structed field based on the measured
far-field (in progress).

1. S. P. Krueger, H. Neubauer, M. Bartels, S. Kalbfleisch, K.
Giewekemeyer, P. J. Wilbrandt, M. Sprung, T. Salditt,
Jour nal of Syn chro tron Ra di a tion, 19, (2012), pp. 227-236.

2. M. Osterhoff, T. Salditt, New Jour nal of Phys ics, 13,
(2011), 103026.

3. M. Bartels, M. Krenkel, J. Haber, R.N. Wilke, T. Salditt,
Phys i cal Re view Let ters, 114, (2015), 048103.

4. C. Fuhse, C. Ollinger, T. Salditt, Phys i cal Re view Let ters,
97, (2006), 254801.

5. H.-Y. Chen, S. Hoffmann, T. Salditt, Ap plied Phys ics Let -
ters, 106, (2015), 194105.

6.  T. Salditt, S. Hoffmann, M. Vassholz, J. Haber, M.
Osterhoff, J. Hilhorst,  Phys i cal Re view Let ters, 115,
(2015), 203902.

7.  F. Pfeif fer, T. Salditt, P. Høghøj, I. An der son, N. Schell,
Phys i cal Re view B, 62, (2000), pp. 16939-16943.
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la tions. We grate fully ac knowl edge the Ger man Re search
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Fig ure 1. Setup and nu mer i cal sim u la tions. (a) Sche matic of ex per i men tal setup. The X-ray wave guide ar ray (WGA) is po si tioned in
at the fo cal plane of beamline op tics. The in com ing beam with 19.9 keV photo en ergy and pri mary in ten sity I0, is cou pled into the
X-ray wave guide ar ray, which tai lors the near-field to the de sired shape. The far-field in ten sity dis tri bu tion is re corded at a dis tance of
0.97m be hind the WGA exit by a one-di men sional pixel de tec tor (Mythen, Dectris) . (b) The struc ture of the WGA as vi su al ized by its
TEM cross sec tion of WGA. The WGA shown has seven C lay ers (guid ing lay ers) and eight Mo lay ers (clad ding lay ers), as de tailed in
Ta ble 1. The op ti cal lay ers are sandwiched by Ge wa fers; (c) Us ing fi nite-dif fer ence sim u la tions, the sim u lated wave prop a ga tion in

the WGA is shown (in ten sity val ues). A plane wave is cou pled into the front side of WGA, with a length  of 300 mm from en trance to
exit. (d) Sim u la tions of the beam near the exit of the WGA, show ing the multi-beam in ter fer ence as tai lored by the dif fer ent phases.
The fo cus point (F) is lo cated at 0.25 mm be hind the exit of WGA, with a nor mal ized in ten sity I/I0 = 0.335 and a width ( full width of
half max i mum , FWHM) of 39 nm). (e) The sim u lated far field pat tern.
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In a cur rent pro ject we are aim ing to study the growth of a
sin gle semi con duc tor nanowire (NW) by in-situ X-ray dif -
frac tion. Here we re port on re cent ex per i ments per formed
at beamline P09 of PETRA III us ing a por ta ble MBE cham -
ber. By time re solved re cip ro cal space map ping in the vi -
cin ity of the sym met ric GaAs (111) and asym met ric (220)
and (311) zinc-blende and (10.3) wurt zite Bragg re flec -
tions, the evo lu tion of self-catalysed GaAs NWs on sil i con
sub strates has been mon i tored. Sin gle NWs were stud ied
us ing pre-pat terned sub strates with a lat eral spac ing of five
mi crons pre pared by fo cused ion beam hole drill ing.

Two dif fer ent ap proaches were tested to in ves ti gate
sin gle NWs:

1) A set of Com pound Re frac tive Lenses (CRL) with
fo cal length of 0.75m mounted on a hexa pod was used re -
sult ing in a beam size of  at the cen tre of the growth cham -
ber. With this ap proach we were able to se lect sin gle NWs
(see Fig. 1, 1)).

 2) An other set of CRL equipped 13.5m up stream the
sam ple fo cused the beam with out ma jor di ver gence to a
size of. Al though this setup il lu mi nated si mul ta neous an
en sem ble of NWs, sin gle ob jects could be sep a rated be -
cause of the rather par al lel beam and the small ver ti cal mis -
align ments of in di vid ual NWs with re spect to the growth
direction (see Fig.1, 2)).

