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The Centre d’Élaboration de Matériaux et d’Etudes Structurales 
(CEMES / CNRS) is a CNRS laboratory (CNRS UPR 8011) located in 
Toulouse, which is associated with University Paul Sabatier (UT3) 
and the “Institut National des Sciences Appliquées” (INSAT). 

CEMES is a laboratory for fundamental research in materials science, solid-state physics 
and molecular chemistry. The scientific activities that we are developing cover a broad 
spectrum ranging from the synthesis of (nano)materials and molecular systems, the stu-
dy and modeling of their structure and their physical properties (optical, mechanical, 
electronic and magnetic), their integration into devices, and the manipulation of these 
individual objects.

Most of the experimental work developed in CEMES relies on advanced instrumentation and 
therefore, an important part of the activities carried out in our laboratory concerns the 
instrumental and methodological developments in CEMES key areas that are transmission 
electron microscopy (TEM), near-field microscopies (STM, AFM) and optical spectroscopies. 

The CEMES main objectives rely on:  

 Elaborating by physical routes of various types of (nano) materials 
and developing devices demonstrating their properties

Studying structures and properties of nanomaterials and 
nanotructures at the atomic scale

Establishing relationships between nano and microstructures and the physical 
properties of various type of materials and nanomaterials

Inventing & developing new instruments and measurement techniques and /or methodologies 
for the study of these "(nano) objects" at relevant scales (spatial and temporal)

Creating & developing molecular nano-machines prototypes

This 2016 issue of the CEMES “Highlights” magazine contains 11 short articles specially 
written to describe particularly important published scientific or technical advances made 
this year in our laboratory. 

The present issue also features on communication actions made toward society and in 
particular we reproduce a cartoon, which has been realized for a dedicated event orga-
nized by the CNRS at Toulouse and focused on “Les Microscopies” and which describes 
our TEM, FIB and STM activities. 

This is of course far from being an exhaustive list, and a much more complete overview 
of our activities can be found on our website www.cemes.fr, which details the research 
work of each of the 7 new research groups of the CEMES laboratory settled this year:

PPM: Physics of Plasticity and Metallurgy
M3: Multi-Scale and Multi-functional Materials
SINanO: Surfaces, Interfaces and NanoObjects
MEM: Materials and devices for Electronics and Magnetism
NeO: Nano-Optics and Nanomaterials for Optics
I3EM: In situ interferometry and instrumentation for electron microscopy
GNS: Group Nanosciences

 We wish you an interesting reading in this  
 2016 issue of the CEMES Highlights

Etienne Snoeck, Alain Couret
CEMES director and deputy director

Edito



3© CEMES - Highlights - 2016

Le Centre d'Élaboration des Matériaux et d’Etudes Structurales 
(CEMES / CNRS) est un laboratoire propre du CNRS (UPR 8011) 
situé à Toulouse, qui est associé à l'Université Paul Sabatier (UT3) 
et à l'Institut National des Sciences Appliquées (INSAT).

Le CEMES est un laboratoire de recherche fondamentale en science des matériaux, en 
physique des solides et en chimie moléculaire. Les activités scientifiques que nous déve-
loppons couvrent un large spectre allant de la synthèse de (nano) matériaux et des 
systèmes moléculaires, aux études et à la modélisation de leur structure et de leurs 
propriétés physiques (optique, mécanique, électronique et magnétique), à leur intégration 
dans des dispositifs, jusqu’à la manipulation de ces objets individuels.

La majeure partie des travaux expérimentaux développés au CEMES repose sur une ins-
trumentation de pointe, en conséquence, une partie importante des activités menées dans 
notre laboratoire concerne les développements instrumentaux et méthodologiques dans 
les domaines clés du CEMES que sont la microscopie électronique à transmission (TEM), 
les microscopies en champ proche (STM, AFM) et la spectroscopie optique.

Les principaux objectifs du CEMES visent à:

Elaborer par voie physique divers type de (nano)matériaux et développer 
des dispositifs démontrant leurs propriétés

Étudier les structures et les propriétés des (nano)matériaux et  
nanostructures à l'échelle atomique

Établir des relations entre les nano- et les microstructures et les propriétés 
physiques de divers types de matériaux et de nanomatériaux.

Inventer & développer de nouveaux instruments et techniques de mesure et/ou de méthodo-
logies pour l'étude de ces objets aux échelles pertinentes (spatiales et temporelles),

Créer & développer des prototypes de nano-machines moléculaires

Ce recueil des "Highlights" 2016 du CEMES contient 11 courts articles décrivant certaines 
des avancées scientifiques ou techniques publiées cette année dans notre laboratoire.

Ce numéro présente également quelques actions de communication menées cette année 
et en particulier la publication d’une bande dessinée qui décrit nos activités en TEM, FIB 
et STM qui a été réalisée pour un événement spécifique sur «Les Microscopies» organisé 
par la délégation régionale du CNRS à Toulouse.

