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1 Overview: history, role and impact of the 

beamline 

The French CRG Interface (IF) Beam Line (BM 32) is dedicated to study the physics and 

chemistry of surfaces, interfaces, thin films and nanostructures and to investigate the 

mechanical properties at the micron scale. It was one of the first beamlines at the ESRF 

available to users, in 1994. It first held three monochromatic-beam experimental stations that 

were used alternatively, one equipped with a multipurpose goniometer (GMT), one dedicated 

to X-ray absorption spectroscopy (XAS) experiments, and one devoted to surface X-ray 

diffraction in ultra-high vacuum (UHV) called SUV (Surfaces under Vacuum). In 2000, the XAS 

station moved to a new, dedicated beamline BM30B (CRG-FAME), and SUV evolved toward 

INS (In situ Nanostructures on Surfaces), more oriented toward studying nanostructures. In 

2006, the beamline optics was completely refurbished with two vertically focusing mirrors in 

addition to a two crystals sagittal focusing monochromator. A white beam microfocus 

configuration, producing a sub-micrometric beam in the GMT hutch, was added. In parallel, a 

micro-diffraction setup was developed (hereafter called µLaue). 

The goniometer of the GMT station has three main characteristics, which makes it unique for 

some investigations. The goniometer is very accessible and versatile, so that many different 

scattering experiments can be performed, bulk or surface sensitive, with the sample surface 

either horizontal or vertical. Different sample environments such as a cryostat and a small 

vacuum chamber are available. Several others have already been used: magnet and cold 

finger, Langmuir trough, dilution fridge etc... The advantages of the IF beamline are the very 

clean X-ray beam with low background, and the possibility to work with hard X-rays (energies 

up to 30 keV), which is necessary for studies of interfaces between dense materials 

(liquid/liquid,liquid/solid or solid/solid). Because of its very versatile design, the GMT 

instrument is a user-oriented facility that fits the needs of a wide community. The research on 

the GMT diffractometer has been balanced between studies of « hard » and « soft » 

condensed matter. 

The new µLaue instrument for Laue microdiffraction added in 2006, is used in alternance with 

the GMT goniometer in the same hutch (EH2). This setup is similar to the ones developed at 

APS by G.E. Ice, and at ALS by N. Tamura. To date, few comparable dedicated and 

operational stations exist worldwide: 2 in US (34-ID-E @ APS, BL12-3-2 @ ALS) 1 in Canada 

(VESPERS 07B2-1 @ CLS), and 1 in Taiwan (21A @ TPS). On BM32, a white (5-23 keV) 

microbeam (0.5x0.5 µm2) impinges on the surface of the polycrystalline sample, under an 

angle of 40°. A 2D plane detector is usually mounted on top of the sample in reflection 

geometry for most of the experiments. For poorly crystallized materials measurements can be 

carried out in transmission geometry but necessitate anticipated relatively heavy setup 

change. By scanning the sample, the recorded laue patterns can be analysed to provide 

routinely a 2D map of local orientation and deviatoric strain (angular unit cell deformation). 

Extensions of the standard Laue technique are being developed such as (1) to get access to 

all unit cell lattice parameters or equivalently the full strain tensor by means of Laue spot 

energy experimental measurements, (2) to locate in 3D the origin of scattering signal by depth 

resolved measurements from Differential Aperture X-ray Microscopy (DAXM). Materials and 



Nano sciences are the main scientific fields covered by the studies with the µLaue instrument 

with both fundamental and applied aspects. 

Finally, The INS2 endstation is based on a UHV diffractometer devoted to Surface X-Ray 

Diffraction (SXRD), Grazing Incidence X-ray Scattering at wide (GIXS) and Small (GISAXS) 

angles and X-ray reflectivity and possibly Surface X-ray Absorption Spectroscopy (S-XAS) on 

surfaces and interfaces, and during thin film and nanoparticle growth. More recently this set-

up was also used for resonant x-ray diffraction experiments (RXD), taking advantage of the 

easy energy tunability of the beam line optics. The main advantages of INS2 with respect to 

other existing stations are the possibility to perform in situ deposition with up to seven sources 

in the X-ray chamber, as well as a very good RHEED system and Auger analysis under grazing 

incidence, which can be operated simultaneously with x-ray measurements during deposition 

or annealing. In addition to physical evaporation, an injector has been recently added opening 

the world of chemical vapor deposition (CVD) under ultra-high vacuum, also called Chemical 

Beam Epitaxy (CBE). This instrument has been completely refurbished in 2016 thanks to a 

funding from French government (Equipex). 

With these three instruments, the beamline has a large impact in the French research 

community in nanoscience. In addition, these instruments serve each year as a support for 

practicals and tutorials dedicated to students during their Master at the local Grenoble 

University, and for HERCULES (the Higher European Research Course for Users of Large 

Experimental Facilities) students. The local team is then involved in the corresponding 

teaching. Note also that practicals on Laue techniques were organized within the CNRS 

training framework, on the µLaue instrument.         

2 Organization, committees 

The IF CRG beamline is part of a program established in 1991 by the two French research 

agencies: CNRS (Centre National de la Recherche Scientifique) and CEA (Commissariat à 

l’Energie Atomique et aux Energies Alternatives). Two CRG beamlines - IF and D2AM (BM02) 

– have been operational since 1994. A third beamline had a split radiation fan with one branch 

–FIP- (BM30A) operational since 1999, and the second branch equipped with the FAME 

beamline (BM30B). More recently a new spectroscopic beamline FAME-UHD opened in 2016. 

Due to the adaptation on the new source EBS lattice, FIP beamline moved to BM07 and FAME 

has now the BM30 port for itself. A CRG/French Council with representatives of the two 

agencies is responsible for financial, personnel and scientific policy of the entire program. The 

program is executed locally by a “structure d’exploitation” regrouping the three Department 

Head of “Institut Néel (CNRS)”, “Service Modélisation et Exploration des Matériaux” (IRIG 

CEA-Grenoble) and “Institut de Biologie Structurale” (joint CEA-CNRS lab.), all established at 

Grenoble. The personnel working on the beam lines are employed by these local laboratories. 

As a consequence the concept of in-house research is slightly different from the one at ESRF. 

The beamline and instrument scientists perform research programs of their own laboratory in 

addition to assistance to external users selected by program committees. The facilities of the 

three labs (infrastructure, workshop, design, secretary...) act as a support since CRGs are not 

eligible to use the similar facilities of the ESRF.    



Almost 25% of the total available beamtime is reserved for upgrade, maintenance and in-

house research. One third of the remaining beam time is due to the European community, and 

is allocated by European committees through the usual application for beam time at the ESRF. 

The 2/3 of remaining beam time is open to the entire French community, and is allocated on 

the basis of merit of experiment proposals by the SOLEIL committees, twice a year, as for the 

ESRF beamtime. The available user beam time is calculated applying the rules observed at 

ESRF: time is reserved for in-house research (IHR), buffer between experiments and 

maintenance. Note that scientific staff often apply for beamitme like any users to pursue their 

research. 

[section intentionally removed]        

Similarly, at the same funding institution we have already submitted the MAGNIFIX project 

which should be in the process of evaluation. Description of MAGNIFIX is given in the 

perspectives section. 

3 Beamline Optics 

The configuration for the optics is of a classical layout where entrance slits are followed by a 

3 optical element group (first mirror, monochromator and second mirror) in charge of X-ray 

white beam processing, and finally exit slits. To achieve a good harmonic rejection, both 

mirrors work at variable incidence, therefore adjusting cut-off energy to working energy. A 

good energy resolution is reached thanks to the first mirror that collimates the beam for the 

monochromator. The second mirror vertically focuses the beam either on the sample (normal 

mode) or on a micrometric 2-directions slit system located at the end of the optical hutch (pink 

micro-focus mode) and acting as a secondary source. The INS diffractometer needs a fixed 

beam vertical position. Therefore, the monochromator crystal gap is adapted to compensate 

for the vertical offset given by the variable angle of the mirrors. 

The first mirror M1 is made of a single crystalline 1.3 m long Si bar, coated with 500Å Ir 

exhibiting a 3Å roughness, a slope error of 1.5 µrad rms on the full length, and only 1 µrad 

rms on the 300 mm central area. This mirror can be bent up to 5 km radius in order to vertically 

collimate the divergent beam from our bending magnet onto the first crystal of the 

monochromator. The cooling system consists in water circulation in copper blades, dipping in 

liquid InGaN ternary alloy placed in two channels dug on both sides of the Si bar, thus avoiding 

transmission of vibrations to the mirror. The maximal allowed thermal power for this mirror is 

580W, corresponding to a ring current of 500mA. 

The second mirror M2 is identical to the first, except for the absence of the cooling system and 

a higher maximum curvature (radius down to 2.5km) to allow vertical focusing on the 

micrometric slit. 

The monochromator is a double crystal (DCM) Si(111) type with the whole optical block under 

vacuum. The rotation stage is equipped with a high resolution encoder to achieve 0.35 µrad 

resolution. It is mounted on a translation stage to follow the beam reflected from the first mirror 

when the incidence angle is adjusted to select the cut-off energy. The rotation stage carries 

the first and second crystal assembly. 



The first crystal assembly is a 10mm thick Si crystal with an optimized shape allowing a drastic 

reduction of the thermal meridional bump [1]. It is glued on a copper plate cooled by water 

circulation. The roll of this plate can be adjusted by a piezo actuator to achieve a correction of 

the horizontal position of the beam against thermal drifts arising from ring current decrease (if 

needed before EBS). 

The second crystal assembly is the standard Si ribs crystal mounted on an ESRF-CNRS 

bender type and is used for the sagittal focusing. The bender assembly can be moved by three 

rotations (weak links): two for crystal roll and yaw and one for the two crystals parallelism 

(pitch). This latter movement is finely adjusted by a piezo actuator to achieve automatic 

intensity maximization, thus compensating drifts as in [2]. Moreover, the bender is carried by 

two crossed translations: one adjusting the gap between the crystals and the second adjusting 

the shift between crystals along the beam propagation axis. 

In pink microbeam mode, the mirrors M1 and M2 are working under a fixed 4mrad incidence 

angle (cut-off energy > 23 keV), the gap between the monochromator's crystals is opened to 

let the beam outgoing from the M1 mirror pass through the monochromator directly onto mirror 

M2 and the pink beam is vertically focused onto the micrometric slit. As the main scientific 

goals are to measure 2D-maps of grain orientation and deformation in thin polycrystalline 

materials with a lateral resolution of 0.5 µm, we have to take up 2 major challenges: achieve 

a pink microbeam of size 0.5x0.5µm2 and have it stabilized to better than 0.2µm. 

To deliver the pink microbeam, a classical Kirkpatrick-Baez (KB hereafter) achromatic 

microfocusing device, composed of 2 fixed-curvature elliptic perpendicular mirrors, is used. 

The KB mirrors are Pt-coated (now Rh) and work under a fixed incidence angle of 2.9mrad 

(cut-off energy > 30keV, now 23 keV), the first KB mirror being 290 mm long and the second 

140 mm. The KB works under real object / image condition by demagnifying the micrometric 

slit. The demagnification factor is simply the ratio between object distance and image distance. 

Therefore, the KB is brought as far as possible from the micrometric slit and as close as 

possible to the sample, leading to demagnification ratio in the vertical plane of 145 and 45 in 

the horizontal plane. Moreover, since beam spot size increases with the level of beamline 

mirror polishing slope errors or mirror bending defects, the slope errors of the mirrors M1 and 

M2 on their central 300mm are below 1µrad, and the KB mirror slope errors are lower than 0.2 

µrad on full length. 

For controlling and tuning the optics, specific software has been written, either at low level to 

support special device controllers, or at high level to have a user friendly and easily adjustable 

beamline. A feedback system was developed for automated tuning of the second crystal of 

the monochromator to maximize the flux and compensate for the long term drifts [2]. 

References 
[1] J.S. Micha et al, Nucl. Instrum. Meth. A A 710, 155-160 (2013) 
[2] O. Proux et al, J. Synch. Rad. 13 (2006) 59-68 



 

Figure 1: Schematic representation of the two configurations of the optical elements, mirrors and 
monochromator, providing either a sub-millimetric monochromatic beam of high energy resolution 
(the normal mode) or a sub-micronic beam that may be either white or monochromatic in the so-
called micro-focus mode. 
 

 

  



4 List of beamline staff, functions and scientific 

interest 

[section intentionally removed]  

5 Instrumentation and Techniques 

5.1 The Laue Microdiffraction setup (µLaue) 

The large demand for structural characterization of objects with ever decreasing sizes has 

driven the development of new methods to determine not only the average internal structure 

but also the local structure at submicron scale. Probing the local strain, shape (size, 

orientation) and composition of micro and nano materials is the main objective of our Laue 

micro-diffraction setup. This dedicated setup is unique in Europe. Such instrument takes full 

profit from the white beam source of bending magnets. 

Two fixed-curvature elliptical KB mirrors are used to achieve a sub-micronic (hxv) =0.3x0.3 

µm2 white beam with a X-ray energy range of 5 to 23 keV (adjustable) up to 2018. Now (sept. 

2020) thanks to EBS and new Rh-coated KBs: (hxv) =0.2x0.2 µm2 and energy band 5-22 

keV. A typical Laue pattern on a thick grain (>5µm) requires less than 0.5s counting time. 

Larger counting times are needed for low Z materials, smaller grains (< 0.5 µm), and grains 

with large orientation gradients (> 10 mrad/µm). 

Selected regions of interest on the sample surface can be finely aligned on the x-ray beam by 

means of an optical microscope featuring a 50X objective and a 12X zoom, low depth of focus 

(< 1 µm) and high lateral resolution (0.3µm). In addition, x-ray fluorescence mapping can be 

used for locating micro-markers on the sample when the microscope is retracted. 

 

Figure 3. Laue Microscopy is based on the collection of Laue pattern of scattered beams coming from 
white and microsized beam sample illumination. Beam properties correspond to the 2015-2018 
period. 



The spot positions in the Laue pattern can be monitored as a function of time to detect in situ 

phase transitions, crystal deformation or reorientation. The mapping of the spots positions as 

a function of beam position on sample helps to localize regions where stresses or defects 

concentrate, e.g. after sample elaboration or after applying a load. 

At a higher level of analysis, each single Laue pattern once indexed fully determines the grain 

orientation (3 Euler angles) and the deviatoric shape of the unit cell (i.e. b/a, c/a, ). Large 

orientation maps (figure 3) built from a raster sample scan then provide e.g. the local texture 

and the relative strain levels of between grains of different orientations. Such maps also allow 

selecting particular grains for fine intra-grain mapping of orientation and strain gradients. 

Complementary methods for spot energy measurements (monochromator, energy dispersive 

detector, transmission Diamond monochromator) may then be used for local full strain tensor 

or line profile analysis. Moreover, 3D scan are now available thanks to optimized DAXM 

technique and new numerical algorithms developed on the beamline last years.   

A home-developed open source software suite, LaueTools, facilitates the data analysis by 

means of several Graphical User Interfaces, scripts and jupyter-notebooks. During the 

experimental run, its online treatment tools help to choose the best data collection strategy. 

After the experiment its fast parallel computing modules allow the automatic analysis of 

several thousands of images. 

 

Figure 4. Laue Microscopy provides local structural parameters (orientation, strain and stress tensor) 
with high resolution on mono- and poly-crystals by 2D or 3D mapping. In situ experiments can be 
carried in various conditions. 

Applications of this instrument are mostly in Materials Science: energy-related materials 

(Solid-oxide fuel cells, nuclear fuels, photovoltaic cells), complex integrated circuits from the 



micro-electronics industry (2D and 3D interconnects), structural materials (superalloys for 

turbine blades, and other metallurgical compounds), biology-related materials (wood, tooth, 

nacre) for orientation and texture aspects. More fundamental studies include in situ 

mechanical testing on model macro, micro or nano objects (FIB-machined metallic micro-

pillars, nanowires, whiskers, bi-crystals, tri-crystals), in view of improving the description of the 

mechanical properties of polycrystals or micro and nano objects in elastic or plastic regime 

(peak shape analysis). 

5.2 The In situ Nanostructures and Surfaces (INS2) endstation 

The INS station is devoted to studies of surfaces, interfaces, nanostructures and thin films in 

Ultra High Vacuum, in particular during their growth, by means of three techniques using hard 

X-rays: Grazing Incidence X-ray Scattering (GIXS, which here is generic for SXRD, GID, 

GIXRD etc…), Grazing Incidence Small Angle X-Ray Scattering (GISAXS), and X-ray 

Reflectivity (XR). In the recent years, a gas injector allowing for the injection of dangerous 

gases (silane, germane, H2S …) has been added to the existing MBE (up to seven sources) 

possibilities. The core diffractometer and UHV chamber has been completely renewed during 

the last years, thanks to a French Equipex. 

These “Equipexs” were about 250 projects funded by the French government within its 

“Investments of Excellence” initiative, to develop or renew research platforms opened to the 

French research community. Basically the INS2 project, launched in 2012, consisted in 

completely rebuilding the instrument with a new faster and heavy-duty diffractometer coupled 

to a new larger UHV chamber equipped with Be windows (Fig. 5). It became operational during 

the year 2016, and was opened to external users for the two remaining years (2017 and 2018) 

before the ESRF shutdown. 

Like the previous instrument, the new INS2 one is dedicated to in situ studies of the growth 

and structure of nanometric films, particles, nanowires or new 2D material, possibly operando 

and in real time, using diffusion/diffraction of hard X-rays. The growth is achieved using a 

combination of techniques including molecular beam epitaxy (MBE) and chemical vapor 

deposition (CVD). X-ray measurements allow, among other things, structural studies on the 

atomic scale by grazing incidence scattering at large angles (GIXS/GIXD/SXRD/XRR) and 

morphological studies on the scale of a few nanometers or tens of nanometers, by scattering 

at small angles in grazing incidence (GISAXS). The GIXS and GISAXS techniques can be 

used simultaneously in real time. 



 
 

Fig. 5. Left: Schematic drawing of the principles of the INS2 setup, see text. Right: The CAD 
representation of the whole setup; see text for description 

Compared to the previous instrument, INS2 can move the sample or the detectors 10 to 100 

times faster, making it possible to study the nucleation/growth processes of quantum dots or 

2D films or nanowires on a more relevant time scale. It also allows more structural and / or 

morphological information to be collected simultaneously by recording maps of the reciprocal 

space using fast 2D detectors. Finally, all these studies can be carried out under much better 

and more complex conditions. 

The UHV chamber is designed as a hybrid system. First, it allows “classic” ultra-vacuum 

studies including heating up to high temperatures (1500°C standard; up to 2350°C with a 

special, non-transferable sample mount), ion bombardments, Auger electron spectroscopy 

and Reflection High Energy Electron Diffraction measurements, as well as measure of partial 

pressures of residual gases or of gases injected into the chamber. Second, it also accepts 

samples that are transferred from other processing chambers equipped with 1-inch Moly-

block, thanks to two specific UHV transfer suitcases. Third it can be used to grow different 

nanomaterials by MBE or by CVD or by combining the two growth methods. A large number 

of evaporation sources are available, either of the "Knudsen" type or of the electron 

bombardment type. More than 8 can be simultaneously mounted on the chamber. A very 

specific injector associated with a versatile and secure gas distribution system is available for 

the CVD. Nitrogen and hydrogen plasma sources as well as a large source of silicon are also 

available. This chamber is fitted with a large number of flanges of different diameters and 

easily accessible, making it possible to envisage very varied configurations, rarely available 

on similar instruments. 

The goniometer and the chamber were designed entirely in 3D CAD (Fig. 5) and are therefore 

perfectly integrated. The goniometer was produced by the Symétrie company. It comprises a 

basic rotation around a vertical axis making it possible to define the angle between the beam 

and the surface of the sample, kept vertical. This rotation moves the entire diffractometer. In 

addition to this, the detector can be positioned on a portion of a sphere by two other rotations, 

and the sample can rotate around the perpendicular to its surface, after it has been aligned 

using a hexapod. All these movements are very fast (up to 20 °/s), precise (better than 0.0005 

°) and controlled by encoders. The detectors use hybrid pixel technology: Maxipix 5x1 for 



diffraction and Eiger 1M for GISAXS. The circle supporting the hexapod is mounted on a large 

vertical axis that allows removing it from the inside of the circle in order to easily access the 

chamber via its large flange for instrument mounting and maintenance. 

A specific feature of the INS instrument developed over the years were in-UHV slits, knife 

edge and beam stops that allowed minimizing the unwanted background scattered by all 

elements put in the beam prior to the sample. This was further developed in this new version 

(see Fig. 5 left) by using a fixed (as opposed to moving before) Be window about 3 meters 

before the sample. In addition, this Be windows is single-crystalline, and thus does not yield 

any background scattering (except for Bragg peaks that are out of the beam). 