In this work we re port on X-ray dif frac tion data taken
from sin gle GaAs NWs us ing both meth ods. In par tic u lar,

we re corded re cip ro cal space maps at sym met ric and asym -
met ric Bragg peaks with set tings 1) and 2) and com pare the
data in terms of res o lu tion in re cip ro cal space and in te -
grated in ten sity. In ad di tion we com pare both set tings with
re spect to the ca pa bil ity of de ter min ing phase com po si tion
of a sin gle NW [1]. Fig ure 1 shows sep a rated X-ray dif frac -
tion sig nals in the vi cin ity of the (10.3) wurt zite re flec tion
with fo cused beam using method 1) and ensemble
measurements 2). 

1. P.  Schroth, M.  Köhl, J.-W.  Hornung, E.  Dimakis, C. 
Somaschini, L.  Geelhaar, A. Biermanns, S. Bauer,  S. 
Lazarev, T.  Baumbach and U.  Pietsch, Phys i cal Re view
Let ters, 114, (2015), 055504.
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Fig ure 1. Com par i son of X-ray dif frac tion in the vi cin ity of the
GaAs (10.3) wurt zite re flec tion. Sin gle ob jects are vis i ble for
both meth ods 1) (microfocus) and 2) (ensemble). 
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DEFECT-ASSISTED X-RAY MICROSCOPY WITH POLYCAPILLARY OPTICS

P. Korecki, K. M. Sowa, B. R. Jany, F. Krok
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Polycapillary X-ray fo cus ing de vices are built from hun -
dreds of thou sands of bent glass mi cro-cap il lar ies that are
stacked into hex ag o nal ar rays. De fects were iden ti fied as to 
de te ri o rate the X-ray trans mis sion of these de vices. In this
pre sen ta tion, we dem on strate that nat u ral point de fects in
the op tics (miss ing, crushes, squeezed or larger cap il lar ies)
di rectly lead to the for ma tion of mul ti ple X-ray im ages of
an ob ject, which was po si tioned in the fo cal plane of the
op tics (see Fig 1) . These mul ti ple im ages can be ana lysed
us ing the so called coded ap er ture ap proach [1-3]. The re -
sult ing spa tial res o lu tion is lim ited by the de fect size and
not by the fo cal spot size, which has typ i cally size of
10-100 µm. In a re cent proof-of-prin ci ple ex per i ment [4]
of de fect-as sisted mi cros copy, us ing a com mer cially avail -
able op tics, we ob tained sub-mi cron res o lu tion that has not
been achieved with fo cus ing polycapillary op tics un til
now. Tai lored op tics with a con trolled dis tri bu tion of “de -
fects’” (fab ri cated us ing pro ce dures known from photonic
crys tal fi bers [5]) could be used for multimodal nanoscale
X-ray im ag ing with lab o ra tory set ups.

1. K. M. Dabrowski, D. T. Dul, and P. Korecki, Opt. Ex press
21, (2013), 2920.

2. K. M. Dabrowski, D. T. Dul, A. Wrobel, and P. Korecki,
Appl. Phys. Lett. 102, (2013) 224104. 

3. P. Korecki, T. P. Roszczynialski, and K. M. Sowa, Opt.
Ex press 23, (2015), 8749. 

4. P. Korecki, K.M. Sowa, B. R. Jany, F. Krok, Phys. Rev.
Lett. (2016), ac cepted for pub li ca tion.

5. P. Rus sell, Sci ence 299, (2003) 358.

This work was sup ported by the Pol ish Na tional Sci ence
Cen ter (grant No. DEC-2013/11/B/ST2/04057).
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Fig ure 1. Idea of de fect-as sisted X-ray mi cros copy. De fects (miss ing
or bro ken and larger cap il lar ies - marked with dashed cir cles) break
the pe ri od ic ity and lead to the for ma tion of dis tinct mul ti ple x-ray im -
ages of the object.

Fig ure 2. Com par i son of de fect-as sisted im ag ing with stan -
dard X-ray pro jec tion im ag ing with the fo cal spot act ing as a
sec ond ary source. In set: SEM im age of the object.
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The ultrashort and ultraintense pulses pro vided by X-ray
free elec tron la sers en able to over come the res o lu tion lim i -
ta tions due to ra di a tion dam age for im ag ing bi o log i cal ma -
te ri als [1]. Since each pulse de stroys the sam ple, the
ac ces si ble in for ma tion in stan dard im ag ing ap proaches is
lim ited to a sin gle pro jec tion. We pro pose an ex per i men tal
setup for the hard X-ray re gime which per mits the si mul ta -
neous ac qui si tion of mul ti ple pro jec tions from the same
spec i men, sim i lar to that for soft X-rays in Ref. [2], ex ploit -
ing the si mul ta neous il lu mi na tion of the sam ple with mul ti -
ple beams gen er ated from the di rect beam by a sin gle
crys tal (see Fig ure). This tech nique thus al lows ac qui si tion
of 3-D in for ma tion from sin gle-shot mea sure ments.