Cette liste de faits marquants 2016 est loin d'être exhaustive et un aperçu plus complet 
de nos activités se trouve sur notre site www.cemes.fr où sont détaillés les travaux de 
recherche de chacun des 7 nouveaux groupes de recherche du laboratoire CEMES mis en 
place cette année:

PPM: Physique de la Plasticité et Métallurgie
M3: Matériaux Multi-échelles et Multifonctionnels
SINanO: Surfaces, Interfaces et NanoObjets
MEM: Matériaux et dispositifs pour l'Electronique et le Magnétisme
NeO: Nano-optique et Nanomatériaux pour l'optique
I3EM: Interférométrie et Instrumentation In situ en Microscopie Electronique
GNS: Groupe Nanosciences

 Nous vous souhaitons une bonne lecture de cette  
 brochure 2016 des Highlights du CEMES

Etienne Snoeck, Alain Couret
Directeur et directeur adjoint du CEMES

Édito
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Dr.  Aurél ien Cuche M  cuche@cemes. fr

Researchers of CEMES have recently de-
monstrated that the insertion of a plasmo-
nic resonant defect, namely a hole, in a 2D 
crystalline gold nanoprism allows for a 
controlled modification of the plasmonic 
density of states (SP-LDOS). The team has 
used two-photon luminescence microscopy 
to reveal the complex interplay between 
both resonators. These results, published in 
Scientific Reports, showed that the control 
of the spatial and spectral overlap between 
the resonance of the hole and the plasmo-
nic modes of the 2D cavity can lead to 
different modifications of the plasmonic 

density of states, from moderate perturbation to full restructura-
tion. This work paves the way to rational engineering of the optical 
properties of low dissipative metallic nanostructures that could be 
exploited for signal processing from meso- to nanoscale.

In this work, the 2D metallic nanoprisms with a thickness of 20 ± 2 
nm but lateral dimensions ranging from 500 to 1000 nm have been 
synthesized by a colloidal chemistry approach. Unlike lithographied 
systems, the crystalline nature of these structures drastically re-
duces scattering losses. These particles behave as two-dimensional 
plasmonic cavities that sustain high-order plasmonic modes bound 
to the edges. These electromagnetic surface modes, resulting from 
the longitudinal and collective oscillations of the free electrons, 
can be optically excited with visible light. Yet, their spectral and 
spatial characteristics are essentially tailored by the particle shape 
and size, which can only be varied within the constraints of crystal 
growth. In order to develop an on-demand engineering of the optical 
properties of the nanoprisms, subwavelength holes have been milled 
by focused ion beam inside these cavities. Indeed such small aper-
tures perforated in ultra-thin gold films exhibit a broad plasmonic 
dipolar resonance that overlaps the spectral range of these high 
order plasmon modes and so can potentially modify them at will.

Using a femtosecond pulsed laser and taking advantage of the two-photon lumines-
cence response of the hole and the cavity, the CEMES team has successfully imaged 
and probed the different regimes of perturbation and spatial reconstruction of the 
coupled hole-prism system SP-LDOS. The excellent agreement between their theoreti-
cal model and the experimental optical data has enabled a thorough analysis of these 
coupling regimes, highlighting that the plasmonic states in the hole-prism systems are 
markedly different from those borne by a pristine cavity. A complex electromagnetic 
coupling regime was revealed rather than a mere superimposition of the individual 
resonator responses. This study is a new milestone in the design of building blocks for 
optical information transfer and processing at 2D based on a plasmonic modal enginee-
ring approach.

Modal engineering in colloidal gold cavi-
ties by insertion of defects. (Left) SEM 
image of a gold truncated prism. Two 
subwavelength single holes have been 
FIB milled in the cavity. (Right) Experi-
mental TPL map of the pierced platelet. 
White arrow indicates the linear polari-
zation orientations

Modal engineering of 
surface plasmons in 
apertured Au nanoprisms 
Modal engineering of surface plasmons in apertured Au nanoprisms 
A. Cuche, S. Viarbitskaya, J. Sharma, A. Arbouet, C. Girard, and E. Dujardin. 

Sci. Reports 5, 16635 (2015).
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C o n t a c t s

Dr.  Chr ist ian Joachim M  chr ist ian. joachim@cemes. fr

Top view of the LT-UHV 4-STM head used 
in this work and a pseudo 3D STM image 
(5.12 nm x 5.12 nm) of the letter “C” 
constructed atom by atom with 6 Au 
atom on an Au(111) reconstructed sur-
face. 
The single atom manipulations and the 
STM images were obtained on the scan-
ner 3 of this instrument for I = 50pA, V = 
500 mV with ΔZ = 0.12 nm