The use of two pairs of in vacuum slits before the monitor and of a single crystalline Si diode 

monitor (Fig. 5 right) help further minimizing the background. Finally, the large rotation of the 

whole instrument to define the incident angle chamber rotation over a wide range (-1 to 20°) 

is allowed by a large oval bellows. The remaining background is further suppressed thanks to 

slits, knife-edge and beam stops inside UHV that are precisely aligned thanks to UHV 

piezoelectric translation tables (Fig. 6). The large chamber beryllium window is made of a big 

cylindrical part as before, but, again, the background from the exit beam is suppressed by 

replacing the part of the Be window crossing the exit direct beam by a flat Be window that is 

500 mm farther, just before the 2D detectors (for GIXD or for GISAXS). This has been 

developed at the expense of a complexification of the detector slits, since the anti-scattering 

slit is placed on a translation to move it out when measuring close to the direct beam. 

Altogether, these features provide really background free (except that coming from the 

sample) measurements, both at low and high angles, which is hard to achieve with this 

geometry except when using an extremely small beam such as from ID beamlines. 

 

 

Fig. 6: Inside of the UHV chamber detailing the sample, sample holder, furnace, and inside slits and 
beam-stops, together with the wide rectangular exit Be window for low delta angles 



The sample holder is a long 

rod in UHV ended by the 

sample heater at one end, 

and by a CF63 mounting 

flange at the other end. This 

flange is connected to a 

differentially pumped rotary 

feedthrough, itself connected 

to a large, heavy duty 

hexapod in air for a 6-degrees 

of freedom sample alignment 

on the one end, and to a large 

bellows connected to the 

main chamber, that 

accommodate for these 

sample motions, on the other end. The hexapod allows for three perpendicular ±5° 1 and 

rotations of 0.001° accuracy and three X,Y,Z translations of m accuracy. All the other rotary 

motions have 0.005° absolute accuracy, lower than 0.001° resolution; axes parallel or 

perpendicular within 0.001°, and a sphere of confusion of 60 µm for the sample motions and 

100 µm for the detector ones. The (±200°) sample rotation and the detector (-15°, +126°) 

rotation can reach speeds of 20°/s, and the out of plane detector rotation (-1, 45°) reaches 

10°/s. The rotation defining the incident angle can be moved between -1 and 20°, without 

disconnecting the chamber from the Modutrack introduction system, thanks to a long bellows 

in between. 

On the exit side, a large, rectangular flange mounted on the chamber let the beam travel 

toward a large, rectangular Be window placed 500 mm away from the sample. A T-shape 

beam stop is placed in UHV just before this exit Be windows (plus another one just after), 

allowing to stop the direct and reflected beams before they are scattered by the exit window. 

The low-angles lost in detector angle delta (from -1 to 12 degrees) because the hemispherical 

Be windows has to be discontinued to be allowed for this, is recovered on the negative side 

through the large rectangular Be window. 

The detector arm holds a fully motorized slit placed just before the detector, which may be 

either a Maxipix 5x1 or an Eiger 1M R pixel detector, and a detector slit is placed as close as 

possible to the Be windows of the main chamber at large 𝛿 angles, and moved away for delta 

𝛿 angles smaller than 12°. The slit opening is defined by the rotation of 2 parallel tungsten rolls 

around and axis perpendicular to the beam. 

For its two years of use, the INS2 setup has proved to be perfectly adapted to a number of 

experiments performed either by the internal team or by external users. Among these studies, 

one may cite the growth of high quality oxide layers and their detailed quantitative structural 

determination by SXRD; the demonstration of organized growth of preformed FePt clusters 

when deposited on the moiré induced by the deposition of graphene on Ir(111) surfaces; the 

characterization of many different 2DMaterials like Te-based transition metals 

dichalcogenides like MoTe2, ZrTe2, HfTe2,TiTe2 etc…; the in situ growth of MoS2 on Au111 

using the injector to inject H2S gas and the intercalation of Cs below it; the substitution of Se 

by S in PtSe2 TMDCs leading to Janus type SPtSe etc. 



5.3 The Multitechnique goniometer (GMT) 

The MultiTechnique Goniometer GMT is a general purpose 2+2 axis surface diffractometer, 

well suited to most grazing incidence scattering techniques (GIXS, XRR, GISAXS). It is 

normally dedicated to samples elaborated ex-situ but it can also accommodate a wide range 

of sample environments due to the large open space available around the goniometer center. 

It has been used during the last years for solid/solid, solid/liquid and solid/air surface and 

interface studies, mostly using X-ray energies between 20 and 30 keV. 

As opposed to the INS setup, the experiments taking place on GMT do not usually request 

lengthy surface preparations ahead of the beamtime. It is therefore located upstream of the 

INS endstation, sharing a hutch and alternatively using the beam with the µLaue setup while 

the INS setup is preparing samples or baking out. 

Thanks to the large volume accessible at the sample position, the instrument can 

accommodate a large variety of sample environments, ranging from small enclosures (e.g. 

electrochemical cells) to a large UHV system with two chambers devoted to in-situ studies of 

catalytic processes. The goniometer can also handle vibration filtering tables for liquid surface 

studies, helium cryostats, magnets, and a variety of furnaces. The first µLaue experiments 

were actually run using the goniometer as a support for both focusing and sample movement 

elements, while the 2D detector was mounted on the detector arm. 

The instrument has been used in the last years mainly for the study of buried interfaces e.g. 

liquid/solid or solid/solid interfaces. We make use of the 20-30 keV energy range of our 

bending magnet to access the interfaces, going through one side of the interface (i.e. one of 

the phases) over its whole width. 

We have automated as much as possible sample changing. For solid/solid interfaces for 

example, samples are piled up and automatic alignment routines have been developed so as 

to be able to study series of about 20 samples. Routines for automatic data inversion (e.g. 

reflectivity data) have been developed in parallel. 

The instrument has received little evolutions during the last 4 years. Its mechanics is still 

accurate enough and efforts have been put on developing or replacing the other beamline 

instruments. Only part of the motors electronics has been upgraded, e.g. with the installation 

of ESRF icepap controllers for detector slits motors.  

More recently, we have started to use 2D pixel detectors for diffraction experiments. We use 

a 5-chip 256*1280 silicon pixel detector that can be mounted in both orientations regarding its 

long direction (generally along CTR direction, depending on sample orientation). The detector 

has been used for instance to record diffraction patterns from artificial gratings. Due to their 

small pixel size, low noise and high counting rates, these detectors are interesting and may 

speed up the acquisition of reciprocal space maps. Recent reports from SOLEIL have shown 

for example how to use low-diverging beams and 2D detectors to speed up reflectivity 

measurements [Mocuta et al., J. Synchrotron Rad. (2018). 25, 204-213]. However, the poor 

efficiency of Si pixel detectors limits their usage for the medium high energy experiments. We 

expect this limitation to be removed with today’s availability of CdTe pixel detectors. Tests 



have already been made and a small size pixel CdTe detector (Maxipix) has been acquired 

just before the EBS shutdown. 

Many of the experiments performed on GMT have a link with applied research subjects. We 

have worked on the physics of several steps of the SmartCut™ technology developed at the 

CEA-Grenoble and its spin-off company SOITEC. In particular we investigate the ion 

implantation, wafer direct bonding and fracture. Other subjects of technological interest have 

been addressed, like SEI (Solid Electrolyte Interphase) formation at the interface between 

electrode and electrolyte in Li batteries. Strain (GID, RSM) and size measurements (SAXS, 

GISAXS) on microelectronics systems patterned using state-of-the-art lithography have also 

been recently performed to develop the Critical Dimension SAXS (CDSAXS) technique. 

5.4 Detectors on BM32 

On BM32 we have a large choice of detectors to cover a wide range of techniques. These are 

commercially available detectors. In some cases, integration and developments were 

necessary to control these detectors with the standard control system, previously SPEC and 

in a very near future BLISS, which will be the standard for next few years. These developments 

consist in electronics and software, in order to best match the experimental requirements of 

our 3 instruments.    

For beam monitoring and data normalisation we are using standard silicon diodes, either in 

transmission or measuring scattered signals. The high accuracy electronic transforms the 

analogue value into pulses that are integrated by the counting cards. We are also using a 4-

channel picoammeter to monitor the beam, and a lock in amplifier to make a feedback on the 

second crystal of the monochromator and keep the flux at its maximum value whatever the 

power load on the optics. 

On the experiment side we have detectors, from the basic zero dimension detector, to two 

dimensions CCD or sCMOS and pixel detectors.   

5.4.1 0D detector for diffraction: 

The standard photomultiplier with NaI scintillator is still in use on GMT diffractometer behind 

slits that defines the analysis direction. Coupled to these detectors we also have an automatic 

filter system used to avoid detector saturation and to extend the dynamics of the detection 

chain. This kind of detecting is being replaced by a CdTe pixel detector. 

In experiments that require high energy resolution we have a Rontec Si drift detector. This 

detector has a typical energy resolution of 250 eV at a counting rate up to 400 kcps with a 

5mm2 detection area. It is mainly used on the microdiffraction experimental setup to monitor 

the fluorescence signal from the sample, either to build fluorescence maps or simply to locate 

on sample. We also acquired a second detector of this type, a Ketek XR-SDD read with a XIA 

electronics. The energy resolution is 125 eV at 5.6 keV and the throughput of 100kcp/s 



5.4.2 2D detectors: 

● CCDs 

We have many CCD detectors with various input size, pixels number and size, sensitivity, 

readout speed. Detector choice is done by users and its local contact in order to best match 

the experiment requirements.  

The QuadRo CCD detector from Princeton Instrument has not been repaired because the 

CCD chip was not available anymore. So, to make experiments we used a MAR CCD 165 

camera (now Rayonix) and acquire a new sCMOS camera. This camera from Photonic 

Science is a quad camera with a 165mm input field. It has a readout time 20 times shorter 

than the MAR CCD. This was a real improvement on micro laue setup. To replace the MAR 

CCD, which is still our backup detector, we also bought a ImageStar 165. It’s a wide input field 

36 Mpixel sCMOS camera with a 0.5s readout time.  

All CCD detectors are fully supported in the standard acquisition system. Some use ESRF 

software developments, others have required special developments by the BM32 team 

because they are not supported at ESRF or very specific features or control modes are 

required.  

Other CCD detectors, VHR or ImageStar are still occasionally used to make alignments or 

calibration. 

 

Detector 
model 

Input 
size 
(mm2) 

Nb 
Pixels
 
  

Pixel 
size 
(µm) 

Readout 
Time (s) 

(no 
binning) 

Readout 
Time (s) 

binning 
2x2 

Dyna-
mic 
(bits) 

Dyna-
mic 
range 
(dB) 

Features 
/comments 

Instrumen
t 

MAR 165 
CCD 

Φ 165 4 
Mpixel 

80 2.5  16 86  µLaue 

sCMOS 
quad 

Φ 165 16 
Mpixel 

40 0.25 0.1 16 79 On line 
image 
correction 
and rois 
integration 

µLaue 

sCMOS 
ImageStar 
165 

Φ 165 36 
Mpixel 

27.5 0.1 0.025 16 70 To be 
delivered in 
August 2020 

µLaue 

VHR CCD Φ 81 7 
Mpixel 

30 1.2/2.4 0.3/0.6 12/16 70 Electronic 
shutter, 
Antiblooming 
x1000, 
pipeline 
readout 
mode, 
possibility to 
extend 

µLaue 



dynamic up 
to 20 bits 

ImageStar 
CCD  

square 
67x67 

9 
Mpixel 

22 2.5 0.6 16 82 Antiblooming 
x100 

µlaue 
/GMT 
/INS 

● Pixel detectors 

Two 1280x256 (5x1 modules giving 70.4x14.08 mm2 detection area) Maxipix pixel detector 

are used on INS2 instruments. With a 55 µm2 pixel size a 500 µm Si thickness, and 6.10⁷ 

Xph/mm²/s at 20% non-linerity, this detector is used for diffraction at energies under 25 keV, 

which cover 95% of experiments on INS2. 

For GISAXS measurements on INS2 which requires large input field and very low noise we 

have a Dectris 1 Mpixel Eiger detector with a 77x77mm2 input size and a 75µm2 pixel size. 

With 450µm thickness Si pixels, the count rate is up 22.10⁷ Xph/mm²/s at 20% non-linearity 

and a frame rate of 10 images/s. 

On GMT, which can operate efficient experiments at 27 keV we bought in 2018 a 512x512 

Maxipix CdTe detector to have a greater detection efficiency. 

5.5 Data Acquisition & Analysis 

Basic data analysis during the acquisition relies on ESRF tools such as PyMCA (formerly 

newplot) with the 3 instruments. Also 4 techniques are widely used on the beamline. For three 

of them in monochromatic mode, software exist and some are still improving. Then general 

GISAXS data are treated with isGISAXS (GUI developed by R Lazzari in Fortran when he was 

post-doc on the beamline) and surface diffraction one with PyROD (GUI based on rod written 

in python by T. Zhou during his phD on the beamline). For reflectivity curves several softwares 

are available for users for electronic density profile model fitting. For Laue diffraction a 

complete package LaueTools has been developed since 2009. Hosted on gitlab.esrf.fr, written 

in python, numerous modules allow to handle laue patterns images to extract structural 

parameters. LaueTools is open-source has gathered several functionalities requested by 

users for a decade such as GUIs and scripts, and more recently jupyter notebooks that call 

core computation (simulation, refinement) modules. It aims at favoring the learning curve of 

the analysis of Laue diffraction data set made of several 10000 images and amounted 5 To 

per campaign (6 days). 



 

Started in 2009, LaueTools is a Home developed software package dedicated to microdiffraction 
Laue pattern images analysis (GUI, modules, scripts). More recently jupyter-notebooks lying on 
Lauetools core modules are provided to help users in handling images data set collected on the 
beamline. 

 

  



6  Example of Scientific Research and Highlights 

In the next pages a selection of scientific highlights on the three instruments for the period 

2015-2020 is presented (3 highlights by instruments): 

μLaue 

HL1: In situ Laue microdiffraction experiments (Research in Collaboration) 

HL2: 3D X-Ray Laue Microscopy (Research in Collaboration + beamline scientists) 

HL3: Energy-resolved Laue microdiffraction (Research in Collaboration + beamline 

scientists) 

GMT 

HL4: Fluids in nanoconfinement (Research in Collaboration) 

HL5: Solid/solid wafer bonding interfaces (Research of beamline scientists) 

HL6: Energy storage materials (Research of beamline scientists) 

INS 

HL7: 2D Topological Semimetals Grown by Molecular Beam Epitaxy (Research in 

Collaboration + of beamline scientists) 

HL8: Structure and chemical order in ultrathin films by resonant x-ray scattering (Research in 

Collaboration + of beamline scientists) 

HL9: Atomic structure of ultrathin film solved by surface x-ray diffraction (Research in 

Collaboration +of beamline scientists) 

 

  



6.1 HL1 In situ Laue microdiffraction experiments 

The µLaue setup offers the possibility to carry out from simple (ex situ, single shot) to complex 

(in situ, 3D map). To meet the users needs the last five years have been devoted to the 

improvement of in situ experiments (eg following the scattering signal with time or as a function 

of an external load, such as temperature, electrical current or mechanical load), 3D mapping 

of microstructure and energy measurements. Significant achievements have been obtained in 

terms of acquisition time, data reliability and their visualisation & analysis.Note that there is a 

growing demand on measuring small crystals orientation prior to Bragg Coherent Diffraction 

Imaging experiments performed elsewhere (ID01@ESRF or at APS). 

6.1.1 Example 1: Three-point bending behavior of a Au nanowire studied 

by in-situ Laue microdiffraction 

T.W. Cornelius1, Z. Ren1, C. Leclere1, F. Lauraux1, A. Davydok1, G. Richter2, O. Thomas1 

1 CNRS, IM2NP, Aix Marseille Univ., Univ. de Toulon, Marseille, France 

2 Max Planck Institute for Intelligent Systems, Stuttgart, Germany 

In the recent past the mechanical properties of nanostructures attracted enormous attention. 

Micro-compression testing on focused ion beam milled metal micropillars revealed an 

increasing yield strength with decreasing structure size, a tendency that became known in 

literature as “smaller is stronger”. These ultra-high yield strengths allow for deforming nano-

objects to very high strains without inducing plasticity offering completely new opportunities 

for elastic strain engineering of physical properties. Since these pioneering works, the 

research focus moved to defect scarce nanostructures to better understand the nucleation 

and storage of the first defects and dislocations generated at ultra-high yield strengths of 

several GPa relaxing the elastic strain. 

Within the last decade, various in-situ nano-mechanical testing devices were developed 
allowing for applying the mechanical load and simultaneously visualizing the deformation of  

 
 

Fig. H1-1: (a) Schematic diagram of experimental configuration at BM32. (b) Scanning electron 
microscopy image of a self-suspended Au nanowire before deformation. The measurement positions 
along the nanowire during KB scans are marked by rectangles and the scanning direction is indicated 
by the arrow. (c) Enlarged view of the area around the Au 222 diffraction peak. The expected 
movements of the Laue spot on the detector for a pure vertical bending (rotation around Au direction) 
and a pure torsion (rotation around Au direction) are marked as red and black lines, respectively. (d) 
Bending and torsion profile along the suspended part of the nanowire inferred from the integrated 
Laue micro-diffraction pattern shown in (c) and calculated by finite element method simulations taking 
into account a force of 2.1 µN and a misalignment of the SFINX-tip with respect to the nanowire 
center of 57 nm [4]. 



the nanostructures by scanning electron microscopy, transmission electron microscopy, or 
synchrotron X-ray diffraction techniques. White beam Laue microdiffraction is highly sensitive  
to the crystalline orientation and defects such as geometrically necessary dislocations (GNDs). 
Thanks to the polychromaticity of the incident X-ray beam a multitude of diffraction spots can 
be measured simultaneously without any rotation of the sample in contrast to monochromatic 
X-ray diffraction where the incident angle and diffraction angle have to be adjusted for each 
Bragg reflection. This fact makes Laue microdiffraction very attractive for in-situ experiments, 
in particular, for in-situ micro- and nano-mechanical studies where every additional movement 
should be avoided for circumventing the generation of detrimental vibrations. Because of these 
constraints, typical in-situ experiments are performed with the focused X-ray beam illuminating 
a single spot of the sample, thus limiting the obtained information to one position on the 
structure under study. In order to map the deformation of a mechanically loaded nanostructure, 
the MNO group at IM2NP (Marseille) developed a novel method that allows for scanning the 
X-ray beam across the sample surface, similar to the electron beam in a SEM, by translating 
the Kirkpatrick-Baez (KB) mirrors used for focusing the incident polychromatic X-ray beam in 
the horizontal and vertical direction [1]. 

This same group recently developed a scanning force microscope that is compatible with Laue 

microdiffraction end-stations at the BM32 beamline [2]. While most nano-mechanical studies 

concentrate on uniaxial tensile and compression tests, we performed three-point bending 

experiments on suspended nanowires providing access to the flexure behaviour of the 

nanostructures which is of major importance for actual applications like flexible electronics [3]. 

A schematic of the experimental setup and a scanning electron microscope image of a gold 

nanowire suspended across silicon micro-trenches are presented in Fig. H1-1(a) and (b), 

respectively. The position where the mechanical load was applied by the AFM-tip is highlighted 

in the SEM images as well as the measurement positions along the nanowire where the KB 

scanning approach was used to displace the beam focus. During the loading of the nanowire, 

the Laue spots move on the detector. An integrated Laue microdiffraction pattern of the Au 

222 Laue spot recorded along the mechanically loaded nanowire is displayed in Fig. H1-1(c) 

[1]. While pure bending results in a vertical movement of the Laue spot on the detector pure 

torsion leads to a horizontal spot displacement. The circular Laue spot movement indicates 

the presence of both bending and torsion of the nanowire which was confirmed by finite 

element method simulations considering a misalignment of the loading point of about 60 nm 

with respect to the center of the nanowire width generating the necessary torque. 

For plastically deformed nanowires, the analysis of the Laue peak shapes (Fig. H1-2(a)) 

eventually allows for determining the activated slip systems and the number of geometrically 

necessary dislocations (GNDs) stored in the volume probed by the focused X-ray beam. GNDs 

actually induce a rotation of the crystal (as schematically shown in Fig. 2(b)) which translates 

to a broadening of the diffraction spot where the direction of the broadening is directly related 

to one of the 12 slip systems existing for FCC materials and the amount of broadening is 

  

Fig. H1-2: a) Integrated diffraction 
patterns of the Au 222 Laue spot. The 
yellow lines mark the expected peak 
shapes generated by linearly combining 
rotations around the Au [2 ̅11] and the Au 
[121 ̅] axes. b) Schematic illustration of 
the lattice rotation induced by a single 
edge dislocation. 



related to the number of GNDs. This analysis revealed that a maximum of 15 and 6 type GNDs 

is found close to the clamping point and the number of stored dislocations steadily decreases 

towards the loading position. 