We pro vide an ex per i men tal proof-of-prin ci ple of this
con cept at a syn chro tron source in both co her ent dif frac -
tion im ag ing and ho lo graphic ge om e tries. For the for mer,
im ple men ta tion at X-ray free-elec tron laser is straight for -
ward.

1. R. Neutze et al., Na ture 406, 752-757 (2000).

2. M. R. Howells and C.J. Jacobsen, Work shop on sci en tific
ap pli ca tions of co her ent X-rays SLAC-R-437, 159-162
(1994).
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Fig ure 1: (a) Ewald sphere in ter sect ing si mul ta neously a fam ily of equiv a lent Bragg re flec tions, re lated by ro ta tions around
a sym me try axis of the sil i con crys tal. (b) Fam ily of re flec tions in Bragg con di tion for a cu bic lat tice. (c) Pic ture of the ex per i -
men tal setup at the MS beamline of the Swiss Light Source, show ing the di rect beam and the eight dif fracted beams on a
phos phor screen. (d) Sketch of the con cept of the sam ple be ing il lu mi nated si mul ta neously by the direct and diffracted
beams.
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EXPERIMENTAL ASSESSMENT OF THE SPATIAL TRANSVERSE DISPLACEMENT OF 
X-RAYS BY PERFECT CRYSTALS IN VIEW OF SELF-SEEDING APPLICATIONS

A. Ro dri guez-Fernandez1, S. Reiche1, K. Finkelstein2, B. Pedrini1 
1Paul Scherrer Institut, CH-5232 Villigen PSI

2Cor nell Uni ver sity (CHESS), Ithaca, New York
An gel.ro dri guez@psi.ch

Free-elec tron la ser (FEL) ra di a tion arises from shot noise
in the elec tron bunch, which is am pli fied along the
undulator sec tion and re sults in X-ray pulses con sist ing of
many lon gi tu di nal modes [1]. The out put band width of
FELs can be de creased by seed ing the FEL pro cess with
lon gi tu di nally co her ent ra di a tion. In the hard X-ray re gion,
there are no suit able ex ter nal sources. This ob sta cle can be
over come by self-seed ing. The X-ray beam is sep a rated
from the elec trons us ing a mag netic chi cane, and then
monochromatized. The monochromatized X-rays serve as
a narrowband seed, af ter re com bi na tion with the elec tron
bunch, along the down stream undulators. This scheme
gen er ates lon gi tu di nally co her ent FEL pulses.

Geloni et al. [2] have pro posed monochromatization
based on For ward Bragg Dif frac tion (FBD), which in tro -
duces a de lay of the narrowband X-rays pulse (ech oes) of
the or der of femto seconds that can be matched to the de lay
of the elec tron bunch due to the chi cane. Sim u la tions based 
in the dy nam i cal dif frac tion the ory show a trans verse dis -
place ment of the FBD X-ray beam, which can re sult in a
loss of ef fi ciency of the seed ing pro cess [3]. The de lays and 
trans verse dis place ments of the ech oes are re lated by

Dx c0 = t qcos                 (1)

where q  is the Bragg an gle of the crys tal in volved re flec -
tion for the av er age in com ing pho ton en ergy. Fig. 1 pres -
ents the elec tric field am pli tude EH of the ra di a tion
trans mit ted in the for ward di rec tion as a func tion of trans -

verse po si tion and time on a sec tion down stream a 600 mm

thick di a mond crys tal ori ented in sym met ric (4,0,0) Bragg

ge om e try, and il lu mi nated by  a 10 keV beam of 10 mm
waist size. The two pan els cor re spond to Bragg and Laue,
re spec tively. In both pan els, the de pend ence of the echo
trans verse dis place ment on the echo de lay ex pressed in (1)
is clearly vis i ble.