Scientists at CEMES have recently pushed 
to the limits their new ScientaOmicron 
low-temperature tunneling microscope (LT-
UHV 4-STM) installed in October 2014 at 
Pico-Lab. This unique instrument is equip-
ped with 4 STM scanners capable of opera-
ting on the same surface and in parallel. On 
the surface Au (111) and at 4.3 K, CEMES 
researchers managed to reproduce for the 
first time a series of experiments now per-
formed on the most stable single tip LT-
UHV STM around the world. The STM images 

produced by the 4 scanners on the same surface (independently or 
in parallel) have a DZ stability better than 2 pm per STM scanner. 
The minimum inter STM tip apex distance is a few tens of nanome-
ters and is measured using a high resolution UHV SEM equipping 
this instrument as well. With this stability, single atom manipula-
tions were carried while recording the famous corresponding ma-
nipulation signals to recover the pushing, pulling and sliding atom 
manipulation modes per STM tip. Electrical contact experiments on 
a single atom were also performed to record the current-voltage 
characteristic (I-V) of a single Au atom exactly in contact and de-
monstrating a quantum of conductance. No average over multiple 
I-V characteristics was required for these measurements. Floating 
surface two-points conductance measurements were also conduc-
ted on the Au(111) surface using a lock-in technique to locate the 
Au(111) surface states near the Fermi level.

The results of the CEMES scientists show how this new instrument 
is exactly 4 times the most accurate tunneling microscope in the world. Such equipment 
will now be used to measure the electronic conductance of a single atomic wire 
constructed atom by atom in planar configuration and also the motive power of a mo-
lecule motor about 1 nm in rotor diameter. The future spring 2017 international mole-
cule car race will take place on this instrument.

First results on the 
LT-UHV-4STM (4 tips) 
at CEMES-CNRS
Imaging, single atom contact and single atom 
manipulations at low temperature using the new 
ScientaOmicron LT-UHV-4 STM
Jianshu Yang, Delphine Sordes, Marek Kolmer, David Martrou and Christian Joachim

Eur. Phys. J. Appl. Phys. (2016) 73: 10702
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C o n t a c t s

Dr.  Th ibaud Denneul in M  th ibaud.denneul in@cemes. fr
Dr .  Mart in  Hytch M  hytch@cemes. fr

From left to right: 
Scheme of the differential phase-
contrast (DPC) dark-field electron holo-
graphic method.
HRTEM image of a pMOSFET-like device 
with embedded SiGe source and drain.
(220) DPC dark-field electron hologram 
and εxx in-plane deformation map. 

A new electron interferometric technique 
has been developed at CEMES thanks to the 
I2TEM microscope (in-situ interferometry 
transmission electron microscope). This 
technique uses an electrostatic biprism 
located before the specimen. The phase 
image reconstructed from the hologram is 
directly proportional to the strain of the 
crystalline lattice.

Electron holography is an interferometric 
technique conducted in a transmission 
electron microscope (TEM) which allows the 
reconstruction of the phase and the ampli-
tude of the electron wave. It is used to map 

electrostatic, magnetic and strain fields at the nanometer scale.

There are many different optical configurations for electron holo-
graphy, the most widespread is the “off-axis” configuration where 
a Möllenstedt-Düker biprism is placed after the specimen to inter-
fere an object wave and a reference wave. For strain mapping, the 
beams diffracted by the substrate are interfered with the beams 
diffracted by the epitaxial layer. The electron hologram is then 
recorded on a CCD camera and a phase image is numerically re-
constructed. A strain map is then obtained by differentiation of the 
phase in the direction of the chosen reciprocal lattice vector.

In this article, we developed an alternative dark-field holographic configuration that 
uses a biprism located before the specimen. This configuration is called differen-
tial-phase contrast (DPC), based on the work of McCartney et al.. Two incident beams 
with a slightly different angle are created by the pre-specimen biprism. The hologram 
is then recorded in a defocused plane where beams diffracted by slightly distant re-
gions of the specimen interfere. One advantage of this technique is that the DPC phase 
reconstructed from the hologram is directly proportional to the strain. Another advan-
tage is that the reference region does not need to be as big as the region of interest. 
The enclosed image shows a hologram and a strain map obtained on a strained tran-
sistor with recessed SiGe source/drain. The SiGe source/drain are used to compress the 
Si channel and increase the mobility of the charge carriers.

New interferometric method 
for mapping nano-strain
Differential phase-contrast dark-field electron 
holography for strain mapping 
T. Denneulin, F. Houdellier, M. Hÿtch,

Ultramicroscopy, Volume 160, January 2016, pp 98-109.
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C o n t a c t s

Dr.  Th ierry Ondarcuhu M  ondar@cemes. fr

Does the shape of a liquid droplet only 
depend on the interactions with the top-
most atoms of the substrate or do the un-
derlying atoms also play some role ? Scien-
tists from the CEMES, in collaboration with 
colleagues from the Brookhaven National 
Lab (USA) brought a quantitative answer 
by investigating the wetting properties of 
a graphene monolayer laid on a nanoscale 
fakir carpet.