 

Fig. H1-3: Dislocation density in the indented Au crystal as a function of the applied force inferred 
from the elongation of the Au 222, Au 133, and Au 224 Laue spot. 

Presently, the developed in-situ AFM does not allow for directly measuring the applied force 

due to the lack of the measurement of the deflection of the AFM cantilever, which is usually 

done by an optical laser feedback system in commercial AFMs. However, the MNO group 

recently developed a novel method to determine the deflection of the Si cantilever in-situ by 

Laue microdiffraction [1]. Thanks to a PhotonScience detector which bases on CMOS 

technology and which has a much lower noise level than the previous MarCCD detector, the 

researchers are actually able to measure the Laue diffraction spots originating from the Si 

cantilever and to determine the cantilever bending from the displacement of the Laue spots 

on the detector. They obtain force resolutions of better than 90 nN. These new developments 

represent a major step forward to actual nano-mechanical tests measuring both stress and 

strain at the same time. As an example of the capabilities offered by this new approach the 

MNO group performed in-situ nano-indentation experiments on single Au nano-crystals. Fig. 

H1-3 shows the GND density as a function of the applied force determined from the streaking 

of the Au Laue spots and from the displacement of the Si spots from the cantilever on the 

detector screen, respectively. 

References  
1 C. Leclere et al, J. Synchrotron Radiat. 23 (2016) 1395 – 1400 
2 Z. Ren et al, J. Synchrotron Radiat. 21 (2014) 1128 – 1133 
3 C. Leclere et al, J. Appl. Cryst. 48 (2015) 291 – 296 
4 Z. Ren et al, J. Appl. Phys. 124 (2018) 185104 
5 F. Lauraux et al, In-situ force measurement during nano-indentation combined with Laue 
microdiffraction, submitted to Nano Select (under review) 



6.1.2 Example 2: First implementation of combined XEOL and µLaue 

measurements 

J. Eymery, O. Ulrich, J.-S. Micha, O. Robach 
Univ. Grenoble Alpes, CEA-INAC, F-38000 Grenoble, France 

X-ray excited optical luminescence (XEOL) allows getting information on the intrinsic optical 

properties of materials. Up to now, this technique has been mainly combined with fluorescence 

and XANES spectroscopy to get composition and chemical environment mappings. For the 

first time in the world, we combined XEOL with the µLaue structural analysis on the French 

CRG-IF BM32@ESRF beamline taking advantages to recording a diffraction pattern without 

aligning the sample and measuring at the same time the optical emission.  For good emitting 

crystals, only a few second counting time is needed. The exposure for structural and optical 

analyses are therefore very similar enabling fast scanning. 

The sub-micrometer resolution range provided by the µ-Laue setup (250x300 nm2 beam) is 

complementary with other ESRF nanobeams (e.g. ID16B beam < 50x50 nm2) that perform 

fluorescence-emission mappings on very small areas (a few µm2). In the framework of the 

CEA Bottom-Up project called LumiX (IRIG, MEM, NRS lab.), we developed a new setup on 

the diffractometer to record the light emission (see Fig. 1). The emitted photons are collected 

 

 

Fig. 1. Schematics, drawing and implementation of the XEOL measurement on the BM32@ESRF 
µLaue setup. 



by an off-axis parabolic Al-mirror (X-rays are going through a holed mirror), they are then 

focalized by a second parabolic mirror to the entrance of an optic fiber going to a QEPRO 

Oceanview spectrometer (350-925 nm). This light is then dispersed by a diffraction grating on 

a back-illuminated pixels CCD camera cooled with a Peltier device. A shutter mechanism 

allows selecting the acquisition time and acquiring the background for S/N improvement of 

XEOL spectra. The entire system (computer server, acquisition and analysis software) has 

been optimized to measure the visible range emission wavelength and Python Notebooks are 

written to help data analysis. This effort will be integrated in the data analysis roadmap of the 

beamline. Quite large mappings (mainly limited by data storage volume) can be obtained to 

get statistical information on a large number of objects. 

The interest of this method has been successfully demonstrated before the ESRF-EBS 

shutdown within 4 different model systems: core-shell wires InGaN/GaN multiple quantum 

wells (MQWs) grown at CEA/IRIG, industrial 2D MQWs, µLEDs realized at CEA/DOPT and 

YAG:Ce “phosphor” materials that emit complementary colors to get white light in LEDs. A few 

examples of the two latter systems are illustrated in Fig. 2. It shows the collection efficiency of 

the system for the bright µ-LED emitters and weaker phosphors emitters (note sharp excitation 

of atomic states in the first type of phosphors). The full correlative data analyses are presently 

under way to link the emission features to the crystalline quality fluctuations of the materials. 

In the near future, other extensions of XEOL techniques such as polarized and time resolved 

analyses will be tested and implemented to have new insights on the properties of light 

emission. 

 

Fig. 2. a) XEOL measurements of µLEDs (6 µm diameter). A spectrum is measured at each point of 
the scan and allows wavelength mapping. b) Scans along two different types of phosphors (see 
features) and an example of Laue pattern. 

 

  



6.2 HL2 3D X-Ray Laue Microscopy 

Motivations  Increasing the 3D capabilities of the Laue microdiffraction is a crucial importance 

to meet the growing needs of users for reliable captures of materials structure (orientation, 

strain, defects). 

Due to X-ray penetration (even with intermediate photons energy, 5-25 keV), scattering 

intensities coming from different sample depths are superimposed. First, a full 3D picture of a 

microstructure with the grains absolute position and shape and boundaries is required to 

understand the mechanical properties of materials without any assumption usually done in 2D 

microstructure map. Second, the resulting Laue pattern made of superimposition of each 

probed individual grain Laue pattern is harder to analyse with single Laue pattern procedure 

due to the higher number of spots and their overlaps. Finally, in case of strain or orientation 

gradient within the gauge volume, peaks shape deviates strongly from the circular and 

symmetrical shape (described a single crystal model) leading to severe misestimation of the 

mean elastic strain. In all cases, better reliability on structural parameters assessment  

(namely on elastic strain one) is obtained by decomposing the scattering by sample depth, ie. 

by reconstructing the Laue pattern corresponding to a sample voxel. 

Instruments and Methods 

      

Figure HL1-1: Principles of 3D-µLaue. (a) Some X-ray scattered beams coming from the sample 
(tilted by 40°) are attenuated by a W movable wire. X-ray fluorescence intensity from illuminated 
sample volume (along incoming beam path) is seen on 2D detector placed at the top of sample. 
Similarly, Laue spot intensity profiles (pixel intensity as a function of wire position) show also dips 
which allow to retrieve the origin of scattering in sample depth by simple geometrical triangulation. 
(b) Photograph of one of the sample holder setups used on BM32 (X-ray comes horizontally from the 
right). 



Thanks to ANR-DFG granted XMicroFatigue project (2017-2020) (Beamline staff and C. 

Kirchlechner group at MPIE Düsseldorf), the 3D-µLaue method  has been improved intensely 

by L. Renversade (post-doc) on the basis of initial expertise on the development of DAXM 

method on BM32 since 2012. From the acquisition point of view, a faster 2D detector (sCMOS 

and simple wires scanning stages (several wires per holder) allow now the collection of few 

hundreds of images (for depth reconstruction with less than 1 µm resolution) in few minutes 

(Fig. HL1-1). Graphical user interfaces were designed to handle the calibration of wire 

trajectory and to assist the 3D scan acquisition strategy (to find the best compromise between 

the spatial depth resolution and measurement time). Moreover, a new algorithm to derive the 

scattering linear density (along the beam path beneath the sample surface) from the pixel 

intensity profiles has been designed. Inspired by algebraic methods of contrast diffraction or 

absorption tomography, it takes into account the wire transmission function and the large 

number of images. It significantly reduces the numerical noise which was overwhelming in the 

reconstructed scattering density profiles by the previous method (derivatives from finite 

differences). 

To assess the accuracy on strain determination from Laue pattern reconstructed in voxel, we 

measured the elastic strain profile through a bent Ge beam (fig HL1-2). Profiles of strain 

components are linear as expected by beam mechanics theory. Also, the relative and absolute 

level of strains are also in excellent agreement with analytical predictions. More importantly, 

the dispersion of the results is less than 10-4 which is of the same order with 2D strain map 

on unstrained Ge. More details will be published in a forthcoming article. To date, a 1 µm depth 

resolution profile is usually collected for 0.5 or 1 second exposure time, whereas a 0.3 µm 

resolution can be achieved by tripling the experimental time. 

Thanks to these developments, we report two studies using DAXM. Example 1 deals with 3D 

strain measurements to investigate its effects on whisker growth. Ongoing analysis of in situ 

fatigue bending of Cu micropillars is presented in Example 2. 

  

Fig. HL1-2: A bent Si 50 µm thick wafer (prepared by L. Michaud et al CEA-DRF/DRT) was used to 
qualify the strain sensitivity determined from reconstructed Laue patterns in each sample voxel  
crossed by the incoming beam. (b) Experimental strain components as a function of depth. Strains 
are zero on neutral fiber. 



 

Figure HL1-3: Graphical user interface designed on BM32 to handle and visualize data for wire scan 
acquisition and calibration. 

Example : 3D microstructure of in situ bent Cu pillars 

C. Kirchlechner1,2, J.-B. Molin1, L. Renversade3, O. Robach3, O. Ulrich3, J.-S. Micha3 
1MPIE Düsseldorf, Germany, 2KIT, Karlsruhe, Germany, 3BM32 beamline 

Abstract We present ongoing development and studies of in situ DAXM performed on 

micropillars during mechanical test. Few number of deformation fatigue cycles are performed 

and simultaneously Laue patterns are recorded each step to capture the evolving 

microstructure by 2D map and 3D volume. 

 

Figure HL-1-7: Setup of the in situ Straining Device 3D X-ray Laue microscope on BM32. Microsized 
sample are holded by left part (2) and deformed by actuators from the right one (3). A fork with one 
several wires can be moved independently by stages (3).  



To understand the fundamental structural damage mechanisms of materials under fatigue load 

at the mesoscale, direct observations of atomic lattices transform are required. When 

decreasing objects size, dislocations interactions with grain boundaries and sample surface 

govern predominantly the mechanical behavior for which accurate predictive laws and 

experimental data are still missing to build models and for the properties optimization of this 

new class of grain boundaries engineering materials. Two major needs are required in this 

field: (1) access to structural parameters inside materials not only at its surface (e.g. by 

electronic microscopy), (2) follow the evolution of the same microstructure to get rid of 

experimental artefacts and for a better reliability in the interpretation of structural quantitative 

changes. Therefore in situ mechanical test save time (no sample realignment) and bring a 

better control of experiment geometry. The XMicroFatigue measurements campaigns were 

focused on the first fatigue cycles to observe a few number of dislocations and how they 

accumulate at a single grain boundary (or transmit through it). Two premiers have been done 

and will be published soon: (1) 3D map (1 µm3 voxel) on a microsized object and (2) in situ 

monitoring of 3D microstructure evolution (6 hours/3D map of 10*10*15 µm3 with lateral 

resolution of 0.5x0.5 µm and depth resolution less than 1 µm). 

  
 

Figure HL1-8: (left) X-ray scattering (detector on top), grain boundary orientation (red dotted line) and 
mechanical test (bending of the pillar tip) geometry. (middle) Examples of force-displacement cycles 
corresponding to several percents of (plastic) strain in the region of interest (inferior half part of the 
pillar). 

The subsequent experimental protocol was used during in situ experiments (Figure H1-8): The 

samples were submitted to one full fatigue cycle. During in situ loading mechanical data (force 

and displacement) and μLaue patterns were recorded simultaneously. The three dimensional 

scans were performed in the undeformed state (0 cycles) and, then, after 1⁄4, 1⁄2, 3⁄4 and 1 

cycle in order to thoroughly investigate the local fatigue structure formed in single and bi-

crystalline microsamples. During 3D scans a volume of ~10x10x15μm3 was scanned with the 

DAXM setup with a step size of 1μm and a polychromatic beam (5 to 22 keV), 0,5x0,5μm2 

sized. In total 12 micron sized samples, with 49 volumes scan. ~ 20TB of data had been 

collected during 4 beamtimes of several days. In Fig.4, a schematic reconstruction of a 3D 

volume scan is shown. The analysis was performed on one out of eight bi-crystalline sample. 

The analysis of acquired data is still ongoing, but already now it is clear that the data contains 

unique information on the 3D evolving microstructure of our material. We are confident to 

quantitatively assess local density of GND’s, the local deviatoric strain and misorientations at 

the grain boundary (Figure HL1-9). Data treatment and analysis are still ongoing. 



 

Fig. HL-1-9 : Microstructural evolution of (5X5x25 µm3) micropillar composed by 2 grains GA and GB 
(whose misorientation corresponds to an impenetrable high-angle grain boundary) during the first 
steps of fatigue cycle. Each column correspond to a given deformation step (central column with the 
highest strain). First row: visible light images of the pillar. Second row: (left) 3D orientation map. 
(middle and right) 3D map of Laue spot elongation related to dislocations storage volumic density. 
(right) Initial microstructure is almost recovered in terms of defects (damages) density. Third row: 2D 
GA/GB misorientation map at the grain boundary plane de cross section. (right) The remaining fine 
internal misorientation heterogeneities (introduced by crystalline defects) can be used in dislocations 
dynamical simulations to calibrate and improve greatly interactions potentials. 

6.3 HL3 Energy-resolved Laue microdiffraction 

As for 3D-Laue which decomposes the scattered intensities for each pixel over sample depth, 

energy measurements allow their decomposition over the d-spacing of lattice spaces. 

Motivations: The complete knowledge of structural parameters is often required since they 

control the physical and mechanical properties of materials. Moreover, the numerical 

comparison of the unit cell parameters with reference ones - expressed by the full symmetric 

strain tensor of rank 2 with 6 independent parameters - is a ground quantity when describing 

mechanical properties in materials science. Finally, the full stress tensor can be determined 

from the strain tensor and the elastic constants representing valuable data for both 

fundamental and engineering aspects. 

In standard Laue diffraction, the positions on the detector plane of Laue spots corresponding 

to Bragg reflection onto atomic planes are given directly by the orientation of lattice planes. 

They are used to determine the local crystal orientation and next to the local strain state or the 

shape of the unit cell by means of mutual angles between spots. However, the unit cell volume 

or equivalently the absolute length of any reciprocal space unit cell vector remains 

undetermined because the corresponding d-spacing - measured in standard monochromatic 



techniques remain unknown due to the lack of photon energy (or wavelength) direct 

measurement. 

To overcome this limitation, a mechanical assumption can be made for crystal located at the 

sample surface where normal to surface stress component (szz) can be considered as zero. 

Given the elastic constants Cij, this allows to solve the unknown hydrostatic strain from the 

Hooke’s law (σ=Cε) (fulfilled by the full stress and strain tensors). However, even if this method 

has been successfully applied in several cases [1 Tardif, 2 Hektor 2019], it can be hardly give 

reliable full lattice parameters estimation for thick or buried objects. 

Then, several experimental methods have been developed to obtain the full set of unit cell 

parameters. They all combine the measurement of the standard Laue pattern to retrieve the 

deviatoric strain (5 over 6 lattice parameters or strain components) with the measurement of 

at least one Laue spot energy. The insertion of the beamline monochromator (located in the 

optics hutch far upstream) was first tested but switching from white to monochromatic beam 

was too slow due to the lack of beam spot position reproducibility for microobject studies. O. 

Robach et al developed then two methods keeping a stable (in time) illumination at the same 

sample location during the measurement of Laue spot energy either by using (1) a 0D movable 

SSD detector (“fluorescence detector”) or (2) monitoring spot intensity while rotating a 

diamond monochromator in transmission geometry (“Rainbow technique”). Results obtained 

with these methods are presented in examples 1. 

More recently, the fluorescence detector principles has been followed and extended for higher 

speed and reliability by using 2D energy dispersive detector. On BM32 beamline two teams 

have used pnCCD (from pnSensors company) technology which exhibits the finest energy 

resolution (less than 150 eV @ 5 keV) as shown in examples 2. 
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6.3.1 Examples 1: Energy resolution using movable 0D Energy 

Dispersive detector or light monochromator in transmission 

6.3.1.1 Residual stress measurements by X-ray Laue microdiffraction in superalloy. 

G. Altinkurt1, M. Fèvre1, G. Geandier2 et al, 
1LEM-ONERA, 2Inst. J. Lamour Nancy 

Abstract The Laue microdiffraction technique was used to investigate the strain field caused 

by the shot-peening operation and its redistribution after thermal hold or fatigue in a model 

nickel-based superalloy with an average grain size of 40 µm. This superalloy and shot-peening 

are widely used in aeroengine applications.This work aims at improving the characterization 

and the understanding of stress relaxations in high temperature alloys and to assess the ability 

of the Laue microdiffraction technique to quantify residual stresses in coarse-grained 

microstructures.  

In this 2 phase alloy, recording the Laue diffraction patterns permitted to measure separately 

the strains related to the average alloy (γ+γ’) and to the γ’ phase and complemented structural 

studies performed in the laboratory. Even if there are small stresses in the inner part of the 



samples, the sensitivity of the Laue microdiffraction method was large enough to quantitatively 

characterize the crystal misorientations and the deviatoric strain redistributions. Useful data 

were provided not only at the grain scale but also at the mesoscopic scale, thus bridging the 

gap between the sin2 ψ and Ortner’s methods used to determine residual stresses respectively 

in fine and single grain microstructures. The obtained results are also of first interest for a 

quantitative comparison with HR-EBSD measurements in the scanning electron microscope. 

 

Figure HL-2-1: Observation of the coarse-grained 
microstructure in the N18 superalloy. (a): EBSD 
map revealing γ grains (random colors) with an 
average size of 40 µm. (b): Secondary electron 
image showing γ’ precipitates (dark gray) with an 
average size of 200 nm embedded in the γ matrix 
(light gray). 

 

 

Fig. HL2-2 Schematic of the diffractometer setup 
with polychromatic incident x-ray beam, slits, 
Kirkpatrick-Baez focusing mirrors (KB) mounted 
on hexapods, polycrystalline sample, 2D CCD 
detector and energy dispersive point detector 
(FD). A diamond slab working in transmission (F) 
can be rotated to attenuate transmitted white 
beam at some energies. Calibratio  

Fig. HL2-3 Laue patterns in the CDD detector 
coordinate system (2θ,χ). (a): Raw data. (b): 
Simulated pattern with the fundamental (closed 
symbols) and superstructure (open symbols) 
reflections. 

Several states of the superalloy were investigated: initial, shot-peened (with and without 

annealing) and after fatigue loading (300 cycles up to 1% deformation at 450°C) with and 

without prior shot-peening treatment. These states simulate the material state from its 

elaboration to working conditions (at high temperature). Radial elastic strain profiles were 

measured. Figure HL2-4 reports orientation and deviatoric strain map measured at sample 

surface in shot-peened + fatigued state and only fatigued one. It shows that the surface is 

damaged due to shot-peening up to 300 µm depth (from map left border). Note the cylindrical 

shape of sample (sliced perpendicularly to z and polished) and corresponding frame: tensile 

fatigue along axis z, radial shot-peening). Because no difference was observed between the 



two deviatoric strain fields, two energy measurements were used to determine the last 

unknown parameter of the full strain or stress tensors. In a two experiments [1,2], energy 

coupled measurements with an energy point fluorescence detector (Figure HL2-2) and with 

rainbow method were performed to determine the full elastic strain tensors associated with 

the γ and γ’ phases. Thanks to the presence of separated Laue spots from γ and γ’ 

superstructure phases stress measurements were carried out (Figure HL2-3). 

 

Fig. HL2-4 Grain orientation and deviatoric elastic strain components associated with (a-e) the shot-
peened and fatigued sample S4, (f-j) the fatigued sample S5. The components are represented in 
the cylindrical coordinate system (êr, êθ, êz) related to the sample surface. They correspond to the 
average alloy (γ+γ’ phases). The sample edge is at left. The isoradius contour lines have a spacing 
of 100 µm. Arrows indicate the average direction of the shot-peening. A  5µm step size was used 
during the µ-XRD measurements. 

 

Fig. HL2-5 (d)-(f): Full and 

deviatoric strain components εrr, 

εθθ and εzz. The symbols 

correspond to the values obtained 

from energy measurements, open 

for the γ’ phase and closed for the 

average alloy (γ+γ’) with lattice 

parameter 3.592 A°. 

Figure HL2-5 compares radial full and deviatoric elastic strain for each phase (measured over 

few grains) and the average deviatoric strain derived from the large number of grains of map. 