To con firm the sim u la tions, an ex per i men tal set-up was 
de signed that ful fil the beam char ac ter is tics re quired for
this type of stud ies (small en ergy band width, beam size of

about 10 mm and small an gu lar di ver gence are cru cial). For
this rea son, af ter a Si (111) mono chro ma tor the beam is re -
fined with a chan nel cut set of Si (531) crys tals that re duce
the an gu lar width of in com ing beam to 1.075’’, which is
slightly smaller than the ex pected Dar win ac cep tance for
Di a mond (400) Bragg re flec tion at 10 keV of 1.485’’.

The lay out of at Cor nell High En ergy Syn chro tron
Source (CHESS) C-line Beamline and Ma te rial Sci ence
(MS) beamline at Swiss Light Source (SLS) is shown in

Fig. 2. The beam size was set to 12 ± 2 mm by slits lo cated
up stream the chan nel cut set of crys tals. A point de tec tor
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Fig ure 1. For ward dif fracted field mag ni tude EH from the (400) Bragg re flec tion at 10 keV for a 600 mm thick Di a mond crys tal in the

case of a 10 mm size in ci dent x-ray beam. Cal cu lated fol low ing Lindberg and Shvyd ko ap prox i ma tion [3], (Left) Bragg and (right)
Laue ge om e try.

Fig ure 2. Ex per i men tal set-up for the ex per i ment per formed at C
line at CHESS.



was sit u ated in the Bragg dif frac tion di rec tion, 44.04°,
which mis sion was re cord the width and in ten sity of the
Bragg dif fracted sig nal. The de tec tor in the for ward
direction uses a GGG scintillator crys tal to con vert x-ray to
vis i ble pho tons, which are re corded with a high res o lu tion

cam era with a res o lu tion of less than 2mm/pixel. The sam -
ples un der study were a se ries of di a mond sin gle crys tal

with thick nesses be tween 600 and 100 mm. For each scan
the sam ple was set up to the max i mum Bragg dif frac tion
sig nal of the NaI de tec tor at 10 keV, one fixed the chan nel
cut set was ro tated al low ing just a de ter mined en ergy to go
throw it with high res o lu tion. Re cord ing the sig nal trans -
mit ted thru the crys tal in the for ward cam era.

An ex am ple of the data col lec tion re sults is pre sented in 
Fig. 3. It is pos si ble to ob serve how near the Bragg con di -
tion of dif frac tion, marc in the fig ure as A, the for ward dif -
fracted sig nal is dis placed from the ini tial po si tion, marc as
B, and a se ries of max ima ap pear to be formed in the tail of
the Bragg peak which are re lated to the echoes signal.

The re sults from the ex per i ments per formed at CHESS
and SLS are beam com pare with far ther sim u la tions of the
beam prop er ties at the syn chro tron sources to be able to
con firm the pre dicted trans verse dis place ment, which in
the case of a pos i tive con fir ma tion should be taken into ac -
count in the de sign of self-seed ing in fra struc ture for op ti -
miz ing the FEL per for mance. In a sec ond step, beamtime at 
a FEL fa cil ity will be re quested to cor re late the dif fer ent
max ima shown in Fig. 3 with the actual delays.

1. J. S. Wark, et al., J. Ap ply. Crystallogr. 32, (1999) 692.

2. G. Geloni, et al. DESY re port 10-053 (2010).

3. Y. Shvyd’ko, et al. Phys. Rev. ST Accel. Beams 15, (2012)
100702 

The au thors ac knowl edge the staff of the Ma te rial Sci ence
beamline at Swiss Light Source and of the  C-1beamline at
Cor nell High En ergy Syn chro tron Source, at which ex per i -
ments re lated to this pro ject were per formed.
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Fig ure 3. For ward Bragg dif frac tion sig nal of a 300 mm thick di a mond crys tal at a 10 keV for the (400) re flec tion ob served at Ma te rial
Sci ence Beamline of SLS. (Left) Bragg dif frac tion sig nal at the BD de tec tor, (Cen ter) sig nal at the FBD di rec tion de tec tor and (right)
sec tion of the FBD de tec tor at two Bragg an gles A (in the Bragg con di tion) and B (far from the Bragg con di tion).
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X-RAY BEAM SPLITTING BY USE OF REFLECTION GRATINGS FOR PHOTON
ENERGIES OF 4 – 12.4 kEV
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 Re cently sur pris ingly high dif frac tion ef fi cien cies were
ob served when a re flec tion grat ing was used in the con i cal
dif frac tion scheme in com bi na tion with X-rays with pho ton 
en er gies be tween 4 and 12.4 keV [1]. As shown in fig ure 1
the con i cal dif frac tion is ob tained when the tra jec tory of
the in ci dent beam is par al lel to the grooves of the grat ing.
In this case the in ci dent in ten sity is dif fracted into a cone
sym met ric around the plane of in ci dence. The highly ef fi -
cient sym met ric dif frac tion opens the pos si bil ity to use
such grat ings also as op ti cal com po nents for the X-ray
range. 