Graphene, the one-atom thick, two-dimen-
sional carbon allotrope, has received signi-

ficant attention owing to its extraordinary properties, which, among 
several potential outlooks, hold promises to revolutionize coating 
applications. Yet, the full technological potential of graphene coa-
tings still requires better understanding of how the atomic mono-
layer alters the wetting properties of the underlying substrate. 
From a more fundamental viewpoint, this raises the issue of the 
respective roles of short- and long-range interactions in the wet-
ting properties of a substrate by a liquid.

To this date, the topic remains highly controversial because of the 
challenge of defining an unambiguous experimental system able to 
discriminate the intrinsic wettability from the influence of ambient 
adsorbates. In this paper, we suspend graphene monolayers over 
silicon surfaces bearing nanopillars. The precise control over the 
nanopillar profile allows us to vary the area fraction of suspended 
graphene from 0% to 95%, which is used to effectively “tune” the 
liquid-substrate interactions. Our system further allows introducing 
water in the free space between the nanopillars, thus reaching the 
uncommon situation where water drops are deposited on graphene 
as it virtually floats over water.

Our approach leads to two main results.

• First, fully suspended graphene exhibits the highest water contact angle (85°±5) 
compared to partially suspended and supported graphene, regardless of the hydropho-
bicity (hydrophilicity) of the underlying substrate.

• Second, in the presence of a substrate, we could quantify that ca. 80% of the long-
range water-substrate interactions are screened by the graphene monolayer.

This study shows that graphene opens new ways to engineer surface energy of sur-
faces and to investigate the relationship between molecular interactions and macros-
copic wetting properties, an issue, which remains largely unanswered in wetting 
science.

Left: 
Scanning Electron Microscope image of a 
graphene monolayer suspended over a 
nanopatterned substrate with schematic 
representation of a droplet.
Right: 
Cosine of the water contact angle on the 
graphene layer as a function of the co-
sine of the contact angle on the bare un-
derlying substrate evidencing the in-
fluence of long range forces.

Wettability of suspended 
graphene monolayers
Wettability of partially suspended grapheme 
T. Ondarçuhu, V. Thomas, M. Nuñez, E. Dujardin, A. Rahman, C. Black, A. Checco, 

Sci. Rep., 6 (2016) 24237 
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C o n t a c t s

Prof .  Gwénaël  RAPENNE M  rapenne@cemes. fr
Dr.  Chr ist ian JOACHIM M  Joachim@cemes. fr 

Synchronized rotation of a 
network of molecular rotors
Simultaneous and Coordinated Rotational 
Switching of All Molecular Rotors in a Network
Y. Zhang, H. Kersell, R. Stefak, J. Echeverria, V. Iancu, G. Perera, 
Y. Li, A. Deshpande, K.-F. Braun, C. Joachim, G. Rapenne, S.-W. Hla

Nature Nanotechnology, 2016, 11, 706

The local electric field induced by the tip of 
the scanning tunnelling microscope allows 
us to switch the simultaneous rotation of a 
large number of molecular rotors of 3 nm in 
diameter.

A Franco-American team composed of CE-
MES-CNRS, University Paul Sabatier of 
Toulouse and the University of Ohio obser-
ved and triggered a synchronized rotation 
movement of a network of rotors deposited 
on a copper surface which paves the way 
for information transfer by mechanical 
means at the molecular scale over great 
distances. This result constitutes an impor-
tant step in order to work in a network and 
in a concerted way with an organized and 

two-dimensional set of molecular machines.

Published in the journal Nature Nanotechnology, this work uses an 
original double-decker molecule designed and synthesized in CE-
MES. The lower deck (the stator) is a phthalocyanine functionalised 
by eight sulfur atoms which make it possible to organize these 
molecules in a regular network on the surface of a copper crystal. 
The second deck (the rotor) is a dissymmetrical porphyrin whose 
originality stems from the existence of an important electrical di-
pole due to the presence of an electron-rich fragment carrying a 
negative charge (in blue) An electron-poor fragment carrying a 
positive charge (in red). This molecule can thus respond to the 
application of an electric field. The central europium atom (in 
green) makes it possible to connect the two stages while leaving 
free the rotation of the upper part if the molecule does not interact 
with its neighbors.

When the tip of a scanning tunneling microscope (STM) induces an electric field in the 
vicinity of some of these molecules, the latter are aligned in a synchronized manner. 
They then cause the rotation of a large number of other molecules and this at a long 
distance from the first ones, thanks to the electrostatic interactions between dipole 
moments. We have shown that the propagation of this rotational movement occurs up 
to several hundred nanometers away from the position of the STM tip.