Discussions on the results can be found in [1]. Comparison of energy resolution with 

fluorescence detector and rainbow method are presented in [2] (Figure HL2-6). 



  

Figure HL2-6 (left) Fluorescence spectrum associated with (a) the -7-51 fundamental reflection  (γ+γ’) 
and (b) the 4-30 superstructure reflection. (right) By means of the diamond filter, Laue spot energy 
associated with (a) the 511 fundamental separated reflection of fcc-γ and sc-γ’ phases (b) the 530 
superstructure γ’ phas reflection from measurements performed. 

From the analysis of fundamental reflections in samples with average precipitate sizes of 200 

or 2000 nm, we demonstrated that the 1 eV energy resolution provided by the filter-based 

rainbow technique is suited for distinguishing the γ phase from the γ’ phase when the lattice 

mismatch is larger than 2.10-3 Å. This was not feasible with the energy dispersive detector 

because of its 150 eV energy resolution, which results in uncertainties of up to 10 eV for the 

energy of hkl reflections. In that case, the collected data refer to the average alloy. The 

uncertainty related to the unknown crystal lattice parameter in the four-spot analysis was close 

to +- 2.5 10-3 Å for the two methods.  

From a technical perspective, we also demonstrated that the translation range and acquisition 

time of the energy dispersive point detector lead to important limitations on the number of 

measurable reflections and the compatibility with automatic operation. In addition, energy 

measurements were not always feasible owing to the crystal orientation, its symmetry and the 

experimental setup. With the ‘rainbow’ filter, the energy of several hkl reflections can be 

determined irrespective of the crystal orientation and symmetry after a 15–30 min acquisition. 

This leads to better confidence in the data analysis. The technique is adapted to automatic 

data acquisition and therefore suitable for sample mapping. 

γ+γ’ coherency strains and their relationship with the mechanical response of a material have 

been investigated in depth using diffraction techniques based on peak profile analyses in 

single crystals of nickel-based superalloys. In this study, we showed that Laue microdiffraction 

is now able to perform a similar task, but at the grain scale in polycrystals and with mapping 

capacities. This provides helpful data for understanding the relationship between the alloy 

microstructure of grains and precipitates and its damage resistance (e.g. creep, fatigue). 
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6.3.1.2 Accurate crystallographic metrology on strained Ge for electronic bandgap 

engineering. S. Tardif, A. Gassenq, K. Guilloy et al, CEA-IRIG/DRT 

It has been theoretically predicted and experimentally observed that tensile strain in Si or Ge 

can induce a change in the electronic structure leading to reduced band gap at the 𝛤 point. 

Owing to the already small energy difference between the 𝛤 and L valley, Ge could thus 

become a direct band gap semiconducting material. The typical tensile strain theoretically 

required to achieve this are on the order of 2% biaxial (001) or 4% uniaxial [100]. Such high 

strain values are not trivial to reach in single crystal materials and could only be obtained in 

micro or nanostructures so far.  

Here we investigated Ge microbridges prepared using direct bonding of a Ge layer on an 

oxidized Si substrate, and electron lithography for high precision patterning. The aim of the 

patterning is to concentrate the small residual biaxial strain in the Ge layer in small 

constrictions by underetching the oxide layer, either microbridges (uniaxial) or microcrosses 

(biaxial). A typical microbridge is shown in Fig. 1a: the two large strips are relaxed and the 

strain is concentrated in the small center microbridge. In order to measure the local strain at 

the micron scale, one needs to use localised probes. Optical Raman spectroscopy is a 

standard technique to measure locally the Ge-Ge bond frequency shift, and thus estimate the 

strain. However it is indirect as the shape of the strain tensor has to be known a priori and the 

validity range of the relation between the frequency shift and the strain value is limited, as we 

will show later. Diffraction techniques are directly sensitive to the interplanar distances and 

therefore are the tool of choice to probe strain. Here we used the Laue microdiffraction 

technique to obtain in a single measurement both the local orientation and strain state in 

several types of suspended Ge microstructures.[1] Typical results in 5 different bridges, 

corresponding to five different lengths of the stretching arm are shown in Fig. HL2-7b,c. The 

tetragonalization of the lattice can readily be seen from the comparative evolution of the h0l 

and 0hl Bragg reflections, as illustrated in Fig. HL2-71c. Indexing the Laue diffraction patterns 

gives the relative lattice parameters (e.g. b/a and c/a), the three lattice angles (𝛼, 𝛽 and 𝛾) and 

the orientations angles (e.g. Rx, Ry and Rz), as illustrated for a microcross in Fig. HL2-7.  

In order to obtain quantitative values for the full strain tensor, we used either a numerical 

approach under the assumption of no normal stress on the free surface, or an experimental 

approach using energy-resolved Laue techniques, as described hereafter. 

For the numerical approach, neglecting the normal stress on the z oriented surfaces removes 
one unknown from the six equations describing the mechanical equilibrium between stress 
and strain. Only six unknowns remain (5 stress components and 1 strain component - the 
hydrostatic strain), and thus the system can be analytically solved. The underlying assumption 
is that the mechanical constants (compliance or stiffness tensor) are indeed constant in the 
strain range considered. 

For the determination of the energy of individual Bragg reflection from the white beam 
measurements, we used either by the “rainbow-filter” (RF) method, or direct energy 
measurement using an additional energy-resolved detector. The RF consists in placing a band 
stop filter in the beam and scanning the position of the attenuated energies. Experimentally, 
this is achieved by placing a diamond single crystal in the beam in Laue diffraction condition 
and rotating it while recording the Laue patterns of the sample. Once calibrated, the rotation 
angle of the diamond and corresponding aligned reflections give the attenuated energies of 
the transmitted beam. Thus, the energy of given peaks in the Laue patterns can be accessed 
by monitoring the decrease in their intensity and the corresponding diamond angle. The 



resolution and accuracy is typically limited by the angular increment of the diamond, and by 
the angular dependence of the reflection energy. 

A secondary energy-resolved point detector (Silicon-Drift Detector, SDD) can also be used to 

directly measure the energy of the peak.Typically, the usual Laue pattern is acquired and 

indexed, thus the angles of all possible diffraction peaks can be estimated. The SDD can then 

be positioned at one or several of such locations to obtain a direct energy measurement. The 

resolution of a SDD is usually in the 100 eV range, much larger than required for a 10-4 strain 

resolution with peak energies on the order of 10 keV. However the center of mass of the peak 

can be determined with a much better resolution, on the order of a few eV. This requires a fine 

 

 

Figure HL2-7. Top : (a) SEM micrographs of a <100> micro-bridge, showing the design parameters 
W (51 mm), w (1 mm), L and l (11 mm). L was tuned between 25 and 225 mm to change the strain 
amplification. The direct space lattice vectors are indicated by a, b and c. (b) Raw Laue pattern, as 
measured in the center region of the micro-bridge, and (c) details on two different Bragg peaks, 
showing the diffraction from both the Ge micro-bridge and the underlying Si substrate as a function 
of the tensile stress. Bottom : Crystallographic angles alpha, beta and gamma and lattice orientation 
angles Rx , Ry and Rz measured in a micro-cross and in a micro-bridge. Inset: orientation of the basis 
and direct space lattice vectors, and sketch of the strained micro-structure.[1] 



tuning of the channel/energy conversion of the multichannel analyzer (MCA) connected to the 

SDD. The approximate energy calibration can be performed using the fluorescence of the 

elements present. Quite conveniently the Ge K𝛼, fluorescence lines lie in the 10-11 keV range, 

right in the middle of the 0-20 keV detection range of the MCA. To achieve the best calibration, 

we found that having a second peak of known energy close to the peak of interest was 

beneficial for the finer calibration of the MCA. Luckily, in our system of interest, the diffraction 

of the Si substrate is almost aligned with that of the Ge layer (Fig. HL2-7b) and therefore can 

be measured simultaneously. 

  

Figure HL2-8. Components of the full strain tensor in a micro-cross expressed in the x = [110], y = 
[110], z = [001] basis, and of the micro-bridge expressed in the x = [100], y = [010], z = [001] as 
obtained by FEM simulations and rainbow-filtered Laue micro-diffraction measurements [1]. 

Using the quantitative energy measurements, we could retrieve the full strain tensor in different 

microstructures and validate the assumption behind the numerical analysis. We could perform 

extended strain tensor mapping (Figure HL2-8) and we obtained an excellent agreement with 

the simulations using finite elements method over all the components of the strain tensor. 

Furthermore, by performing the measurements on different microbridges, we could 

experimentally measure for the first time uniaxial strain up to about 5%. Interestingly, we 

observed nonlinear behaviors in the high strain regime. For example, we evidenced that the 

relationship between the observed Raman spectral shift and the measured strain amplitude 

was not linear for <100>-uniaxial strain above about 2%, as shown in Figure HL2-9a. Higher 

order terms need to be considered, which is consistent with the Density Functional Theory 

calculations that we performed. This result is significant, as the Raman shift increases faster 

for larger strain, which leads to an overestimation of the strain for values above 2%.[2] Similar 

effects were also investigated for other strain orientation.[3] Another important effect of high 

amplitude strain is the band edge shift. Above 2% <100>-uniaxial strain, usual deformation 

potentials are not accurate enough to predict the measured band edges and one has to use a 

tight-binding approach to compute consistent values, as shown in Figure HL2-9b.[4] 



 

Figure HL2-9. (a) <100>-uniaxial strain as a function of the Raman spectral shift. The strain values 
are either numerically calculated (solid circles, see text) or experimentally measured using the 
“Rainbow-filter” method (empty stars), DFT calculations using two different types of exchange 
correlation potentials (dashed lines), and usual linear approximation (solid line). [2] (b) Direct (red) 
and indirect (green) band gap measured using electroabsorption (symbols) and calculated using 
deformation potentials (dashed lines) or tight-binding calculations (solid lines).[4] 

In conclusion, the ability to measure in a single shot the deviatoric strain tensor and the sample 

orientation, combined with the possibility to extract the last missing parameter by additional 

measurements or calculation has proven highly effective in the study of strained Ge 

microstructures. The usual framework for Raman spectroscopy, the more accessible standard 

laboratory local strain probe, was shown to require taking into account higher order terms in 

the high strain regime. Other monochromatic nanodiffraction techniques, such as the K-map 

on ID01, could have (and actually have) been used for the accurate determination of the full 

strain tensor, at the cost of mapping several peaks for each microstructure. Here, the ability 

of microLaue to probe many samples over a relatively short time was key to establish a 

detailed strain-dependence of several other materials parameters (Raman shift, band edge 

shift, photoluminescence..). Additionally, while not described here, temperature effects were 

also investigated using either cryogas cooling or furnace heating, thanks to the versatility of 

the microLaue setup. 
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6.3.2 Example 2: Energy resolution using pnCCD 2D detector  

The fast acquisition with a single 2D detector of scattered intensities with scattering angles 

and corresponding photons energy at each pixel is the ultimate way of practising X-ray Laue 

Diffraction. This wealth of information allows one to determine (ideally in a single shot) the full 

unit cell parameters or equivalently all the 6 components of strain tensor (so-called full strain 

tensor). The larger the number of measured Laue spots the higher the reliability on the 

structural parameters determination. This will overcome the limitations of energy 

measurements with the punctual fluorescence detector presented above by decreasing 

significantly the acquisition time. Combining a minimum of X-ray optics (no monochromator, 

only collimating and focusing elements), the absence of sample rotations or prior alignment, 

with the use of a fully adapted energy resolved detector for whitebeam experiments is also a 

clear advantage for speed and reliable measurements. 

6.3.2.1 Single-shot full strain tensor determination with microbeam X-ray Laue 

diffraction and a two-dimensional energy-dispersive detector 

A. Abboud1, T. Conka Nurdan2, S. Send1, R. Hartmann3, L. Strüder3 and U. Pietsch1 

1 Univ. Siegen Germany, 2 Univ Turkey German Istanbul, Turkey, 3 pnSENSOR Gmbh, Germany 

Abstract. The full strain and stress tensor determination in a triaxially stressed single crystal 

using X-ray diffraction requires a series of lattice spacing measurements at different crystal 

orientations. Usually this can be achieved using a tunable X-ray source. A novel experimental 

procedure for single-shot full strain tensor determination is reported using polychromatic 

synchrotron radiation with an energy range from 5 to 23 keV. Microbeam X-ray Laue diffraction 

patterns were collected from a copper micro-bending beam along the central axis (centroid of 

the cross section). Taking advantage of a two-dimensional energy-dispersive X-ray detector 

(pnCCD), the position and energy of the collected Laue spots were measured for multiple 

positions on the sample, allowing the measurement of variations in the local microstructure. 

At the same time, both the deviatoric and hydrostatic components of the elastic strain and 

stress tensors were respectively measured and calculated. 

Recently, full elastic stress and strain tensor measurements were performed on a copper 

through-silicon via with a combination of mono- and polychromatic X-rays to scan the energy 

of Laue spots (Levine et al., 2015). This scheme has been proposed earlier and installed at 

ALS, APS and our beamline at ESRF. These studies provide ground breaking results. 

However, switching and tuning the X-ray beam is a time-consuming procedure that does not 

fully guarantee a fixed footprint of the beam on the sample, which prohibits the application of 

this approach for in situ sub-micrometre full strain measurements. 

The sample used for the present experiment is a copper single crystal shaped by means of a 

focused ion beam. The specimen is shown in Fig. HL2-10A. It has a gauge length of 20 µm in 

height and widths of 7 and 9 µm at the center. Prior to this experiment, the sample was milled 

with the [361] crystallographic axis parallel to the central axis and the [841] crystallographic 

direction parallel to the loading axis. By means of a PicoIndenter a doped diamond Berkovich 

indenter tip was used for the bending experiment. 



An energy-dispersive pnCCD detector was used to acquire the µLaue scattering data. Its 

active volume is made from a 450 mm weakly doped n-type silicon. The front side is divided 

into 384 x 384 pixels, each of 75  75 mm in size. The spatial resolution is  limited by the pixel 

size but can be further reduced by dedicated algorithms handling charge sharing among 

adjacent pixels, while the energy resolution (FWHM) is limited by the electronic noise and the 

Fano limit of silicon. The latter is measured to be 136.5 eV at 8040 eV. Further details on this 

type of pnCCD are given by Send et al. (2013). 

In the first attempt, Abboud et al mounted a 2D pnCCD detector (384x384 pixels, pixel size 

=75 µm) in addition to the standard detector (Abboud et al., RSI 2014). It allowed only the 

collection of 2 Laue spots from Cu micropillar. More recently, by replacing the standard by 

their pnCCD closer to the sample, they achieved to measure 5 spots on the Cu micropillars 

as shown in Figure HL2-10A with a comparable angular resolution. In principles, to obtain the 

best energy resolution, incoming flux must be reduced so that a pixel gets a unique photon 

during the frame duration of about 10 ms (at 92 Hz). 

 

Figure HL2-10 (a) Cu micropillar sample milled by Ga by Focussed Ion Beam (FIB), (b) : Energy 
accumulated (over the 5-23keV energy bandpass) Laue pattern from 50000 frames (exposure time  
543s). (c) : Pixels accumulated energy spectrum (over 384x384 pixels). 5 X-ray (scattered beam) 
lines are clearly visible and separated above 15 keV allowing the evaluation of 5 d-spacings from a 
single shot. The peaks FWHMs ranged from 280 to 425 eV (by considering only pixels in 10x10 pixels 
centered on peaks) corresponding to 3% of energy resolution. 

As a function of the position along the neutral fiber, 14 energy resolved Laue patterns were 

then measured (Fig H2-10B top). The full strain and stress tensors were obtained (Fig H2-10B 

bottom). A calibration point where Cu structure was the least deformed was chosen to calibrate 

the detection geometry. Due to the limited number of spots measured in the Cu Laue pattern 

calibration parameters are less accurate than those obtained by standard Ge wafer unstrained 

with a laue pattern of several dozen of peaks. Together with these uncertainties, Cu structure 

at calibration point was not ideal and is likely to be a in a residual deformation state, leading 

to a overestimation of the strain level. However better normal strain and stress components 

evaluation is achieved by taking into account strain at calibration point. This full strain and 

stress assessment methodology can greatly be improved (in speed and reliability) by 

combining the current standard large sCMOS camera with a larger 2D pnCCD detector than 

that used with this team. 



 

 

Figure HL2-10B (top) A simplified sketch of the bending beam and two glide planes (one with positive 
and one with negative Burger’s vectors). The dotted line shows the expected location of the neutral 
axis, and the crosses show the measurement points, i.e. possible deviation from the neutral axis. 

(bottom) (a) Normal strain components xx ; yy; zz, plotted as a function of distance along the central 
axis. The uncertainties are one standard deviation. The sawtooth pattern can be interpreted as the 
presence of a strain gradient along the central axis (see top sketch). (b) The strain pattern translated 
to the normal stress components, showing a similar response. The right-hand y axis shows the 
corrected stress values after taking into account the uncertainty in the calibration measurement. The 
last stress value is around 100 MPa. 
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6.3.2.2 White beam Rapid Texture scanning using Energy dispersive detector 

T. Grünewald1,2, P. Tack3, H. Lichtennegger1 et al, 

 1 BOKU Wien Austria, 2 ESRF, 3 Ghent Univ., Belgium 

Summary. A 3D texture scanning setup was implemented using a white X-ray beam and an 
energy dispersive 2D detector (SLCam) for energy dispersive Laue diffraction (EDLD) 
measurements. The setup was designed and manufactured in Vienna and commissioned prior 
to the beam time. Focusing elements were used with different parameters from usual 
conditions to obtain a broader focal spot size of 2x3 μm. One were able to measure the 

crystallite orientation in biomimetic CaCO3 spherulites as one-shot orientation maps in 

reciprocal space. For the first time successful mapping of significant areas of the sample were 
obtained using the inherent speed advantage over conventional texture determination with a 
monochromatic beam in a rotational setup.  

  

Figure HL2-11: 3D rendering of the setup, showing the sample, beamstop and aperture stages long 
with the tiltable detector b) Actual implementation of the setup at BM32 in the micro laue setup with 
a tilted detector. 

 

Figure HL2-12 (a) A curved CaCO3 spherulite, (b) The tilting of the (104) reflection over three points 
in one scan (c) A map of the (104) crystal orientation. 

Samples and Setup. The aim of this experiment was to develop and implement a scanning 

setup for the BM32 micro laue setup in order to be able to use a small, focused white x-ray 

beam together with a mapping approach to carry out EDLD measurement on structurally 

heterogeneous samples. Users managed to measure the textural changes in biomimetic 



CaCO3 and elucidate how the stress of the “cake-like” wedge structure is mediated during 

growth (see Fig IF-17 a). 

The setup employed a white beam spectrum from a bending magnet, shaped by a pre-

focusing mirror in the energy range from 5 to 22 keV. As the necessary setup for the detector 

did in part not comply with the optical parameters of the KB focusing optics, one had to move 

the focal spot downstream by 27mm (which is the reason why the final spot size was 2x3 μm 

and not 300x300nm as usual). Due to the small active area of the SLCam detector a 

diffractometer-like stage was implemented to tilt the sample. This was specifically designed 

for this experiment and implemented (see Figure IF-16). In addition users put new PI M 

111,OWIS 120 and Mics MT 60 scanning stages (which were in part borrowed from ID13) to 

be able to move the sample adequately, beamstop and beam cleaning aperture respectively. 

A rendering of the setup can be seen in Fig IF-16 a). In order to reduce air scatter as much as 

possible we used thin ultralene windows and flushed these paths with He. In order to detect 

fluorescence from the sample, a Ketek XRF detector was employed. It is obvious that the 

setup is quite intricate and required a bit of commissioning time during the shutdown. For 

future improvements it would be advantageous to optimize the beam cleaning apertures 

introduced here for the first time with a better collimation scheme. 

 

Fig. HL2-13: EDLD on healthy tooth enamel. (a) Silicon nitride window holding a thinly ground section 
of a tooth. The area marked with a red oval is the region of interest with the enamel and dentin enamel 
junction (DEJ). (b) prior to measurement a Ca fluo map was recorded. The blue lines indicate the 
position of linear scans performed across the enamel and DEJ. (c) Typical diffraction pattern showing 
the peaks of hydroxyapatite (HAP) and revealing strong texture. Note that the pattern consists of 4 
quadrants, corresponding to 4 different tilt/rotation positions of the SLCam on the rack to cover as 
much of reciprocal space as possible. The offset is then internally corrected by an evaluation 
algorithm. 