An in ter est ing ap pli ca tion is as an am pli tude beam
split ter. Beam split ting with equal in ten sity cannot only be
achieved for two beams but also for more beams. The con -
cept can thus be ap plied for in ter fer om e try ex per i ments or
sim ply for sep a rat ing a high in ten sity beam for the use in
dif fer ent ex per i men tal sta tions. We will re port re lated ex -
per i men tal data and com pare them to pre dic tions, which
will al low us to dis cuss the op ti mum pa ram e ters for given
ap pli ca tions.

1. W. Jark and D. Eichert, Opt. Ex press 23, 22753 (2015).
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The first tomographic mi cros copy beamlines are cur rently
pro posed on the dif frac tion lim ited stor age ring of Max IV.
The main em pha sis will be on mi crom e ter res o lu tion dy -
namic stud ies with high sen si tiv ity to make op ti mal use of
an in tense X-ray beam with typ i cally 20-50% co her ent
frac tion and a spot size of 1 mm in di am e ter will scat ter on
the sam ple and give rise to in ter fer ence fringes re corded in
the near field - Fres nel re gime. The state-of-the art in di rect
de tec tor sys tems for mi crom e ter res o lu tion to mog ra phy
em ploys a thin scintillator screen which typ i cally con verts
about 50% of the X-rays at 20 keV to vis i ble light that is
then col lected by a lens sys tems and reaches the de tec tor
sen sor. We can im prove this X-ray pho tons col lec tion ef fi -
ciency by us ing in stead a semi trans par ent scintillator-mir -
ror sys tem and a sec ond de tec tor fur ther down stream of the

beam (see Fig. 1a). The added value of such op ti mi za tion is 
the si mul ta neous re cord ing of two dis tinct Fres nel dif frac -
tion pat terns [1]. In re spect to fast phase im ag ing the
dual-de tec tor prin ci ple fa vours the im ple men ta tion of
quan ti ta tive phase re trieval meth ods re quir ing data at a
min i mum of two defocus dis tances. They are of par tic u lar
in ter est if the in ter ac tion of a trans versely highly co her ent
X-ray beam scat tered on the sam ple gives rise to mul ti ple
and well vis i ble in ter fer ence fringes in the Fres nel re gime.
Con trast trans fer func tion based phas ing meth ods [2] can
un der these con di tions de liver op ti mal re sults and may
there fore be con sid ered for Max IV to com ple ment the of -
ten used trans port of in ten sity based phase re trieval [3].

Be side di rect phas ing meth ods from two si mul ta neous
pro jec tions (Fig. 1b) we have im ple mented an it er a tive
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Fig ure 1. Prin ci pal beam tra jec tory par al lel 
to the grooves when a re flec tion grat ing
with rect an gu lar groove pro file pro duces
con i cal dif frac tion in the ex treme off-plane
con fig u ra tion for diffraction.



Fou rier trans form al go rithm in ter lac ing it er a tions at the
phase re trieval and tomographic level. We pro pose to take
ad van tage of the 3D struc ture of the re corded dif frac tion
pat terns to guide the phase re trieval by the nat u rally oc cur -
ring con strains when the full 3D in for ma tion about the
sam ple is avail able in two im ag ing con di tions. Fur ther -
more with the pro posed scheme we ad dress the prob lem of
back ground vari a tions dur ing the tomographic ac qui si tion.
The performance of this approach is illustrated on Fig 2.

The it er a tive 3D phase re trieval is be ing im ple mented
in Op er a tor Discretization Li brary (ODL) [4], a Py thon
frame work for rapid al go rithm de vel op ment in to mog ra -
phy. It of fers the pos si bil ity to ap ply a va ri ety of solver
schemes to a par tic u lar re con struc tion prob lem, for ex am -
ple the con ju gate gra di ent method or TV reg u lar iza tion [5]. 
In par tic u lar, the full non-lin ear prob lem of phase to mog ra -
phy can be ad dressed with out any linearization or model
sim pli fi ca tion. We will pres ent the new est re sults based on
the op ti mized it er a tive scheme and dis cuss the ad van tages
of the small and highly co her ent beam at Max IV to pur sue
high res o lu tion phase tomographic stud ies in par tic u lar for
bio-med i cal ap pli ca tions [6,7]. Some ap proaches will be
built upon the ex pe ri ence gained from pilot studies
performed at the TOMCAT beamline at the Swiss Light
Source. 