Chemical structure (left) of one of the 
double-decker molecular rotors anchored 
on a copper surface via eight points of 
attachment (S-sulfur atoms). Behavior of 
a self-assembled monolayer (right) that 
under the effect of a local electric field 
induced by the STM tip causes synchro-
nous rotation of the network of mole-
cules (experimental images at the top 
and explanatory diagram. At the bottom, 
the yellow circle indicates the position of 
the STM tip during the experiment)



9© CEMES - Highlights - 2016





C o n t a c t s

Dr.  B .  Warot-Fonrose M  warot@cemes. fr 
Prof .  V .  Ser in M  ser in@cemes. fr

MnAs is an original magnetic semiconductor 
as its ferromagnetic order disappears close 
to room temperature and presents a struc-
tural transition at the same time. When 
deposited as a thin film, peculiar magnetic 
configurations arise linked to the cristal 
structure. In a transmission electron mi-
croscope, magnetic measurements can be 
done for each grain using a recent tech-
nique: the electron magnetic chiral di-
chroism.

Numerous studies were related to the disappearance of the ferro-
magnetic phase of MnAs accompanied by a structural transition 
close to room temperature. As a crystal, this material presents 
easy, intermediate and hard magnetization axis whose signatures 
are studied by measuring macroscopic hysteresis cycles. The local 
measurement of magnetic moments by EMCD (electron energy-loss 
magnetic chiral dichroism) in a transmission electron microscope 
can quantify the magnetocrystalline anisotropy in those directions.

The EMCD technique can be compared to the XMCD (X-ray Magnetic 
Circular Dichroism) technique proposed in 1988 to measure the 
magnetic moments with synchrotron radiation. During the interaction 
with the sample, the incident beam (electron or X-rays) transfers 
energy to the material enabling transitions from core to excited 
energy levels. The exploration of the empty electronic band provides 
access to crystallographic information on the chemical bonds but 
also on the filling of bands and thus on magnetism. X-ray absorption 
spectra or energy loss of electrons (EELS) spectra in a TEM are re-
corded to determine this information. The spatial resolution available 
in a TEM allows EMCD to locally probe the magnetic moments.

The structural transition of MnAs was studied by in-situ diffraction 
in the TEM with a heating sample holder for several grains of the film. In parallel, EMCD 
spectra were recorded on these same grains proving that the structural transition is 
accompanied by a disappearance of the ferromagnetic order.

Different MnAs lamella were then prepared in cross sections according to the 3 direc-
tions corresponding to the easy, intermediate and hard axis. EMCD measurements along 
these 3 directions have shown, for the first time with this technique, the variation of 
magnetic moments all the 3 axes.

This project was supported by the ANR EMMa project (ANR12 BS10 013 01).

Scheme of the EMCD experimental confi-
guration. EELS and EMCD signal obtained 
on MnAs thin film at room temperature 
and 50 °C. 

MnAs magnetism from all sides
In Situ Observation of Ferromagnetic Order Breaking 
in MnAs/GaAs(001) and Magnetocrystalline Anisotropy 
of Alpha-MnAs by Electron Magnetic Chiral Dichroism 
X. Fu, B. Warot-Fonrose, R. Arras, G. Seine, 
D. Demaille, M. Eddrief, V. Etgens, and V. Serin

Physical Review B 93, no. 10 (March 11, 2016): 104410
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C o n t a c t s

Dr.  Lu is  Al fredo Rodr iguez M  rodr iguez@cemes. fr
Dr.  Chr istophe Gatel M  gatel@cemes. fr

The I3EM-CEMES group, in collaboration 
with the group of Nanomagnetism and 
Magnetization Processes (ICMM – Madrid – 
Spain), has performed a quantitative 
magnetic characterization of isolated 
diameter-modulated FeCoCu nanowires by 
combining electron holography technique 
and micromagnetic simulations. Electron 
holography was carried out in the I2TEM 
(Hitachi – Toulouse – Equipex MIMETIS) 
microscope. The detailed description of the 
magnetic distribution is essential to move 
to the next step towards the manipulation 
of the domain walls propagation in cylindri-
cal nanowires for spintronic applications in 
data storage and logical operation.

The investigations for efficient methods to 
manipulate the motion of magnetic domain 
walls (DWs) in 1D nanostructures is nowa-
days a main requirement to build high-per-
formance DW-based devices such as 

magnetic racetrack memories and/or magnetic logic systems. Al-
though great efforts have been focused for studying DWs in planar 
nanowires (NWs), or nanostrips, cylindrical NWs begin to attract 
attention due to high DW propagation velocity favoured by the 
absence of the Walker breakdown phenomenon. A potential way to 
control such DW motion in cylindrical NWs is to create NWs where 
the diameter is periodically varied.