Principal outcome. Figure HL2-12 shows the 104 reflection from CaCO3 along a scan line in 

the spherulites. It is visible that the orientation of the crystal axis is not only tilting in one but 

two directions, which is very hard to analyze with conventional texture analysis. The 

preliminary data analysis indicated that distinct zones with abruptly changing crystal 

orientation are existing (Fig HL2-12c). Users are currently in the process of evaluating and 

fitting the data further, and as several reflections in the full reciprocal space are available we 

expect extremely good fits of the crystal orientation without a-priori knowledge 



6.4 HL4 Fluids in nanoconfinement  

Impact of Silica Surface Nanoconfinement on the Microstructure of Alkoxysilane Layers 

Grafted by Supercritical Carbon Dioxide 

D. Rébiscoul, D. Sananes Israel, D. Tardif, V. Larrey, A. Ayral, F. Rieutord, J. Phys. Chem. C 123, 19, 

12305-12312 (2019) 

Abstract: The impact of nanoconfinement on the microstructure of alkoxysilane layers grafted 

by supercritical CO2 was determined using a model system made of silica nanochannels. 

Using hard X-ray reflectivity, we have directly compared the results obtained on open planar 

silica surfaces with confined ones. We could thus isolate the effect of the nanoconfinement on 

the microstructure of different types of grafted layers. 

Surface functionalization is intensively used in various technological fields, such as 

microelectronics, decontamination, medical, catalysis, or biosensor applications. The 

functionalized surfaces can be either “open” and directly exposed to the environment, or 

“confined” as in nanopores. The organization (density, microstructure…) of grafted molecules 

has been intensively studied on open surfaces. For example, the effect of the alkyl chain length 

and of the surface curvature was demonstrated for alkoxysilane molecules grafted on silica 

surfaces. However, the organization of the grafted molecules is expected to be different in 

 
Figure HL4-1. Principle of the experiment: silica nanochannels were made using lithography and 
direct bonding at the LETI in the CEA-Grenoble, the surfaces were functionalized using supercritical 
CO2 (T = 31 °C, P = 74 bar) and different alkoxysilanes. Hard X-ray reflectivity was used to probe the 
electron density profile across the nanochannel, at different positions along the channel. A two layer 
model was used to describe the electron density profile. The fitted electron density profile was 
compared to empty channels to extract the additional electron density from the grafted molecules. 



nanoconfinement conditions, due to the reduced dimensionality. In the example mentioned 

above, the alkoxysilanes molecules may be constrained by the low free space available for 

their diffusion, hydrolysis, and condensation with surface silanols, which may in turn yield a 

different organization of the grafted layer. A direct comparison of open versus confined 

surfaces is thus much needed. 

Probing grafted molecule organization in confined surfaces is challenging, as one must access 

interfaces that are buried in micrometers to millimeters of material, and measure a thin 

molecular layer with sub-Angström resolution. As we show here, hard X-ray reflectivity is well 

suited for this type of study. We used arrays of silica nanochannels with 3 or 5 nm (height) x 

250 nm (width) x 25 mm (length) to probe the grafting of alkoxysilane molecules, to be 

compared with our previous results in open, flat silica surface. We used three different 

alkoxysilane molecules, corresponding to three different organization on open silica surfaces: 

3-(mercaptopropyl)trimethoxysilane (MPTMS), [3-(aminoethylamino)propyl]trimethoxysilane 

(AEAPTMS), and 3- (iodopropyl)triethoxysilane (IPTES),  yielding a dense monolayer, a 

polycondensed layer and a dense bilayer, respectively. We used the GMT setup, an energy 

of 27 keV and a beamsize of 50 µm (V) x 700 µm (H) to probe the reflectivity along the 

nanochannel length, as illustrated in Fig. HL4-1. From the measurement in empty channels, 

we could recover the additional electronic density on the floor and ceiling of the nanochannel, 

corresponding to the grafted layer.  

Assuming an identical density of silanols at the silica surface of all the sample (nanochannels 

and open surfaces), we found that no matter the molecule, the grafting densities were 

systematically lower in nanoconfinement conditions, compared to open surfaces.  

Interestingly, the grafting density also varied along the channel for AEAPTMS and IPTES, 

while it was constant for MPTMS, even though the molecular length of IPTES and MPTMS 

are identical (10 Å) and quite similar to that of AEAPTMS (12 Å). This suggested a coupled 

effect of both the confinement size (nanochannel height) and the nature of the alkoxysilane. 

We detail here the main results, illustrated in Figure HL4-2: 

MPTMS, a dense monolayer: MPTMS forms a dense monolayer on open surfaces. In 5 nm 

nanochannels, the grafting is homogeneous and close to that of open surfaces. In narrower 

nanochannels (3 nm), the grafting is also homogeneous by the density is lower, which we 

explain by the formation of H-bonds between face-to-face thiol groups that prevent an efficient 

grafting. 

AEAPTMS, a polycondensed layer: on open surfaces AEAPTMS forms polycondensed layers, 

classically explained by the orientation of the amine head groups toward the silicon oxide 

surface or toward other hydroxylated molecules. In nanoconfinement, an excess electron 

densities at the center of the nanochannels are observed, decreasing with the distance from 

the nanochannel entrance, indicating a molecular-transport driven grafting process. In smaller 

nanochannels, a heterogeneous grafting density tends to indicate channel clogging. 

IPTES, a bilayer: IPTES forms two interpenetrating monolayers on open surfaces. In  

nanoconfinement, we observed much less dense layers with thicknesses close to the molecule 

size. Nanochannel clogging was deduced from the heterogeneous grafting densities.  



 

Figure HL4-2. Experimental results: the organization of the different grafted layers (MPTMS, AEAPTMS, 

IPTES) has been observed, and different behaviors depending on both the nature of the grafted 

molecule and the height of the nanochannel have been evidenced, quite different from those observed 

in open surface configuration. 

In conclusion, we showed that hard X-ray reflectivity is a very valuable technique to probe 

confined media. Using bespoke silica nanochannels, we could evidence the factors at play for 

the efficient grafting of molecules for surface functionalization. We show that the results 

obtained in open surfaces are not directly applicable to nanoconfined media. Further works 

will try to evidence the combined effect of surface curvature and nanoconfinement on the 

grafting efficiency, e.g. using nanoporous silica. 

6.5 HL5 Solid/solid wafer bonding interfaces 

F. Rieutord1, M. Tedjini2, V. Larrey2, F. Fournel2  
1 CEA-Grenoble/IRIG, 2 CEA-Grenoble/LETI   

Motivations Hard X-ray synchrotron reflection and scattering are key techniques to obtain 

information on these so-called buried interfaces,that are difficult to study using other 

techniques. We have specially developed on the GMT goniometer interface reflection 

techniques that proved very valuable for the study of the mechanics of interface equilibrium 

and sealing. 

Direct bonding is a subject of both applied and fundamental interest:  

-as an applied subject: it is a technique that allows the assembling of two different materials, 

whatever their atomic structure or their physical properties. As such it is a complement to 

epitaxy when new interfaces are to be built, with extended possibility as for example the 

possibility of assembling crystalline materials on amorphous substrates. The most famous 

example is Silicon-on-Insulator substrates (SOI) where a layer of crystalline silicon is on top 

of an insulating amorphous silicon oxide.  The capability of direct bonding does not restrict to 

producing interfaces between materials. It can be used to put a “lid“ over a patterned surface, 

resulting in a buried system of channels, voids etc.. that can be used to study nanofluidics or 

more generally flows in a confined system. 



- as a fundamental subject: these interfaces are test vehicles to study the adhesion between 

solids, especially at small scale. The fundamental issues here concern the role of surface 

roughness, of long and short distance attractive forces, or the role of a confined adsorbed fluid 

layer at the interface.  Mechanics and elasticity at small scale play a large role. As mentioned, 

direct bonding on patterned substrate can be used to produce nanochannels, where 

fundamental research on flow of standard and charged fluids including ion adsorption can be 

conducted. 

Hard X-ray synchrotron reflection and scattering techniques are able to fully characterize the 

interface parameters (with, depth, roughness spectrum etc..) . The sensitivity is so good that 

even minute transport of materials along the interface could be evidenced, opening the way 

to nanofluidics studies. An example will be described below: 

 Flow of water in nanometer gaps 

When bonding two solids together, even flat silicon wafers, an interface is formed between 

them which exhibits some voids, due to the unmatched roughnesses of the two solids. When 

bonding two flat and clean (hence hydrophilic) silicon wafers, this gap has sub-nanometric 

width and is partially filled with water. This can be evidenced using hard X ray reflection, as 

the beams are able to cross one full wafer thickness to reach the interface.  

The reflectivity signal gives information about the width (fringe period), the depth (fringe 

contrast) of the nanometer interfacial gap.  Even more detailed information can be obtained 

from the full signal analysis, or from off-specular scattering. 

Thanks to the high flux of the BM32 beamline, this interface structure can be measured at 

different points, as a function of time. As a consequence, we could study the dynamics of the 

water front propagation along the interface.  

The sketch of the experiments is shown below (Fig H5-1). At time t=0, an excess of water is 

put on the open edge of the wafer (the entrance of the nanogap) and the interface electron 

density profile is probed at different distances and times.  

 

Fig. H5-1: Schematics of the XRR experiment, water intake takes place at l=0and t>=0. XRR 

measurements of the interface were taken at l1=1mm, l2=4mm,l3=10mm, and l4=17mm from the water 

input. 

 As shown Fig. H5-2 a & b, the interface electron density changes as a function of distance or 

time: this demonstrates that, despite the high confinement (<1nm), the water is still able to 

flow
[1]

 in the gap.  



 

Fig.H5-2: a) Evolution with time of the interfacial reflectivity, at 10mm from the wafer edge due to water 

intake. Time lag between curves is 1.5h. b) Evolution of interface electron density profile corresponding 

to the reflection curves of fig H5-2a.  

The nature and dynamics of this imbibition flow has been studied. Contrary to flow in 

microscopic channels, the imbibition front is not sharp but spreads with the wet distance 

(Fig.H5-3). Yet the mean position of the water front can be easily extracted and plotted as a 

function of time.  

  

Fig. H5-3: Evolution with time of the interface density associated to the arrival of flowing water. The 

delay between observation points located at different distance from the edge (saturated with water) is 

clearly visible, together with the increase of the front width. 

 It can be shown that distance of the imbibition varies with square root time, as for a diffusion 

process. Yet the physics is different: the dynamics is here a balance between a driving force 

(here: wetting of the hydrophilic interface) and a resistive force (the viscous shear force 

associated to the flow of the liquid between the walls of the channel). The dynamics can be 

described by an equation which resembles the diffusion except for a square dependence with 

water amount n.
[2]

   



  

The solution to this equation (so-called Porous Medium Equation, PME) predicts, with our 

boundary conditions,  a profile of finite width, intermediate between the sharp profile of the 

fluid capillary flow and the infinite width of the diffusion equation solution (see fig H5-4) 

 

Fig. H5-4: Solution of the different models for fluid propagation in the interface gap. The macroscopic 

fluid mechanics model predicts a sharp step function (dot-dashed curve), while a diffusion model would 

predict an infinite breadth erf-like profile (dotted line). The Porous Media Equation predicts a broadening 

front whose extension remains finite, in between the two previous models (solid line).  

References 
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6.6 HL6 Energy storage materials 

Operando Raman Spectroscopy and Synchrotron X-ray Diffraction of Lithiation/Delithiation in 

Silicon Nanoparticle Anodes 

S. Tardif, E. Pavlenko, L. Quazuguel, M. Boniface, M. Maréchal, J.-S. Micha, L. Gonon, V. Mareau, G. 

Gebel, P. Bayle-Guillemaud, F. Rieutord and S. Lyonnard, ACS Nano 2017, 11, 11306-11316 

CEA-IRIG and BM32 beamline 

Abstract: Operando Raman spectroscopy and synchrotron X-ray diffraction were combined to probe 

the evolution of strain in Li-ion battery anodes made of crystalline silicon nanoparticles. 

Lithiation/delithiation of the silicon under limited capacity conditions triggers the formation of “crystalline 

core–amorphous shell” particles, which we evidenced as a stepwise decrease in core size, as well as 

sequences of compressive/tensile strain due to the stress applied by the shell. We experimentally 

confirmed the two-phase and single-phase models of the lithiation of crystalline and amorphous Si, 

respectively. We also evidenced critical experimental conditions for accurate operando Raman 

spectroscopy measurements due to the different heat conductivity of lithiated and delithiated Si. Values 

of the stress extracted from both operando XRD and Raman are in excellent agreement and valuable 

for electrochemomechanical modeling of the anodes. Finally we confirmed the continuous increase of 

the internal compressive strain, unfavorable to the Si lithiation and contributing to the capacity fading.  



The need for “greener” and mobile energy sources has been a massive drive for the research 

and development of new energy storage technologies. The Li-ion batteries (LiB) are now 

ubiquitous and the technology is now within the theoretical limits of the usual materials such 

as graphite electrodes. Silicon has been foreseen as an interesting candidate for the next 

generation of LiB, as it possesses a theoretical specific capacity (number of stored ion per unit 

mass) about ten times larger than graphite (3580 mAh/g vs 372 mAh/g). Yet, the Li insertion 

mechanism in Si is fundamentally different from that in graphite. In graphite, Li ion are 

reversibly intercalated between the graphene sheets, causing a 10% expansion along the c-

axis at full charge (LiC6). In crystalline Si, the alloying with Li will first amorphize the material 

(at room temperature) and then possibly recrystallize at the maximum Li content (Li15Si4). 

Upon delithiation the Si remains amorphous. At maximum lithiation, the volume change is 

tremendous, on the order of 300%. This is highly detrimental to the electrode stability as it can 

crack the Si which will expose new surfaces to the electrolyte (thereby consuming irreversibly 

Li ions), or cut the electric contact to the current collector. One common approach to mitigate 

 

Figure H6-1. Principle of the experiment: (a) photograph and (b) sketch of the electrochemical half-
cell, (c) electrochemical cycling of the cell and (d) operando measurement of the Si 111 Bragg 
reflection. 



these effects is to use nano-sized Si particles (SiNPs). Additionally, stress has a strong impact 

on the electrochemical potential, on the order of 60-120 mV/GPa. However, no experimental 

results have been reported so far on the study of strain and stress in crystalline SiNPs during 

repetitive lithiation/delithiation, and the results from stress/strain models have yet to be 

experimentally demonstrated over several cycles. 

We used operando X-ray diffraction and a bespoke electrochemical cell to probe the evolution 

of the strain in the crystalline core of SiNPs anodes, as illustrated in Figure H6-1. The anode 

material consisted in SiNPs mixed with a polymer binder and deposited on a copper foil. The 

 

Figure 2. (a) Cell potential, (b) intensity of the SiNP Bragg reflection, and (c) strain in the SiNP over 
the first two partial lithiation/delithiation cycles, as well as (d) a schematic view of the 
lithiation/delithiation process in the SiNP. Different steps corresponding to variations in the integrated 
intensity and/or the strain are identified (colored areas, green for lithiation, purple for delithiation). For 
each step (i to vii), values of the current amplitude and incremental and cumulative specific capacities 
are reported. In the cartoon representing the single-core−shell (first cycle) and double-core−shell 
(second cycle) mechanisms, compressive and tensile states are schematized using red and blue 
arrows, respectively. The crystalline core is colored in gray, and the outer amorphized shell in green 
on lithiation and purple on delithiation. 



anode was installed in the cell in a glovebox at the ESRF ElectroChemical-Lab just prior to 

the experiment, and the cell was set up on the GMT goniometer, with a few degree incidence 

on the surface (Fig. H6-1a,b). We used hard X-ray (27 keV) to penetrate through the 15 mm 

diameter cell and also to be able to access higher order reflections without masking by the cell 

electrodes. The electrochemistry was controlled by a Biologic potentiostat to control the 

applied current, measure the potential across the cell and calculate the corresponding capacity 

(Fig.H6-1c). A Ge 111 crystal analyzer and a photomultiplier were used for the detection by 

scanning the 2𝛳 arm. Several Bragg reflections were measured (Si 111, 220 and 311), and 

diffraction from the Cu current collector was used as an internal control (Fig. H6-1d). As 

mentioned before, the lithiation of crystalline silicon results in the amorphization of the crystal, 

therefore we only used partial cycling (limited lithiation of about 30% of the anode) to observe 

the evolution of the stress in the crystalline core.  

The intensity and peak position from the X-ray diffraction of the SiNPs is shown in Figure H6-

2, along with the electrochemical data. We can describe the results as follow: (i) the pristine 

SiNPs are first measured in open-circuit, then (ii) the initial potential drop corresponds to the 

Solid-Electrolyte Interphase formation. At step (iii) the potential reaches a plateau: the lithiation 

of the SiNPs begins. Smaller or disordered particles are probably lithiated first, then the 

diffraction starts to decrease linearly as the crystalline material becomes amorphous. The 

resulting strain on the core is compressive, which can be understood from the lithiation 

mechanism of crystalline Si. During the lithiation of crystalline material, a two-phase model 

was proposed, where the lithiated, amorphized Si is separated from the pristine, crystalline Si 

by a sharp lithiation front. This front being trapped between the outer lithiated shell and the 

pristine core, the volume expansion occurring at the front location applies a compressive strain 

on the core. Upon delithiation (iv) the compressive stress is maintained by the now plastified 

shell. The relithiation (v) of the amorphized Si is now a single phase mechanism, that is 

diffusion-driven. No new Si material is lithiated, as shown by the constant diffraction intensity. 

Thus the stress is relaxed by the tensile stress applied by the inflating shell. When the shell is 

fully lithiated, (vi) the lithiation front resumes its progression towards the core, the Si material 

is amorphized (decreasing diffraction intensity) and a compressive stress is now applied. The 

second delithiation (vii) is essentially similar to the first one. These results are consistent with 

additional measurements in the laboratory, using operando Raman spectroscopy. 

In conclusion we have evidenced in real time the effects of lithiation and delithiation on 

crystalline Si nanoparticles for Li-ion batteries with operando X-ray diffraction and Raman 

spectroscopy. Using progressive limited capacity cycling, we have shown that the initial 

lithiation of crystalline Si (a two-phase reaction) and subsequent lithiation of amorphous Si (a 

single-phase reaction) in a confined core−shell geometry result in different strain profiles 

during the battery cycling, as expected from theoretical models.Our operando diagnosis of the 

strain and stress in SiNPs provides experimental figures that are much needed for the 

benchmarking of theoretical models of lithiation/delithiation in SiNPs and for the further rational 

design of SiNP-based electrodes minimizing the internal stresses via morphology and 

surface/volume ratio optimization. 



6.7 HL7 2D Topological Semimetals Grown by Molecular Beam 

Epitaxy 

Topological Dirac and Weyl semimetals [1], often called the « new 3D graphene», are a new 

state of matter that shows linear dispersions (Dirac cones) in all three dimensions in the 

reciprocal space. Weyl fermions predicted by quantum field theory have never been observed 

in free space, so their low energy « incarnations » in semimetals offers a unique opportunity 

to merge high energy elementary particle physics with condensed matter. Discovering and 

engineering topological semimetals from the family of 2D Transition Metal Dichalcogenide 

materials could open the way for exploitation of their unique topological properties by 

fabricating thin epitaxial films and devices on suitable crystalline substrates. 2D HfTe2, ZrTe2, 

TiTe2 and MoTe2 thin films have been grown on technologically important AlN/Si and InAs/Si 

substrates at the Epitaxy and Surface Science Laboratory (ESSL) of INN / NCSR 

DEMOKRITOS in Greece. ESRF synchrotron GIXD and STEM at INAC show that the 

materials are rotationally aligned with the InAs substrates having low in-plane mosaicity 

(lowest observed so far) and a clear quasi van der Waals (vdW) gap with the substrate 

indicating high quality vdW epitaxy. 

 

6.7.1 Example 1: Stabilisation at room temperature of the topological weyl 

semimetal phase in epitaxial MoTe2 atomically thin films 

P. Tsipas, S. Fragkos, D. Tsoutsou, C. Alvarez, R. Sant, G. Renaud, H. Okuno, A. Dimoulas 

Univ. Athens, Greece, CEA-IRIG and BM32 beamline 

Adv. Funct. Mater. 28, 1802084 (2018) 

Abstract: Epitaxy of MoTe2 on InAs(111) favours the formation of the orthorhombic (Td) non-

centrosymmetric phase, which is a topological type-II Weyl semimetal. Its stability at room 

temperature is a result of tensile strain from the substrate, which stabilises an elongated 

interlayer antibonding state characteristic of Td-MoTe2. 

It has been shown in the literature that bulk or free-standing films of the 2D material MoTe2 

adopt orthorhombic stacking at temperatures lower than 250 K, i.e. non-centrosymmetric, and 

so MoTe2 is classified as a type-II topological Weyl semimetal. At room temperature, MoTe2 

is stable in the monoclinic phase, and is centrosymmetric with trivial topology (no Weyl nodes 

exist). This work demonstrates that atomically thin MoTe2 films produced by molecular beam 

epitaxy are stabilised in the Weyl semimetal Td phase at room temperature as a result of the 

influence of the InAs(111)/Si(111) substrate. The Td-MoTe2 phase has been directly probed 

by HRSTEM measurements (Figures H7-1), where orthorhombic stacking is clearly observed. 

