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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).
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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.
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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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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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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. 