In this article, we analysed the local remanent magnetic distribu-
tion in diameter-modulated (DM) cylindrical FeCoCu NWs. A full 
description of the magnetization and demagnetizing field was car-
ried out by combining the advantages of electron holography (EH) 
(high spatial resolution, high sensitivity, quantitative information 
of the local magnetization) and the three dimensional capabilities 
of micromagnetic simulations to describe the local spin configura-

tion. Polycrystalline DM NWs were fabricated following an electrochemical route where 
an alloy of Fe28Co67Cu5 is grown by into DM nanopores of anodic aluminium oxide 
(AAO) templates. Although the two dimensional mapping of the magnetic induction 
measured by EH exhibits a single-domain remanent state, micromagnetic simulations 
reveal a more complex spin configuration, strongly affected by the DM geometry of the 
cylindrical NWs (see Figure): (i) in the transition zones where the diameter changes 
and the NW ends, vortex-like states are formed; (ii) in segments of small diameter, the 
spins are perfectly aligned along the NW axis; (iii) in the largest diameter segments, 
the longitudinal alignment of the spins is curled due to proximity of the vortex-like 
states in (i). In addition, the DM geometry of the wires induces local magnetic charges 
that control the local stray field.

The local spin changes and the demagnetizing field configuration we evidenced in such 
diameters modulated nanowires are a key step to be able tuning the DW motion in such 
nanostructures.

Top
3D and 2D representations of the simu-
lated remanent magnetic state,
Center 
Electron holography reconstruction of 
the 2D magnetic induction
Down 
low-magnification TEM image of a diame-
ter-modulated FeCoCu nanowire of 12.8 
μm length. 

Quantitative Nanoscale Magnetic 
Study of Isolated Diameter-
Modulated FeCoCu Nanowires
Quantitative Nanoscale Magnetic Study of Isolated 
Diameter-Modulated FeCoCu Nanowires
L. A. Rodríguez, C. Bran, D. Reyes, E. Berganza, M. Vázquez, 
C. Gatel, E. Snoeck and A. Asenjo

ACS Nano, 10, pp 9669-9678, 2016
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Atomic scale control of the 
AlN(0001) surface
Noncontact atomic force microscopy and density 
functional theory studies of the (2×2) reconstructions 
of the polar AlN(0001) surface.
Florian Chaumeton, Roberto Robles, Miguel Pruneda, Nicolás Lorente, 
Benoit Eydoux, Xavier Bouju, Sébastien Gauthier, and David Martrou. 

Phys. Rev. B 94, 165305.

C o n t a c t s

Dr.  David Martrou M  dmartrou@cemes. fr

(a) 
Top and side views along the [1-100] axis 
of the atomic model of the reconstruc-
tions (2x2)-Nad obtained by DFT. Al, N 
and H atoms are represented as red, blue 
and white balls respectively ;
(b) 
NC-AFM topography image (top) and 
cross section (down) of AlN(0001) surface 
after growth of 5 nm thick sample at 
990°C and a growth rate of 10 nm/h ;
(c) 
Phase diagrams for Tsubstrate= 1040°C. 
The curves iso-concentration are blue, 
purple and red for ci= 0.5, 0.7 and 0.9 res-
pectively. The chemical potentials are 
plotted for three iso-pressure of pAl 
(black dotted line) and pNH3 (grey da-
shed line).



Non contact atomic force microscopy stu-
dies (NC-AFM) of AlN(0001) surfaces grown 
by molecular beam epitaxy (MBE), coupled 
to DFT calculations have allowed us to ob-
tain and identify the reconstructed surface 
(2x2)-Nad with one highly chemically reac-
tive additional nitrogen atom.

The aluminum nitride (AlN) semiconductor 
has a large gap of 6.2 eV, and its (0001) 
surface was chosen for molecules deposi-
tion within the framework of researches on 
molecular electronics within the Nanos-
ciences Group. To be used, this surface 
should be perfectly known and controlled 

at the atomic scale. An ultra high vacuum (UHV) equipment was 
specially designed and assembled in the CEMES since 2007 to allow 
the growth of thin layers of AlN by molecular beam epitaxy (MBE), 
and the observation of the surface by atomic force microscopy in 
the non-contact mode (NC-AFM). The first studies of AlN(0001) 
surface obtained at a growth rate of 100 nm/h (G1 growth condi-
tion) showed a very strong disorder at the atomic scale. By decrea-
sing the growth rate to 10 nm/h (G2 growth condition), the surface 
presents a (2x2) reconstruction observed by in-situ RHEED during 
growth, and by room temperature NC-AFM after UHV transfer of the 
samples into the microscope (figure (b)). In order to determine the 
atomic structure of this (2x2) reconstruction, we have done firstly 
DFT calculations on different atomic models of (2x2) reconstruction. 
These calculations allowed us to demonstrate that the reconstruc-
tions fulfilled the electrostatic stability condition emitted by Go-
niakowsky et al. Indeed the hexagonal AlN has the wurtzite struc-
ture and its (0001) surface is electrostatically unstable. This 
electrostatic unstability is cancelled if the surface layer has a net 
charge equal to -1/4 of the charge of an Al bulk atomic plane, 
which was verified by analyzing the Bader charges calculated from 
the DFT results. We also calculated the phase diagram in function 
of the substrate temperature, ammonia (NH3) pressure and Al beam 