In-plane reciprocal space mapping, performed at beamline BM32/INS2, shows a complex 

diffraction pattern (Figure 2) characterised by closely spaced triple diffraction spots, as a result 

of the overlapping of 60° and 120° rotated domains. These diffraction spots allow for an 

accurate estimation of the in-plane lattice constants a and b of the 2x1 reconstructed surface 

unit cell (Figure H7-2 b-d) characteristic of the Td-MoTe2 phase, while out-of-plane diffraction 



(l-scans) yields the out-of-plane lattice constant, c. It is concluded that, due to the influence of 

the substrate, the lattice parameters of the epitaxial films are enlarged with respect to 

experimental values obtained from bulk or freestanding films, which has important implications 

given that the electronic band structure is sensitive to the lattice parameters. Indeed, first 

principles calculations by density functional theory (DFT) predict that epitaxial films with 

enlarged lattice parameters have 8 Weyl points with energies only 1.1 and 12.9 meV below 

the Fermi energy, which makes them accessible to angular-resolved photoelectron 

spectroscopy (ARPES) and to transport measurements. It is worth noting, however, that the 

presence of rotation domains adversely affects the resolution of in-situ ARPES, so resolving 

the closely spaced Weyl points is difficult. Moreover, the enlarged lattice parameters affect the 

band structure along ΓA direction of the Brillouin zone so that the B1 band (Figure H7-1d) is 

fully occupied lying below the Fermi energy. The occupation of this band, which is made of 

interlayer antibonding states (Figure 1d), favours the orthorhombic Td phase with elongated 

Te-Te distances across the van der Waals gap, thus making the Td phase more stable than 

the monoclinic one at room temperature [2]. Since prototypical Weyl semimetals (e.g. TaAs) 

are 3D crystal structures mainly found in bulk form, discovering and engineering topological 

semimetals from the family of 2D transition metal dichalcogenide materials that are stable at 

room temperature (e.g. Td-MoTe2) could open the way for exploitation of their unique 

topological properties by fabricating thin epitaxial films and devices on suitable crystalline 

substrates. 

 

Fig. H7-1: HR-STEM of epitaxial MoTe2 at room temperature. a) 1 ML of distorted 1T (1T’) MoTe2 
on InAs (111) substrate. b, c) Orthorhombic (Td) stacking of the 1T’ MoTe2. d) From left to right: 
portion of the band structure along ΓA, wave functions of band B1 at Γ showing the interlayer 
antibonding state between Te, orthorhombic (Td) stacking and monoclinic stacking. 



 

 

Fig. H7-2: Reciprocal space of epitaxial distorted (1T’) MoTe2. a) In-plane reciprocal space mapping 
by GIXD at BM32. The rectangles show the surface unit cell of the reciprocal space corresponding to 
domains rotated by 60° between each other. d) The hexagonal surface unit cell of undistorted 1T 
MoTe2 in real space. e) The 2x1 unit cell of the 1T’ MoTe2. f) Reciprocal space of 1T’ MoTe2 showing 
a surface unit cell. 
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6.7.2 Example 2: Room temperature commensurate charge density wave 

in epitaxial strained TiTe2 multilayer films 

S. Fragkos, R. Sant, Carlos Alvarez, Alexei Bosak, Polychronis Tsipas, Dimitra Tsoutsou, 

Hanako Okuno, Gilles Renaud, Athanasios Dimoulas 

Univ. Athens, Greece, CEA-IRIG, ESRF and BM32 beamline 

Adv. Mater. Interfaces 6, 2019, 1801850 

Abstract: The group IVB 2D transition metal dichalcogenides (TMD) are considered to be 

stable in the high symmetry trigonal octahedral (1T) structure due to the lack of unpaired d-

electrons on the metal site. It is found here that multilayer epitaxial TiTe2 is an exception 

adopting a commensurate 2×2×2 charge density wave (CDW) structure at room temperature 

with an ABA type of stacking as evidenced by direct lattice imaging and reciprocal space 

mapping. The CDW is stabilized by highly anisotropic strain imposed by the substrate with an 

out-off-plane compression which reduces the van der Waals gap increasing the interlayer 

coupling. A weaker 2×2 CDW is also confirmed at RT for epitaxial monolayer TiTe2. The 

addition of epitaxial strained TiTe2 to the family of CDW materials is expected to deepen our 

understanding on the CDW formation mechanisms in other TMD materials, still under debate 

and enable real world applications that take advantage of a CDW ground state at room 

temperature.          

After several decades of research on CDW in 2D TMDs and the debate about the associated 

mechanisms, the common wisdom is that the softening of an acoustic phonon and the 

electron-phonon interaction are involved in the formation of a PLD and an associated CDW. 

In our multilayer TiTe2 the stronger intensity superstructure spots are obtained at the L points 

of the Brillouin zone (Fig. H7-3) implying that softening of an acoustic phonon with wavevector 

= is at the heart of the commensurate 2×2×2 PLD/CDW formation in multilayer TiTe2 at RT, 

similar to the TiSe2 case, while hints of localized conduction electrons at the Fermi surface 

from ARPES measurements indicate polaronic effects likely associated with the CDW. 

Softening of an acoustic phonon with = as also predicted by theory and evidenced by the very 

weak superstructure peaks at M (Fig. H7-3) in GIXD could be responsible for the CDW 

observed at RT in 1 ML TiTe2. 

In free-standing TiTe2 multilayer films with relaxed lattice parameters and a sizeable v.d. 

Waals gap, the weakly coupled Te-Ti-Te (tri)layers do not favor the propagation of the CDW-

driving phonons through the layers, probably explaining the absence of CDW in multilayer 

films. In our epitaxial films though the situation is different, because a significant interaction 

with the substrate is established producing an anisotropic strain such that the in-plane 

parameter is enlarged and the out of plane parameter along the c-axis is compressed by 2.3% 

as accurately measured by synchrotron GIXD, yielding an estimated stress ~0.6-0.8 GPa if a 

measured bulk modulus B ~ 0.28-0.40 GPa is assumed. The compression results in an 

appreciable reduction of van der Waals gap from ~ 3.2 Å to the value of 3.1 Å that we 

measured by STEM bringing the Te-Ti-Te trilayers closer between each other thus enhancing 

interlayer Te-Te interactions, signifying a transition from a 2D to a 3D-like TiTe2 crystal. We 

anticipate that this transition to a 3D structure facilitates the propagation of the important 

phonon modes along ΓL which are required to propagate across tightly coupled TiTe2 layers  



 

Figure H7-3. Reciprocal space mapping of CDW 50 ML TiTe2. a) RSM for l = 0.5 (a) and l = 1 b). 
The honeycomb-like yellow grid shows the projection of the Brillouin zone (BZ) structure (inset) with 
red letters marking high symmetry points of the first BZ and neighboring BZ (primed and double 
primed). Yellow numbers in (b) show surface Miller indices of 1T TiTe2 Bragg peaks located at the 
center (Γ points) of BZ, in contrast to superstructure spots (not indexed) in (a) which are located at 
the edge (L points) of the BZ. Yellow arrows in (b) show weak superstructure peaks located at the M 
points of the BZ while magenta arrows show InAs diffraction peaks. Imaging of portion of the h0l c) 
and hhl planes d). The 1T TiTe2 Bragg peaks are located at the crosspoints of the vertical and 
horizontal yellow solid lines (guides to the eye) and have all integer hkl values. The superstructure 
(satellite) peaks are located at the crosspoints of the vertical and horizontal yellow dotted lines and 
have half integer hkl values. The magenta and green arrows show Bragg peaks of InAs and Si, 
respectively. e) The experimental l-scans for a selection of (hk) pairs showing peaks at integer or half 
integer l for 1T TiTe2 Bragg and superstructure peaks, respectively. The black vertical arrows in the 
right panel indicate very weak superstructure peaks at integer l which are associated with the weak 
spots at M points seen integer l RSMs. f) Simulation of l-scans in terms of the structure factor using 
the CDW ABA stacking model showing qualitative agreement with the experimental data in (e). 



in thick films or bulk material to provide the source of instability that drives the CDW distortion 
at RT which is sustained up to 400 oC. 

The analysis based on the anisotropic strain correlates well with predictions in TiSe2 stating 

that the CDW critical temperature is enhanced under biaxial tensile (stretching) strain 

(compression along the c-axis). Our analysis correlates also nicely with the recent 

experimental results reporting the emergence of CDW in a TiTe2 multilayer under 1.8 GPa 

non-hydrostatic pressure (effectively uniaxial compression along the c-axis as in our films) 

also providing hints of a re-entrant 2×2 CDW with an estimated critical temperature above RT. 

The latter appears during the decompression phase around 0.5 GPa, which is similar in 

magnitude to the epitaxial stress exerted on our films (0.6-0.8 GPa, see above). 

 

 

6.7.3 Example 3 : Beyond van der Waals Interaction: The Case of MoSe2 

Epitaxially Grown on Few-Layer Graphene 

MT Dau, M. Gay, D. Di Felice, C. Vergnaud, A. Marty, C. Beigné, G. Renaud, O. Renault, P. 

Mallet, T. Le Quang, J.-Y. Veuillen, L. Huder, V. T. Renard, C. Chapelier, G. Zamborlini, M. 

Jugovac, V. Feyer, Y. J. Dappe, P. Pochet, and M. Jamet 

CEA-Grenoble/IRIG and LETI, Inst. Néel, Grenoble, CEA-Saclay/SPEC, Paris-Saclay, P. 

Grünberg Institute, Jülich, Germany 

ACS Nano 2018, 12, 2319   

Motivations The aim of this proposal was to study vertical 2D heterostructures based on 

transition metal dichalcogenides and graphene, which is also an attractive structure for 

exploring new physics in 2 dimensions. We aimed to characterize the structural properties of 

the top layer MoSe2 and to unveil the van der Waals epitaxial registry between the TMDs layer 

and graphene-SiC, which has been so far not reported yet. 

In the present report, we focus only on the results obtained with the MoSe2/Graphene-SiC 

heterostructure. Three samples have been characterized, of MoSe2 thicknesses of ~0.7 ML, 

~1 ML and 3.5 ML on multilayer graphene on SiC(0001). 

The diffraction from three hexagonal lattices is clearly visible on the in-plane rsm: the hardly 

visible peaks of the SiC(0001) substrate; the peaks from the multilayer graphene grown on it 

also hardly visible, and finally and those of the MoSe2 thin layer, in the form of wide, in-plane 

textured, rings of scattering. No other feature is visible. The position of these peaks (together 

with out-off plane ones, not shown), yields the following epitaxial relationships: SiC[10-

10](0001) // Gr[1-100](0001) // MoSe2[1-100](0001). This finding indicates that the in-plane 

lattices of graphene and MoSe2 commensurately align to each other, whereas the SiC 

substrate lattice rotates at an angle of 30° with respect to the two adjacent overlayers. The 

exact lattice parameters of the multilayer graphene and of MoSe2 were deduced by fitting the 

positions of the corresponding Bragg peaks along radial scans. The widths of these peaks 



were also used to estimate the in-plane domain size.The in-plane mosaic spreads were 

deduced from rocking scan measurements across the graphene and MoSe2 peaks. No 

evolutions were found with varying momentum transfer Q, thus showing the peak widths are 

completely dominated by in-plane mosaic spread. The out-off plane thickness and structure, 

and in particular the stacking sequence, were determined by simulating the rods of scattering 

by the MoSe2 layer. The position of the out-off plane allowed and forbidden Bragg peaks 

allowed to unambiguously demonstrate that the MoSe2 layer is of 1H (2H) structure. Note that 

these fits yield a 3 to 4 % expansion of the MoSe2 inter-plane distances perpendicular to the 

surface. 

From this study, it was found that crystallographic directions of the MoSe2 lattice align perfectly 

along the ones of the graphene lattice, resulting in only one commensurate configuration. This 

reveals a novel feature of the vdW epitaxy where the vdW interaction between the two layers 

was revised. The latter guides all domains of the MoSe2 layer orienting along the graphene. 

This finding suggests the unique configuration of epitaxial registry between MoSe2 and 

graphene which enables for orientation-independent investigation of heterostructure 

properties without anisotropic effect. 

 

Figure H7-4. In-plane reciprocal space map (rsm) of the 3.5ML–thick MoSe2 sample (right), measured 
by rocking the sample over 80° at increasing values of the in-plane SiC(0001) reciprocal lattice units 
h and k with increments of 0.01. The Si(0001) unit cell, is hexagonal with 3.079Å and 10.05Å lengths, 
respectively in-plane and out-off plane lattice parameters. The out-off plane value is close to zero; 
the intensity being integrated over =0.1. Note that a 3D measurement is actually performed thanks to 
the 5° long detector perpendicular to the surface, covering an -range between 0 and 0.75. The color 
scale is logarithmic, the highest (red) intensity being 106 ph/seconds and the background ~80 ph/s. 



 

Figure H7-5: (a) Radial scan along the in-plane (h00) direction for the 1 ML (red) and 3.5 ML (blue, 
multiplied by 10) MoSe2-thick samples, crossing the following Bragg peaks, in order of increasing h : 
MoSe2(1 00), Gr(1 00), MoSe2(2 00), and Gr(2 00). (b) Radial scan along the in-plane (hh0) direction 
for the 1 ML (red) and 3.5 ML (blue, multiplied by 10) MoSe2-thick samples, crossing the following Bragg 
peaks, in order of increasing h=k : MoSe2(H0-H0), Gr(H0-H0),with H=1,2,3 and 4. (c) Azimuthal rocking 
scans across the MoSe2(10 0) reflection, for 3.5ML (red) and 1 ML (black). (d) Measured intensity along 
the 10 (red) and 1  (blue) rods of MoSe2 for the 1 ML-thick sample together with simulated rods (green 
and black lines, respectively) for a perfectly 1ML-thick MoSe2 layer of H-type structure. On the figure, 
the standard 3 index notation (hkl) is used. The four hexagonal four index notation is (hkil) with i=-(h+k). 

 

  



6.8 HL8 Structure and chemical order in ultrathin films by 

resonant x-ray scattering 

Inversion parameter in cobalt ferrites thin films 

M. De Santis, A. Bailly, I. Coates, S. Grenier, O. Heckmann, K. Hricovini, Y. Joly, V. Langlais, 

A. Y. Ramos, M. C. Richter, X. Torrelles. S. Garaudée, O. Geaymond, O. Ulrich, 

Inst. Néel, Grenoble, LMPS, Cergy-Pontoise, ICMAB Barcelone, Spain, CEMES, Toulouse, 

BM32 beamline 

Acta Cryst. B 75, 8 (2019), DOI: 10.1107/S2052520618016177. 

Abstract: Cobalt ferrite ultrathin films are among the best candidates for spin-filtering at room 

temperature. A key parameter determining their properties is the inversion degree in their 

spinel structure. Using the INS2 instrument, CoFe2O4 thin films were grown on Ag(001), and 

the cations occupancy distribution was determined through in situ x-ray resonant diffraction 

measurements collected at both the Co and Fe K edges. The data analysis was performed 

using FDMNES, an ab initio code already extensively used to simulate x-ray absorption 

spectroscopy 

Cobalt ferrite is an insulating ferrimagnetic oxide with a high Curie temperature. Alongside its 

low cost, these properties make it attractive for a wide range of applications. Its spinel crystal 

structure (space group Fd-3m) is comprised of a distorted face-centered cubic sublattice of 

O2- anions in which, one eighth of the tetrahedral lattice holes and one half of the octahedral 

lattice holes are occupied by cations (Fe3+ or Co2+). This results in the general formula AB2O4, 

where A and B refer to the cations located in the tetrahedral and octahedral sites respectively. 

In the normal spinel structure, A sites are occupied by divalent cations, and B sites by trivalent 

cations. In the inverse spinel structure, the divalent cations occupy half of B sites and the 

trivalent cations occupy the remaining A and B sites. The degree of inversion typically depends 

on the sample preparation conditions. DOS calculations predict that the electronic band gap 

at the Fermi level differs for majority and minority spins. The size of the band gap, however, 

depends on the degree of inversion. The use of ferromagnetic or ferrimagnetic insulating films 

in multilayered structures is an efficient way to generate highly spin-polarized currents due to 

the exponential relationship between tunneling probability and the spin-dependent barrier 

height. 



 

Figure H8-1. Experimental CoFe2O4 film structure factors measured along 9 inequivalent rods with 
relative error bars (black symbols), and best fit (continuous, red line). 

Cobalt ferrite thin films were grown on a Ag(100) single crystal using the INS2 UHV chamber 

and following a procedure already employed for the elaboration of magnetite films of similar 

structure. A cobalt ferrite seed layer was initially prepared by a three-step method. Firstly, 2 

Co ML and 4 Fe ML were co-deposited on the substrate kept at room temperature, forming an 

epitaxial metallic alloy. After deposition, an oxide layer was formed by dosing with O2 at a 

pressure of 10-6 mbar. Finally, the sample was annealed in oxygen. Following the deposition 

of the seed layer, the film thickness was increased by reactive codeposition in oxygen at 750 

K, until it reached a thickness of about 4 nm. 

The film was studied by GIXRD, and its structure was solved by the quantitative analysis of 

the film diffraction rods (Fig.H8-0) and of the substrate CTR. The oxide film is (001) oriented, 

and its in-plane [100] direction is aligned with the [100] one of the silver substrate, indicating 

epitaxial growth. The lattice constant and the structure factors are very close to the cobalt 

ferrite bulk ones, and both its interface and surface are relatively flat.    

However, since the iron and cobalt non-resonant atomic form factors are close in magnitude, 

standard diffraction methods cannot give reliable values for the film’s inversion parameter, i.e. 

the relative Co and Fe occupancies of tetrahedral and octahedral sites. For this reason, the 

intensity changes of several ferrite film diffraction peaks were measured by scanning the 

energy close to both the Fe and the Co absorption K edges. Experimentally, this requires the 

diffractometer circles to move in such a way that the (HKL) position is kept fixed while scanning 



the energy. These energy scans are shown in Fig. H8-2 for a set of 6 peaks at both edges and 

for 5 additional peaks at the iron edge only. Some of these peaks exhibit a very strong intensity 

variation, which makes this technique very powerful in determining the stoichiometry of the 

octahedral and tetrahedral sites of the spinel structure. For example, the (202) and (602) 

reflections are sensitive to the tetrahedral cation sites only, while the (222) and (622) ones to 

the octahedral ones only. A quantitative analysis requires the precise knowledge of the 

resonant contribution to the scattering factors, which is very sensitive to the oxidation state 

and to the environment of the selected element. Here this resonant contribution was calculated 

using FDMNES, an ab initio code already extensively used to simulate XANES and RXD. A 

best fit gives Co tetrahedral and octahedral sites occupancies of 13±5% and 46±3%, 

respectively. This results in an inversion parameter of 0.88±0.05, a quite large value when 

compared to that one obtained for bulk samples. 

A next step will be the incorporation of such films in a multilayer system to realize a magnetic 
tunnel junction. 

 

Figure H8-2. Experimental RXD of selected (HKL) reflections at the iron (left and central columns) 
and cobalt (right) K edges (black symbols), calculated intensity for best fit occupancy (continuous red 
lines) and for statistical occupancy (dashed green lines). 



6.9 HL9 Atomic structure of ultrathin film solved by surface x-ray 

diffraction 

Growth-mode and structure of epitaxial ultrathin MgO/Ag(001) films. 

M. De Santis, V. Langlais, K. Schneider and X. Torrelles. 
Inst. Néel, Grenoble, ICMAB Barcelone, Spain, CEMES, Toulouse, BM32 beamline 

Abstract: MgO ultrathin films are widely used as electron tunneling barriers in electronics and 

spintronics. They are also well suited for on-surface-synthesis of molecular networks for 2D 

electronics. Here the structure of a MgO/Ag(001) film in the monolayer thickness range 

elaborated in situ under well-defined conditions is solved quantitatively using the INS2 set-up.    

Thin metal oxide films are of great technological importance for applications. Ultrathin 

insulating films provide precise electrostatic coupling and electron tunneling from a conducting 

substrate to a second electrode or to adsorbed nanostructures. The ability to engineer nearly 

perfect ultrathin oxide layers, up to the limit of monolayer thickness, is a key issue. Their 

increasing technological importance calls for a thorough understanding of their structure. 

Magnesium oxide is the insulating material of choice in spintronic and is important in catalysis 

as template for metallic clusters. Growth of non-polar (001) oriented MgO films results in 

general in a high crystalline quality and in high performances e.g. as tunneling barriers. MgO 

films grow (001) oriented on Ag(001) and, in the monolayer thickness range, form 

islands within a large temperature range. The flattest and largest MgO islands are 

obtained at a growth temperature close to 600 K. This surface has been widely 

investigated mainly by STM, which however does not allow to resolve some structural 

details. 