Si mul ta neous ac qui si tion of two Fres nel dif frac tion
pat terns may be achieved also by us ing a crys tal beam split -
ter as the o ret i cally pro posed in [8] and ex per i men tally
dem on strated in [9]. Of par tic u lar in ter est in this ap proach
is that wave length sep a ra tion of the two beams is pos si ble

and there fore we can fine-tune the in for ma tion con tent in
each diffraction pattern independently.
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Fig ure 2. Phase re trieval per formed on a phan tom. The orig i nal tomographic slice of a phase map on the left a
Paganin phase re trieval re sult in the mid dle and on the right a tomographic slice of re sult ing from the pro posed it -
er a tive 3D phase re trieval based on two tomographic sets ac quired at var i ous defocus distances.

Fig ure 1. (a) The sche matic rep re sen ta tion of the dual de tec tor sys tem as im ple mented at the TOMCAT beamline at the Swiss Light
Source. (b) Tomographic slice of a fly tho rax re con structed from the re trieved phase maps us ing CTF mixed ap proach based on si mul ta -
neously ac quired two Fres nel dif frac tion pat terns at sam ple-to-de tec tor dis tances set to 4 and 377 mm. The ef fec tive pixel size on the

first de tec tor D1 was 2.75 mm and it was 2.9 mm on the sec ond de tec tor D2. In (c) a Paganin [3] type re con struc tion is shown.

https://www.github.com/odlgroup/odl
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X-RAY IMAGING AT THE ADVANCED PHOTON SOURCE:
OPPORTUNITIES WITH THE APS UPGRADE

Francesco De Carlo, Kamel Fezzaa, Vin cent De Andrade, Tao Sun, Xianghui Xiao, Xiaogang
Yang and Doga Gürsoy  

Argonne Na tional Lab o ra tory, 9700 S. Cass Av. Argonne IL 60439
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Full-field im ag ing is an ex tremely ver sa tile tech nique that
is broadly ap pli ca ble to al most all sci en tific and en gi neer -
ing dis ci plines. Its ver sa til ity is re flected by the fact that ev -
ery ma jor syn chro tron fa cil ity in the world has a ded i cated
full-field im ag ing fa cil ity. In many cases, full-field im ag -
ing is the key stone link ing a sam ple to other X-ray tech -
niques such as ptychography, µXRF, µXANES, and
µXRD. 

The cur rent Ad vanced Pho ton Source (APS) al lows for
hi er ar chi cal 3D im ag ing of dy namic sys tems and ma te ri als
with spa tial res o lu tion up to 1µm, with out a ma jor sac ri fice
in time res o lu tion and 20 nm 3D im ag ing of static or slowly 
evolv ing sys tems.

In this talk we will pres ent the lat est nano and dy namic
im ag ing re sults uti liz ing the cur rent APS source and will
de scribe the op por tu ni ties the new APS up grade source
will bring to this technique.

This re search used re sources of the Ad vanced Pho ton
Source, a U.S. De part ment of En ergy (DOE) Of fice of Sci -
ence User Fa cil ity op er ated for the DOE Of fice of Sci ence
by Argonne Na tional Lab o ra tory un der Con tract No.
DE-AC02-06CH11357.

1. J.W. Gibbs, K.A. Mohan, E.B. Gulsoy, A.J. Shahani, X.
Xiao, C.A. Bouman, M. De Graef, P.W. Voorhees, “The
Three-Di men sional Mor phol ogy of Grow ing Den drites,”
Sci. Rep. 5, 11824-1-11824-9 (2015). DOI:
10.1038/srep11824.
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Fig ure 1. Left: an i ma tion at 1.6 3D-fps growth of Al-rich den drite in Al-Cu al loy with a cool ing rate 1 K/min from 550 K.

Right: In ter fa cial shape dis tri bu tions for two 75 mm thick slices nor mal to the growth di rec tion of the nearly free-grow ing
den drite at 9.0 sec onds af ter nu cle ation [1].
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