flux. At a substrate temperature of 1040°C, we observe on the diagram (figure (c)) a 
transition between a disordered surface obtained with the growth conditions G1 and a 
surface 90% reconstructed (2x2) type VI Nad for the G2 conditions. This reconstruction 
has the particularity to be not hydrogenated, with the presence of one additional ni-
trogen atom highly reactive from a chemical point of view
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An evolutionary 
algorithm for complex photonic 
nanostructures
Evolutionary Multi-Objective Optimisation of Colour Pixels 
based on Dielectric Nano-Antennas
P. R. Wiecha, A. Arbouet, C. Girard, A. Lecestre, G. Larrieu, and V. Paillard

Nature Nanotechnology (2016)
Highlight in CNRS Scientific news (INSIS and INP)
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Researchers from CEMES-CNRS and LAAS-
CNRS conceived and realized complex pho-
tonic nanostructures fulfilling two arbitrary 
properties, thanks to a numerical evolutio-
nary approach mimicking the process of 
natural selection of species. The simul-
taneous optimization of multiple properties 
is illustrated by the example of double-re-
sonant color pixels, whose different colors 
can be addressed by the polarization of 
light. Production by electron beam litho-
graphy of polarization-encoded mi-

cro-images demonstrates that the method is ready for practical 
use. An article on the study was published in October 24th 2016 in 
the scientific journal “Nature Nanotechnology”.

Designing photonic nanostructures to obtain particular optical 
properties is usually based on the systematic variation of very 
simple models. Unfortunately, such anticipating approach rapidly 
becomes impracticable due to large numbers of free parameters in 
the description of more complex geometries. Finally, when multiple 
properties are to be fulfilled concurrently, it usually fails alto-
gether. In this context, biology-inspired evolutionary techniques, 
mimicking the natural selection process, can be a promising ap-
proach.

In the present study, an evolutionary algorithm for multi-objective 
optimization was coupled to a numerical framework for the simu-
lation of optical properties: An initial, random “population” of 
nanoantenna geometries was submitted to a process of evaluation, 
selection and reproduction, in which the weakest individuals are 
successively eliminated, keeping only the fittest candidates (the 
nanoantennas that exhibit the best optical performances regarding 
the target criteria). After a defined number of evolutionary cycles, 
the strongest individual was chosen from the final population.

For the demonstration of this procedure, dual-color silicon nanoantennas were auto-
matically designed by the computational scheme. The two resonant wavelengths of 
these color pixels were designed such that they could be addressed individually by 
means of the incident light polarization (see figure). The geometries found by evolu-
tionary optimization were then converted into a lithographic mask, which was used to 
fabricate silicon nanostructures by electron beam lithography. The optical characteri-
zation of the fabricated samples yielded an excellent agreement with the predictions 
of the optimization algorithm.

This work emphasizes the tremendous potential of evolutionary optimization in photo-
nics and nano-optics. It can be easily adapted to target any other optical property like 
the directivity of light scattering, for the design of broadband light harvesting anten-
nas and color filters, or for nonlinear optics. 

a) Randomized initialization of the 
pixel-population for the evolutionary 
multi-objective optimization (EMO) algo-
rithm. 
b) Evolution of the pixel-population. The 
population of the new generation is ob-
tained after an evaluation and a selec-
tion procedure
c) Left: Optimum pixel-population at the 
end of the evolution cycle. 
Center: scanning electron microscopy 
images of the optimum pixel-pouplation 
produced by electron beam lithography 
in a silicon on insulator substrate.
Right: X- and Y-polarization-filtered co-
lor images obtained by dark field optical 
microscopy. 
d) X- and Y -polarisation filtered dark 
field images of pictograms composed of a 
large assembly of EMO-designed nanos-
tructures
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An innovative process 
for designing advanced 
turbine blades: 
the spark plasma sintering
Mechanical properties of the TiAl IRIS alloy
T. Voisin, J.P. Monchoux, M. Thomas, C. Deshayes et A. Couret 

Metallurgical and Materials Transactions A (2016)
Highlight in CNRS news (INP-Innovation)

Physicists from the Centre d’élaboration de maté-
riaux et d’études structurales of Toulouse (CE-
MES-CNRS) and from the ONERA have designed a 
new process to produce aircraft turbine blades in a 
light and performing intermetallic alloy. These re-
sults open a route to introduce TiAl alloys in more 
constrained stages of these motors, and thus to si-
gnificant performance improvement and to reduction 
of air pollution. These works have resulted in 2 pa-
tents, and have just be published in Metallurgical 
and Materials Transactions.