Here a MgO film was grown in situ by reactive molecular beam epitaxy. About 0.8 Mg ML were 
evaporated on a clean Ag(001) substrate kept at 620 K, with the chamber backfilled with 
molecular oxygen at a partial pressure of 10–6 mbar. At low coverage, MgO films are in 
coherent epitaxy on Ag(001), and their structure can be determined by SXRD measuring the 
substrate CTR. In this experiment a set of 140 reflections were measured, 83 of which non-
equivalent, distributed along the (10), (11), and (20) CTR. The capability of surface x-ray 
diffraction to solve the detailed atomic structure of ultrathin films relies on the collection of 
precise and accurate structure factors along the CTR. Nowadays and for synchrotron-based 
x-ray diffraction experiments, the error bar in the measurements is mostly determined by the 

accuracy and not by the photon statistics. Accuracy is evaluated by the variance 𝜺 of a large 
enough set of symmetry-equivalent reflections. In the present experiment, which is a test for 
quantitative structure determination using the new INS2 set-up, we got a variance of 1.7%. 
This can be considered as the state of art for SXRD, and allowed for solving the structure. 

Figure H9-1 shows the experimental MgO/Ag(001) CTR. The data exhibit a bump in the middle 

between two Bragg peaks, characteristic of a bilayer growth mode. This is confirmed by the 

quantitative analysis. The structural model consisting of a monoatomic thick MgO layer on top 

of the silver surface results in quite a bad fit, giving a 𝜒2 of 22. The agreement improves 

drastically considering a bilayer growth mode. The final refinement is achieved considering an 

MgO bilayer covering almost half of the surface and a clean Ag region, resulting in a 𝜒2 of 2.3. 

The best fit values (covered fraction SMgO, interlayer spacings d, Debye parameters B, and 

roughness parameter 𝛃) are reported in TABLE H9. 



TABLE H9. Best fit parameters of the bilayer model. 

  MgO-covered uncovered Bulk Clean Ag(001) [1] 

SMgO-1,2 0.38(8) - -   

dAg2-Ag3  (pm) 205.6(4) 2.0425 206(2) 

dAg1-Ag2  (pm) 204(1) 201(1) 2.0425 203(2) 

dMgO-Ag1  (pm) 273(4) - -   

dMgO  (pm) 213(4) - 2.1065   

BAg2  (×104 pm2) 1.1(2) 0.66 0.95 

BAg1  (×104 pm2) 1.5(3) 0.66 0.95 

BMgO  (×104 pm2) 0.9(6) -     

𝛃 0.06(1)     

𝜒2 2.3     

The refinement was performed taking oxygen on top of silver and Mg in hollow sited at the 

interface, as suggested by DFT calculations. A refinement with oxygen in hollow sites results 

in a relatively good qualitative agreement (blue dotted curves in Fig.1) but in a definitively 

worst quantitative one with a 𝜒2 of 7.2. Other interface geometries can be definitively ruled 

out. 

 
Figure H9-1. Experimental MgO/Ag(001) CTR with error bars (filled black circles) and best fits for the 

MgO monolayer model (dashed red curves), the bilayer model with oxygen on Ag surface hollow sites 

(dotted blue curves) and the best model with oxygen on top (black continuous lines). 

This example shows as INS2 is well suited to solve the structure of well-ordered ultrathin films 

in coherent epitaxy on the substrate, also in the unfavorable case of light elements monolayers 

on heavier substrate atoms, and in the presence of atoms with low atomic scattering contrast 

as Mg and O. 

Reference 

[1] Meyerheim et al. , Z. Kristallogr. 212, 327 (1997). 

  



7 Future perspectives and possible plans for 

further development of the beamline       

Based on a choice made in 2017, the BM32 beamline will benefit from a short bending magnet 

as a new source located in the EBS storage ring with increased brilliance. In June 2020, we 

have submitted the project MAGNIFIX which aims at upgrading the beamline components 

(mirrors, monochromator, detector), pushing the actual Laue setup to a higher level of 

capability and providing efficient tools of data handling for users to interpret their data. In the 

following paragraphs we will describe the perspectives and the developments that are required 

to meet the present and future needs of the users on the three instruments without or hopefully 

with MAGNIFIX funds. First, we report the simulated properties of SBM32 and the first 

diagnosis made during summer 2020. Then in the first 3 paragraphs we present the minimal 

perspectives and activities directions on each instrument. Finally, we will draw the main 

arguments and impacts of MAGNIFIX on the development of the beamline. 

7.1 General perspectives seen in the perspective of EBS 

The short-bending magnet (SBM). The new EBS machine led to a complete storage ring lattice 

refurbishment by keeping the public ESRF ID beamline. However, the new lattice has strong 

impact on BM ports of all CRG beamlines. 4 new source models were designed to fit into a 

very narrow and constrained space. The choice of the new source has been made in 2017, 

after X-ray tracing computations according to the X-ray emission model of shadow software 

and parameters from the ESRF machine division. We rejected the 2-Pole-Wiggler solution - 

even if it would offer a doubled flux -, due to X-ray signal pollution from a new D2QC element 

in the storage ring (for deviation and correction electronic trajectory) located a few meters 

upstream. This parasitic signal could not have been eliminated before reaching the sample by 

 

 

Figure P1: Simulated beam size in monochromatic 
mode (GMT and INS2 with polished M1)  hxv = 500 x 
100µm2 (with current horizontal focusing scheme). 
Current vertical size is 200 µm. 

Figure P2: Simulated X-Ray tracing for 
Laue microdiffraction mode µLaue in Exp. 
hutch 1 (EH1) with perfect optics elements 
(no slope errors): Flux X15, beam size 
(hxv)= 140 x 60 nm2. Or  Flux X30, beam 
size = 200 x 100 nm2. 



any means in our beamline. Sample would have been illuminated by an additional wide beam 

leading to a high background signal to the detriment of sensitivity of scattering experiments at 

grazing incidence (performed in INS and GMT). Hence, to keep flux at the same past level, 

we retained the SBM source that was installed in June and tested in July 2020. 

Several comissioning beamtimes from end of August 2020 were dedicated to assess the new 

beam properties. All optical elements have not been changed but only shifted horizontally. As 

expected, the flux is rather unchanged with the EBS (first estimation: 3 1011 photons/s/3 10-4 

eV at 27 keV full acceptance, a slightly lower than in 2018), while vertical position beam 

stability is greatly improved which is very valuable for grazing incidence scattering 

measurements and Laue microdiffraction. Also simulations of the monochromatic vertical 

beam size downgrading due to detrimental slope errors along 1 m long mirrors are confirmed 

by experiments. However in polychromatic mode, the well-polished center part of the last 

optics mirror (M2) allows to image properly the EBS reduced source. Notably, the vertical size 

of the secondary source has been divided by two. As a result white beamsize of 200 x 200 

nm2 has been successfully achieved at sample position (also thanks to KB mirrors new 

polishing). 

MAGNIFIX upgrade 

In monochromatic mode, hxv = 500 x 200 µm2 is still observed and will be improved by M1 & 

M2 state of the art polishing and the reduction of sagittal focusing aberrations (figure P1). We 

foresee to reach the ultimate beam shape and size by a zero anti-clastic deformation of the 

illuminated 2nd monochromator crystal area by designing Si/Si molecular bonding which 

decouple mechanical and x-ray reflective properties. Moreover Ge(111)/Si will also bring a net 

gain in flux of 2.5 for the majority of experiments performed on the beamline. 

Regarding Laue microdiffraction we expect a huge increase of performance in terms of flux 

(X15-X30) by installing the setup in Exp. Hutch 1 by directly imaging the EBS source (without 

secondary source). Inserting a toroidal mirror (instead of M2) would also significantly increase 

the flux at sample by collecting more photons in horizontal direction (currently 50 µm). Studies 

are in progress to find the best compromise between beamsize and flux taking into account 

alignment time and stability. 

7.2 Foreseen research directions 

7.2.1 INS2 

As discussed above, the INS2 instrument has been upgraded in 2016 and was operated for 2 

years and a half only before the shutdown. This interval was a bit short to display all the 

functionalities and to have a return from users allowing to plan further developments of the 

instrument. 

One technique that we would like to implement in the next years is resonant x-ray diffraction. 

XRD is a technique where both the power of site selective diffraction and the power of local 

absorption spectroscopy regarding atomic species are combined. It has shown its capability 

to solve questions as the charge ordering in transition metal oxides, or the surface magnetism 

in metallic alloys, and can give an important contribution to the study of phase transitions in 



thin films, whatever their nature – structural, magnetic, metal-insulator, etc. An example is 

shown in HL8, which demonstrates that BM32 beamline optics is very well suited for resonant 

scattering experiments. However, in the case of ultrathin films, of weak reflections, or in 

presence of a substrate fluorescence yield, the signal to analyze can be hindered by the 

background. For this reason, we plan to install a graphite crystal analyzer on the detector arm 

to select the elastic signal of interest. 

At the same time, we are planning to implement a sample-holder cooling stage in the UHV 

chamber. This project, which could be realized in the framework of the study of phase 

transitions in ultrathin films, is in a preliminary stage and its realization will depend on the 

pressure of the user community. 

7.2.2 µLaue 

7.2.2.1 Depth Resolution 

Within the submitted MAGNIFIX project we plan to install the Laue setup in a new dedicated 

hutch (EH1) to take advantage of a tenfold flux at sample focal spot (LaueMAX station). We 

expect then a major improvement of 3D mapping from flux increase for higher sensitivity 

and/or data collection speed.  

7.2.2.2 Energy Resolution 

Regarding the energy measurement by a solid state detector mounted on a side of the setup, 

moderate upgrade would consist in replacing or single punctual energy dispersive detector by 

a multilelement one (around 7 SSD) so as to reduce significantly the time of translation from 

a Laue peak to an other and even measure simultaneously two or more peaks. 

In case the MAGNIFIX project is funded, we would expect first to take benefit from the 

increased flux to improve the statistics of diamond filter scan i.e. higher dips position 

resolution. Second we will purchase and custom an Energy-resolved 2D detector (several 

100000 pixels) to measure the full strain tensors and consequently derivate the full stress 

tensor directly from experiments (both isotropic and deviatoric component) as demonstrated 

by Abboud et al (see HL3). 2D pnCCD detectors exhibit the highest energy resolution (a few 

% resolution on each pixel) with frame rate ranging from 0.4 to 2kHz, and are well suited for 

polychromatic beam illumination. The LaueMAX station will be the first instrument worldwide 

using routinely such X-ray camera open to users, allowing to measure the full tensors in few 

minutes instead of more than 10 minutes. Moreover, combining angular resolution (small pixel 

size) with energy resolution opens up also new characterization methods for coupled chemical 

and structural mapping. For instance powder diffraction with a microbeam (as complementary 

measurements to Laue diffraction experimental run) can be envisaged for phase identification 

in heterogeneous system composed by crystals with different size. In the framework of 

MAGNIFIX, a new postionning system will be built to place the sample at several distances 

from focusing mirrors at different inclinations covering beamsize from 100nm to 10 µm (with 

constant flux). Il will allow to adapt the beamsize to the region of interest for faster 

measurements or when spatial averaging is requested. 



7.2.3 GMT 

The GMT goniometer is a multipurpose 2+2 surface diffractometer. The large available volume 

around the sample allows it to accept a large variety of sample environment ranging from 

furnaces, cryostats, electrochemical cells and mechanical test machines. Being located in 1:1 

position on a bending magnet at esrf, the GMT can receive a well-focused beam of medium 

to high energy X-rays (30keV typically). This allows the study of buried interfaces using grazing 

incidence scattering techniques: reflectometry, GISAXS, GIXRD, high resolution RSM… Up 

to now most of the experiments have been carried out using slits and a point detector (NaI 

scintillator+ PM). The control electronic of the goniometer has been upgraded to icepap 

controllers. 

Our main future development plan concerns the integration of 2D detectors, and specially the 

new maxipix CdTe detector. This should greatly enhance our photon collection efficiency 

allowing simultaneous background and (multi) signal collection. However the use of 2D 

detector in grazing incidence geometries sets specific problems which will have to be tackled: 

- A first problem is the large dynamic of the signal to be recorded. We are close to the direct 

beam and counting dynamics may be close to 1010 on a narrow angular range.  We shall 

develop specific automatic filters to protect the detector from overexposure. Several solutions 

have been developed on other beamlines, such as the fast overflow bit readout at SOLEIL 

[Dawiec et al., J. Instr. 11, (2016)]. We propose to explore other approaches, based e.g. on 

the fluorescence signal from the sensor protection windows. 

- A second problem is the large footprint on the sample due to the very small incidence. Of 

course the higher brilliance of the new EBS source should help reduce the size of the beam 

and hence of the footprint, but some loss of resolution due the length illuminated is 

unavoidable. Techniques based on the use of knife edges or of a single detector slit located 

close to the sample will be explored. 

Due to the increased flux at sample and increased detector efficiency, we shall also work on 

a better automation of the sample change and alignment. We are considering replacing the 

goniometer head by a hexapod and we expect the travel range of several motions to be 

increased. This should allow performing some 2D stacking of samples, hence a large number 

of interfaces to be studied in series, taking advantage of the increased EBS photon flux. 

Finally, we envisage to set a stroboscopic data-acquisition system for time resolved 

measurements with no dead time and particularly suited for second generation X-ray source 

intermediate flux. Following Gorfman’s group setup (Choe et al, IUCrJ(2018).5, 417), lattice 

parameter or reciprocal space map can be obtained by means of a synchronization and a 

multichannel analyzer system in case of an applied external periodic solication (temperature, 

electric field…). 

7.2.4 Automation & Data Analysis 

A net increase of data produced on the beamline is expected due to the more intensive use of 

2D detectors. The management of the data and its (temporary and permanent) storage will 

follow the data policy of ESRF. Metadata will be systematically added to favor open data and 



traceability. The µLaue scanning instrument will still produce most of the data from the 

beamline in terms of volume in the future. It can amount 5To/6days (For energy measurements 

with 2D detector, we estimate 10To/6days). Software development is mandatory to exploit 

fully the data and enable users to interpret them in an efficient way (time and reliability). While 

scattering techniques benefit from common software tools provided by ESRF IT group (Silx, 

Pymca), one must still design software tools that fit specific needs in terms of visualisation and 

rapid evaluation of recorded data. 

In general also, to train the users, capitalize the users & staff experiences and facilitate the 

reuse of code, we will pay much attention to elaborate a browsable gallery of data analysis 

workflows (notebooks, scripts). Moreover, the new control command software BLISS will be 

operational on the beamline in few months. It opens new ways to build acquisition systems 

that interact with analysis software (among them LaueTools) to get access rapidly to physical 

quantities for monitoring, assistance and feedback. Finally, machine learning will be applied 

to 2D detector data for sorting or filtering purposes (on a single or a set of images). 

  



8 Annexes 

8.1 Annex A Statistical information about the use of the beamline 

The following statistics cover the last five years period operation of the BM32 beamline. As a 

CRG beamline, two selection committees hereafter called ESRF and CRG committee allocate 

beamtime to European and French users (resp. one third and two thirds). Three instruments 

share the beamtime: INS2, µLaue and GMT (the two latter are hosted in the same 

experimental hutch and have some common users). 

 

Figure A-1: Evolution of the number of beamtime shifts requested by proposers (blue), available (red) 
by CRG-ESRF agreement, allocated (green) by ESRF programme committees and actually delivered 
(violet) to users by the beamline management over the last 5 years calls. 

8.1.1 Beamtime exploitation 

Beamtime overbooking: 280 shifts (resp. 140 shifts) are allocated for CRG (resp. ESRF) 

beamtime by program committees of the french synchrotron SOLEIL committee (resp. several 

ESRF committees) per full operational year. Over the 5 years period. at least 400 shifts per 

year are requested on BM32 and the mean overbooking ratio (requested/allocated number of 

shifts ratio) has raised from 3.8 in 2014 and 2015 up to 7.9 in 2018 for ESRF beamtime (fig. 

A-1). For the CRG beamtime the ratio is respectively lower oscillating around 2. Most of the 

french users apply to both ESRF and CRG beamtimes. More recently a growing part of them 

applied only on ESRF beamtime to benefit from travel and accommodation reimbursement. 

The instruments distribution of requested and allocated beamtime on CRG beamtime in figure 

A-2 illustrates how the beamtime is shared among the instruments. 



 

Figure A-1b: Comparison of requested beamtime on the national CRG branches over the last 10 
proposals calls (5 years). Bold lines correspond to french CRG beamlines (CRG-IF BM32 in blue) 
that form the F-CRG group (http://f-crg.fr/). 

  

Figure A-2: Distribution of allocated beamtime from CRG and ESRF committees between the three 
instruments of CRG-IF BM32 (2014-2018). 

 



 

 

Figures A3-A4 Overbooking per ESRF scientific areas of ESRF beamtime (2014-2018). Committees:  
(MA) Applied Materials Science, (HC) Hard Condensed Matter Science,  (CH) Chemistry, (SC) Soft 
Condensed Matter Science, (MI) Methods and Instrumentation, (ES) Earth Sciences, (EV) 
Environment, (ME) Engineering and (LS) Life Sciences. 

A quarter (~24%) of the delivered beamtime is devoted to the GMT instrument and the 

remaining part is equally shared by µLaue (39%) and INS (37%) ones. The mean duration of 

users experiments is respectively 18, 14 and 15 shifts when performed with INS, µLaue and 

GMT instruments. BM32/µLaue was several times used for rapid orientation measurements 

on micro-object for further experiments performed by Bragg Coherent Diffraction Imaging on 

ID01 or SOLEIL/CRISTAL.  Note also that about 5 days have been dedicated to Industrial 

beamtime with this instrument. 



Scientific Fields and Committees: BM32 has been originally dedicated to interface and surface 

studies. The distribution of allocated ESRF beamtime by ESRF committee is representative 

of the scientific fields covered by the beamline with its three instruments (Fig A-3 and A-4). 

For the CRG beamtime the distribution is comparable (not shown). More than one experiment 

over two is devoted to Applied Materials Science experiments taking advantage of the surface 

and interface sensitivity of the techniques employed on GMT and microstructure mapping 

capability on µLaue. Most of the Hard Condensed Matter experiments are carried out on INS 

station. The versatility of the GMT instrument is reflected by the remaining committees mainly 

SC committee. The beamline is now clearly optimized for physical and physico-chemistry 

structural investigations at surfaces and interfaces of materials in both applied and 

fundamental points of view. 

Users Countries and Laboratories: Figure A-5 and A-6 present the panel of countries and 

laboratories from which the main proposer of the experiment originates. Even if proposers of 

each experiment come from different laboratories, the distribution retrieved from the main 

proposer or all users data quite the same. Distribution of ESRF beamtime is shown figure A-

5. Two thirds of this beamtime is allocated to French scientists whereas one third of this 

beamtime is allocated to foreign (non French and European) ones. Actually, some 

experiments proposed by French teams are submitted in both CRG and ESRF committees 

and finally obtained by means of ESRF committees. It can be noted the high attraction for 

BM32 by german and swedish teams respectively from MPIE Düsseldorf and Lund University 

due to their strong involvement in the µLaue development. 

Figure A-6 represents the panel of origin of users with beamtime accepted by both CRG and 

ESRF committees. Close to 25 % beamtime is allocated to other countries, most of the 

beamtime being used by French community. One half of French users originates from 

Grenoble, as beamline staff (BM32), external users or strong collaborators from CEA-IRIG 

and Institut Néel (which operates the beamline), CNRS labs or applied labs from CEA-LETI-

LITEN. 

 



 

Figure A-5:  Panel of laboratories of users of BM32 whose experiments have been accepted by ESRF 
committees (2014-2018) 

 

Figure A-6: Panel of laboratories of users of BM32 whose experiments have been accepted by both 
ESRF and CRG committees (2014-2018). Users from Grenoble laboratories are in blue-like color (~ 
50% of total beamtime.user area). Yellow labels correspond to labs in charge of CRG-IF BM32 
operation. 



8.1.2 Scientific Production 

Publications: Beamline staff of BM32 (internal users) and external users with or without strong 

collaborations with beamline staff produced 94 articles reviewed by peers over the period 

2015-sept2020 (equal to 92 in the previous 5 years period) (figures A-7 and A-8). The scientific 

production does not increase steadily (average rate of 17 articles per year) but with large 

fluctuations (min. 13 max. 25). Among them, 14 have been published in journals with an impact 

factor larger than 6 and 2 have been cited more than 30 times (see Annex 3 below). The 

number of ‘high impact’ articles produced by the beamline has increased over the last years. 

The average impact factor is nearly 5. Note that X-ray Measurements performed on BM32 of 

the two leading articles in the impact factor journal list and most cited one represent a part 

only of the reported or reviewed results. 