For aircraft motors, improvement of efficiency and sustainability 
as well as gains in terms of air and noise pollution require intro-
ducing light and performing materials in the various stages of 
the turbo-reactors. The intermetallic alloys of the TiAl family 
provide today the best solution thanks to their low density (half 
of the nickel-based superalloys which are currently employed) 
and to their high mechanical strength. However, their industria-
lization is still limited because of the difficulty to set-up a pro-
duction process of these blades in a performing alloy. A group of 

French researchers of the CEMES and of the ONERA has demonstrated how producing 
turbine blades in a TiAl alloy exhibiting high mechanical properties by using the spark 
plasma sintering (SPS) process. This technique consists in elaborating a material by 
densifying a powder under pressure and in presence of a high intensity electric current.

The alloy developed of Ti-Al48-
W2-B0,08 composition presents 
an exceptional mechanical 
strength at high temperature 
with for example a creep life of 
more than 4000 h at 700°C un-
der 300 MPa (Fig. 1a). This 

means a gain of more than one order of magnitude of mechanical 
strength at high temperature with respect to the currently em-
ployed alloys. Moreover, it exhibits a room temperature ductility 
higher than 1.5 %, beyond the industrial specifications for the 
application. These exceptional results have been obtained by the 
mastering of the metallurgical mechanisms activated during the 
densification by SPS. These impressive properties result for the 
formation of single phased borders of controlled size and W com-

position, at the boundaries of the grains of lamellar microstructure (Fig. 1b). These 
borders are deformable and hence provide ductility, but remain resistant thanks to 
their limited size and their enrichment in W.

The other innovation of this work is the direct production of blades preforms by SPS 
(Fig. 2). The challenge was in obtaining a part presenting of complex geometry in an 
intrinsically fragile material. The method developed consists in giving its shape to the 
piece with the graphite system encapsulating the powder. The part presented in Fig. 
2a has been obtained in a single step. Its microstructure is controlled, without necessity 
to perform additional heat treatments. The realization of this kind of part by SPS is a 
première in literature. This opens the route to other applications and other materials.

Turbine blade preform in TiAl produced in 
a single SPS step. (a) Part realized. (b) 
Numerical model of the corresponding 
blade. (c) Thermoelectric modeling of the 
process.



Mechanical properties and microstructure 
of the Ti-Al48-W2-B0,08 alloy densified by 
SPS. (a) Creep curve at 700°C/300MPa, 
showing a creep life exceeding 4000 h. The 
minimum creep rate corresponding to the 
slope of the curve is of 3.7 10-9 s-1. (b) 
Microstructure of the alloy observed by 
scanning electron microscopy. Note the 
presence of borders at the periphery of 
the lamellar grains. 
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Exhibition : "Voir et concevoir l’invisible, 
zoom sur le laboratoire CEMES"
CEMES was highly involved in popularizing science and communication activities this year in particular around 
this exceptional exhibition, which was conceived for the annual national event “Fête de la science”. 

This exhibition, which lasted two months from September to November, took place in the “Quai des savoirs”, 
which is the new place for scientific, technical and industrial culture in Toulouse.

Through interactive manipulations, scientific explanations, anecdotes and meetings with researchers, people 
were invited to dive into the heart of the matter by discovering the CEMES and its ultra-performing TEM and 
STM microscopes. Within this event, the association “Science Animation” organized a dedicated operation 
around “Microscopies” in partnership with the CEMES-CNRS.

Science to society
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Conferences at "Café du quai des savoirs" 

c Les cristaux liquides ? Des inconnus célèbres !
 September 27Michel Mitov

c La physique des gouttes
 October 11Thierry Ondarçuhu

c Lumière sur les nanoparticules
 October 18Arnaud Arbouet

c Picotechnologies : observer et manipuler un seul atome, 
une seule molécule. Pour quoi faire ?

 October 15 André Gourdon

c Pourquoi c’est dur ou mou ? Ou la physique de la déformation
 October 16Frédéric Mompiou

c Utiliser les électrons pour voir les atomes de la matière. 
Le microscope électronique en transmission

 October 16Florent Houdellier
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In addition, CEMES got involved into several events of scientific culture in 2016:

Petit illustré Microscopie 
Regards croisés de chercheurs
The CEMES contributed greatly to this publication, which provides an 
overview of all aspects of microscopy in Toulouse laboratories. 
The “Petit Microscope Illustré” is co-published by the CNRS Midi-Pyrénées 
and the journal “La Dépêche du Midi”.



European Researchers' Night 
Friday, September 30, 2016 (6 pm - midnight)
The aim of this event was to invite people to meet researchers in 
order to explore Science. More than 3000 visitors hurried to the 
“Quai des savoirs” for this national event.



Comic book: Le Labo
by J.Y. Duhoo published in Spirou October 2016
As part of the special issue "Fête de la science" of the newspaper 
“Spirou”, CEMES and its many microscopes are featured in a comic 
strip created by the illustrator Jean-Yves Duhoo. This cartoon focu-
sing on our research activities is reproduced in the following pages.
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