The scientific production distribution over the three instruments (figure A-9) shows that the half 

of publications are related to µLaue instrument. It is likely due to the strong involvement of 

beamline staff for this emerging technique (compared to GMT techniques), a certain degree 

of automation, the shortest duration of performed experiments (consequently the highest 

number of experiments or users teams) and publication journals with relatively less impact. 

Three modes of production can be considered in this CRG beamline involving first internal 

scientists using In-House-Research beamtime and allocated one by CRG or ESRF 

committees (‘IHR’ user type), second external users from allocated beamtime only (‘EXT’ user 

type), and third beamline staff and external users within the frame of a strong collaboration. 

This last mode uses mainly allocated beamtime + casual IHR beamtime (Coll user type). It 

corresponds to a significant beamline staff investment when valuable instrumental and 

methodological benefits can be obtained for the general beamline development and higher 

throughput. Compared to the last BLRP period (2005-2010), µLaue gained maturity but a lot 

of resources are still employed to help users towards autonomy at the expense of internal 

research activities. According to the distribution of publications over the user type (figure A-

10), the CRG-IF BM32 is clearly involved to provide the best assistance to external users since 

 

Figure A-7: Number of journal articles published during the period (2015-Sept 2020) using beamtime 
on CRG-IF BM32 beamline. IF: journal impact factor (2018). Mean production rate: 16.9 articles / 
year. Note that ESRF shutdown took place from Dec 2018 to Sept 2020. 



only 20% of the published works can be considered as in-house research activity 

(collaboration with beamline staff as principal coordinator/investigator). At the opposite, 25% 

of articles are published without beamline staff as co-author. 

  

Figure A-8: Distribution of regular papers 
over publication year (from 2015 to 2019) 
and journal impact factor evaluated in 2018. 

Figure A-9: Distribution of published over the 3 
instruments of BM32 beamline during the last 5 years. 
Half of the reported works are related to µLaue 
experiments but published in average in journal with 
less impact than GMT or INS2 publications journals. 

 

Figure A-10: Distribution of users type on CRG-IF according to the last 5 years 39 high-ranked articles 
(impact factor higher than 4) over 95 total number of publications. 



8.2 Annex B List of Publications, Oral Presentations, Thesis 

defences (2015-2020) 

8.2.1 List of regular papers and proceedings        

The list of scientific peer-reviewed articles are sorted by year and impact factor (in brackets) 

of the journal (most recent factor evaluated in 2018). Additional production are listed in the 

following: ESRF highlight, Book chapter, Awards, Journal covers, selected thesis from internal 

and external beamline users, proceedings and selected oral communications. 

[] Journal Impact factor 2018 

2020 

 
[5.1] Dai Z., Alyabyeva N., Borghetti P., Chenot S., David P., Koltsov A., Renaud G., Jupille J., 
Cabailh G., Lazzari R. - “Al-rich Fe0.85Al0.15(1 0 0), (1 1 0) and (1 1 1) surface structures” 
Applied Surface Science 509, 145312-1-145312-7 (2020) 
http://dx.doi.org/10.1016/j.apsusc.2020.145312 
 
[4.3] Sant R., Lisi S., Nguyen V.D., Mazaleyrat E., Herrero A.C.G., Geaymond O., Guisset V., David 
P., Marty A., Jamet M., Chapelier C., Magaud L., Dappe Y.J., Bianchi M., Hofmann P., Renaud G., 
Coraux J. -” Decoupling molybdenum disulfide from its substrate by cesium intercalation” 

Journal of Physical Chemistry C 124, 12397-12408 (2020) 
http://dx.doi.org/10.1021/acs.jpcc.0c00970 
 
[4.1] Barbier C., Zhou T., Renaud G., Geaymond O., Le Fèvre P., Glas F., Madouri A., Cavanna A., 
Travers L., Morassi M., Gogneau N., Tchernycheva M., Harmand J.C., Largeau L. -” In situ X-ray 
diffraction study of GaN nucleation on transferred graphene” 
Crystal Growth & Design 20, 4013-4019 (2020) 
http://dx.doi.org/10.1021/acs.cgd.0c00306 
 
[3.6] Michaud L.G., Castán C., Zussy M., Montméat P., Mareau V.H., Gonon L., Fournel F., Rieutord 
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conductor film” 
Nanotechnology 31, 145302-1-145302-7 (2020) 
http://dx.doi.org/10.1088/1361-6528/ab647a 
 
[3.5] Ren Z., Cornelius T.W., Leclere C., Davydok A., Micha J.S., Robach O., Richter G., Thomas O. -
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(invited) C. Kirchlechner et al, Nondestructive 3D information on dislocation density and elastic strain 
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(invited) C. Kirchlechner et al,  “Beyond Hall-Petch: Mechanism based description of dislocation grain-
boundary interactions “ 
DPG-Frühjahrstagung  , Berlin, 11.03.2018 
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« Organization and magnetic properties of mass-selected FePt nanoparticles deposited on epitaxially 
grown graphene on Ir (111) » 
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ESMC 2018 
2017 
C. Kirchlechner et al., “Using nano- and micromechanics to understand interface plasticity” 
Hysitron, Nanobrücken 2017, 05.04.2017 
 
C. Kirchlechner, N. Malyar, N. Peter, G. Dehm, J.-S. Micha 
New Insights into Plasticity at Grain Boundaries by Nano- and Micromechanics” 
TMS 2017, San Diego, 26.02.2017 – 02.03.2017 
 
(invited) S. Tardif, “Operando synchrotron studies of electrodes for ion batteries on the French 
beamlines @ ESRF” 
21st International Conference on Solid State Ionics, Padua, Italy,  18-23 June 2017 
 
Hektor, J., Marijon, J.-B., Ristinmaa, M., Hall, S. A., Hallberg, H., Iyengar, S., Micha, J.-S., Robach,O., 
Grennerat, F., Castelnau, O., “Differential aperture x-ray microscopy (DAXM) applied to tin whisker 
growth”. Svenska Mekanikdagar. 2017 
 
Hektor, J., Marijon, J.-B., Ristinmaa, M., Hall, S. A., Hallberg, H., Iyengar, S., Micha, J.-S., Robach, 
O.,Grennerat, F., Castelnau, O., “3D reconstruction of the microstructure, and strain, around a tin 
whisker,using Differential Aperture X-ray Microscopy (DAXM)”. MAX IV Laboratory User Meeting. 
2017. 

2016 

J. Coraux, "Deformations in epitaxial graphene on a metal" 
EWEG/2D'16, Bergish-Gladbach, mai 2016, invité 
 
J. Coraux, "Growth, structure & properties of 2D materials at surfaces", 
Journées Surfaces et Interfaces, Marseille, janvier 2016, invité 
 
M. De Santis, A.D. Lamirand, A. Ramos, S. Grenier, A. Bailly, X. Torrelles, V. Langlais, “Epitaxial 
growth of ultrathin magnetite films on Ag(100)” 
ECOSS−32, Grenoble, 28 August – 2 September 2016  
 
G. Beutier, M. Dupraz, R. Poloni, K. Ratter, D. Rodney, M. De Santis, B. Gilles, M. Verdier, “Wetting 
layer of copper on the tantalum (001) surface” 
ECOSS−32, Grenoble, 28 August – 2 September 2016  
 



Tardif S. et al., “Mapping the Full Strain Tensor and Lattice Tilts in Ge Microstructures for Photonics 
Applications” 
Materials Research Society Spring Meeting, Phoenix, USA, March 2016 
 
Tardif S. et al.,, “Strain mapping in Ge microstructures using X-ray white beam Laue microdiffraction” 
30th Meeting of the European Crystallographic Association, Basel, Switzerland, 28/08-01/09 2016 
 
F. Rieutord, S. Tardif, D.Landru, O. Kononchuk, V. Larrey, H. Moriceau, M. Tedjini and F.Fournel 
“Wafer Bonding Symposium Edge Water Penetration in Direct Bonding Interface” 
MAM 2016   03/2016 Bruxelles Physics behind SmartCut™ 
ECS Prime 2016 10/2016 Honolulu 
 
F. Rieutord, S. Tardif, F.Mazen, D.Landru, and O. Kononchuk 
“High purity silion symposium Defect Evolution During Silicon SmartCut™” 
ECS Prime 2016 10/2016 Honolulu 
 
C. Kirchlechner et al. “What can you learn from a µLaue experiment” 
Multiscale Materials Modelling (MMM), Dijon, France, 11.10.2016 
 
C. Kirchlechner, N. Malyar, J.-S. Micha, G. Dehm “Insights into dislocation grain-boundary interaction 
by X-ray µLaue diffraction” 
Dislocations 2016, West Lafayette, USA, 22.09.2016 
 
C. Kirchlechner et al. “Synchrotron ebased µLaue diffraction to probe plasticity at interfaces”        
IRSP 2016, Dresden, Germany, 01.06.2016 
 
C. Kirchlechner, N. Malyar, J.S. Micha P.J. Imrich, G. Dehm “X-ray µLaue diffraction to understand 
plasticity at interfaces”          
DPG Frühjahrstagung 2016, Regensburg, Deutschland, 08.03.2016 
 
N. Malyar, J.-S. Micha, G. Dehm, C. Kirchlechner “Slip transfer through coherent 3 (111) twin 
boundaries loaded in different crystallographic directions” 
AK Rasterkraftmikroskopie und nanomechanische Methoden, Saarbrücken, Deutschland, 15.03.2016 
 
Tao Zhou, O. Ulrich, O. Geaymond, & G. Renaud « In situ Synchrotron X-ray Scattering of SiGe 
Nanowires : Growth, Strain and Bending” 
Tailor2016 Mars-Avril 2016, Fontainebleau 
 
Tao Zhou, O. Ulrich, O. Geaymond, & G. Renaud “In situ Synchrotron X-ray Scattering of SiGe 
Nanowires : Growth, Strain and Bending” 
GDR PULSE 2016 Juillet 2016 Marseille 
 
F. Jean, N. Blanc, J. Coraux, G. Renaud “Graphene on Ir structure by synchrotron X-rays” 
ECOSS32 Sept 2016 Grenoble 

2015 

Tournus et al. "Auto-organisation d’agrégats déposés sur le réseau de moiré du graphène" 
Colloque Rayons X & Matière, Grenoble décembre 2015,  
 
Bardotti et al. “Self organization of size selected FexPt1-x clusters on graphene” 
GDR Nanoalliage réunion Plénière, Porquerolles, mai 2015,  
 
Coraux et al. « Epitaxial graphene on metal hybrid systems" 
3S'15, Les Arcs, mars 2015 
 
G. Renaud et al. "Graphene on Ir structure by synchrotron X-rays" 
3S'15, Symposium on Surface Science, Les Arcs, Mars 2015 
 
G. Renaud et al. "Graphene on Ir structure by synchrotron X-rays" 



European Conference on Surface Science, ECOSS-31, Barcelone, Septembre 2015 
 
(invited) G. Renaud et al. "Structure, morphology and organization of nanoparticles during their 
growth by MBE or CVD using in situ GISAXS and GIXD" 
Institut Lumière-Matière, 10 mars 2015 
 
(invited) G. Renaud "French CRG/IF beamline at the ESRF" 
SOLEIL, 16 avril 2015 
 
(invited) G. Renaud “In situ X-ray scattering study of SiGe nanowires: growth, strain and dance" 
GDRi MECANO General Meeting Marseille 5-6 Nov. 2015. 
 
GDRI MECANO meeting may 2015, Grenoble: F. Rieutord et al 
S. Tardif et al., “Strain mapping in Ge microdevices: a combined experimental study” 
GDRi MECANO: Mechanical Issues for Advanced Electron Devices Workshop, Minatec, Grenoble, 
France, June 29-30th 2015 

 
J. Eymery et al, H. Palancher et al, J.-S. Micha et al, F. Rieutord et al, T. Ors et al, A. Fernandez-
Martinez et al 
XIème Colloque Rayons X & Matière, Grenoble, France, December 1-4th, 2015 
 
S. Tardif et al., “Full strain tensor mapping in Ge microdevices using X-ray Laue microdiffraction” 
XIème Colloque Rayons X & Matière, Grenoble, France, December 1-4th, 2015 

 
J.-S. Micha et al, M. Fèvre et al, T. Ors et al, « µLaue on BM32 capabilities for materials science » 
Soleil User Meeting, Saclay  
MECASENS VIII septembre 2015 Grenoble  
 
E. Castelier et al, « Strain map in polycrystalline UO2 nuclear fuel » 
T. Ors et al, « Combination of EBSD and µLaue in ZrO2 microstructure mapping » 
A. Davydok et al, « Evaluation of accuracy in strain by µLaue »   
S. Tardif et al., “Strain mapping in Ge microdevices: a combined experimental study” 
Size-Strain VII, Oxford, UK, September 21-24th, 2015 
 
H. Palancher et al, « UO2 investigations by µLaue » 
EMRS, may 2015, Lille, France :  
 
J.L. Grosseau-Poussard et al 13th International Ceramics Congress Juin 2015, Montecatini terme, 
Italie : (Advances in Science and Technology 91,162) 
 
J. Eymery et al 
11th ICNS (Internat. Conference on Nitride Semiconductors) Sept 2015 Beijing, China  
 
C. Kirchlechner et al 
14th International Union of Materials Research Societies-International Conference on Advanced 
Materials, Jeju Island, South Korea, octobre 2015 
International Symposium on Plasticity, Montego Bay, Jamaica, janvier 2015:   
ECI Nanomechanical Testing V, Albufeira Portugal, octobre 2015:  
Materials Seminar, Department Materials Science and Engineering, UT Knoxville, USA, sept. 2015 
European Solid Mechanics Conference, ESMC 2015, Madrid, Spain, juillet 2015 
Seminar Lecture at the Institute for Materials, Ruhr-Bochum University, Bochum, Germany, juin 2015:  
Gefüge und Bruch 2015, Leoben, Austria, 10.04.2015 
 
C. Kirchlechner et al, N.Malyar et al 
ICM12, Karlsruhe, Germany, may.2015 
 
 N.Malyar et al., AK Rasterkraftmikroskopie und nanomechanische Methoden, II. Meeting, TU 
Darmstadt, mars 2015: 



8.2.3 Lectures & Tutorials 

HERCULES  Laue tutorials  & practicals 
 
ESRF user meeting tutorials “Laue microdiffraction”  
 
ANF-Laue  26-29 september 2017 CNRS National Training (in french):”Microdiffraction Laue: 
de la mesure à l’analyse” 
 
2DSchool@Grenoble Grenoble, Juin 2018 
"2D Materials studied by X-ray diffraction" 
G. Renaud 
 
XTOP 2018, Septembre 2018, Bari, Italie: 
"Structure of surfaces and interfaces studied with hard X-rays" 
G. Renaud 
 
HERCULES, Grenoble, every spring since 2005 
"Surface structures with hard X-rays" et "Nanoobjects with hard X-rays" 
G. Renaud 
 
Ecole Thématique CNRS “Réflectivité de Rayons X / neutrons”, October 2018, Marcoule, 
France 
“Grazing Incidence X-ray Diffraction” 
S. Tardif 
 
European School of Surface and Nuclear Sciences, May 2018, Porquerolles, France 
“Grazing Incidence X-ray Diffraction” 
F. Rieutord 

8.3 Annexe 3 Most cited articles (published since 2015) 

The following list is sorted by decreasing number of citations (estimated in Feb. 2020) with 

following ‘User type’ codes: 

● EXT for external users, 

● Coll for collaboration between beamline staff and external users (mainly driven or 

initiated by external users). IHR beamtime can be occasionally used.  

● IHR for activities initiated by beamline staff or strongly dependent on its involvement 

(in charge of X-ray measurements) in case of collaboration with external users. IHR 

beamtime is often used.  

First author, Journal, year Instrument #cited Scientific field User 
type 

Gueye, Chem. Mat. 2016 GMT 65 Soft Matter, Surface Coll 

Andreazza, Surf. Sci. Rep., 2015 INS2 35 Fund. Surface science Coll 

Guilloy, Nano Letters, 2015 µLaue 28 Applied Materials IHR 

Guilloy, ACS Photonics, 2016 µLaue 23 Applied Materials IHR 



Camosi, Phys. Rev. B, 2017 INS2 22 Fund. Surface science Coll 

Leclere, J. Appl. Cryst., 2015 µLaue 22 Fund. Materials 
Mechanics  

Coll 

Gassenq, Appl. Phys. Lett., 2016 µLaue 20 Applied Materials,  IHR 

Tardif, ACS Nano, 2017 GMT 19 Applied Energy 
Materials 

IHR 

Malyar, Acta Mat., 2017 µLaue 19 Fund. Materials 
Mechanics  

Coll 

Tsipas, ACS Nano, 2018 INS2 16 Applied Materials, 
Surface 

IHR 

Reboud, Prog. Cryst. Growth & 
Charac. Mat., 2017 

µLaue 16 Applied Materials,  IHR 

Petit, J. Sync. Rad., 2015 µLaue 16 Methods Coll 

Malyar, Acta Mat., 2017 µLaue 15 Fund. Materials 
Mechanics  

Coll 

Kuświk, Phys. Rev. B, 2015 INS2 15 Fund. Surface science Coll 

Plancher, Exp. Mech., 2016 µLaue 14 Methods IHR 

Niu, Sci. Rep., 2016 INS2 14 Applied Materials,  EXT 

Daval, Geochim & Cosmochim., 
2017 

GMT 13 Fund. Surface science Coll 

8.4 Annexe 4 List of publications in the highest ranked journals 

 Journal IF (2018) # Instrument Users type 

Prog. Mat.Sci. 23.7 1 µLaue EXT 

Adv. Func. Mat. 15.6 1 INS2 IHR 

Surf.Sci. Rep. 14.8 1 INS2 EXT 

ACS Nano 13.9 3 2 INS2, GMT 2 Coll, IHR 

Nano Letters 12.3 1 µLaue IHR 

Chem. Mat. 10.2 1 GMT Coll 

Phys. Rev. Lett. 9.2 2 INS2, GMT Coll, EXT 

ACS Appl. Mat. Interf. 
J. Phys. Chem. Lett. 

8.5, 7.3 2 GMT EXT 

Acta Mat. 7.3 5 µLaue 4 Coll, IHR 



2D Materials 7.3 1 INS2 Coll 

ACS Photonics 7.1 1 µLaue IHR 

Nanoscale, Acta Cryst B 7, 6.7 2 INS2 EXT, IHR 

Mat & Design 5.8 1 µLaue Coll 

J. Chem Theo & Comp. 
Appl. Surf. Sci. 

5.3, 5.1 2 INS2 2 Coll 

Adv. Mat. Interf. 4.7 1 INS2 Coll 

Scripta Mat., Phys. Rev. App 
ACS Appl. Energy Mater. 

4.5 3 2 µLaue, GMT IHR, EXT, IHR 

J. Phys. Chem. C 4.3 6 3 GMT, 3 INS2 5 Coll, IHR 

Geochim. et cosmo. 4.3 1  GMT Coll 

Sci. Rep. 
Cryst. Growth Design 

4, 4.1 3 INS2 EXT, IHR, Coll 

8.5 Annexe 5: Other bibliometric figures (calculated in Feb. 2020 

after beamline database started in 1996) 

 

9 Annexe 6: Selected publications: 5 reprints / 

publications of work accomplished on the 

beamline 

SL 1: P. Capiod et al., Phys. Rev. Lett. 122 106802 (2019)   INS  Coll 

SL 2: G. Sitja et al., J. Phys. Chem. C, 123, 24487 (2019)   INS  Coll 

SL 3: B. Wild et al., J Phys. Chem. C 123, 24520 (2019)   GMT  Coll 

SL 4: A. Davydok et al., Materials and Design, 108, 66 (2016)  µLaue Coll 

SL 5: J. Hektor et al., Scripta Materialia, 144, 1 (2018)   µLaue Coll 

 

 



9.1 SL 1: INS2 P. Capiod et al., Phys. Rev. Lett. 122 106802 

(2019) 



 

 

 



 

 



 

 

 



 

 



 

 



 

 

 

  



9.2 SL 2: INS2  G. Sitja et al., J. Phys. Chem. C, 123, 24487 (2019) 

 



 



 



 



 



 



 



 



9.3 SL 3: GMT B. Wild et al., J Phys. Chem. C 123 24520 (2019)

     

 

 

 



 

 



 

 



 



 



 



 

 



 

 



 



 



 

 



 



 



9.4 L 4: µLaue A. Davydok et al., Materials and Design 108 68 

(2016) 

 

 



 

 

 

 



 

 

 

 



 

 

 



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 



9.5 SL 5: µLaue J. Hektor et al., Scripta Materialia, 144, 1 (2018) 

 

 

 



 

 

 

 



 

 

 



 


