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The research of the STM team is devoted to the study 
of materials at the nanometer scale on surfaces. Its 
scientifi c interests are very broad, going from the fun-

damental structure of surfaces to the magnetic and electro-
nic properties of nano-objects. Experimental techniques are 
mainly scanning tunnelling microscopy (STM) and X-ray 
surface diffraction under ultra-high vacuum.  Our goal is to 
study and understand the fundamental properties of matter 
down to the atomic scale, linking a structural analysis with 
the measurement of the electronic density of states and ma-
gnetism. A comparison with simulations or theoretical tools 
developed in the team or through collaborations is systema-
tically performed in order to extract the underlying physics 
in the studied phenomena. In particular, our long-term expe-
rience in the realization of state-of-the-art samples using self-
organization on crystalline surfaces allows us to give new in-
sights in the fi eld of nanomagnetism at a challenging scale.  
During the last two years, our activity has been divided main-
ly in three thematics.
The fi rst one is the study of the structure of metallic surfaces 
and the role of surface stress in their equilibrium state. A set 
of experiments have been done on the elastic relaxations in 
self-organized and vicinal surfaces, mainly measured with 
X-ray diffraction, allowing to determine experimentally the 
surface stress in these systems. We have also worked on the 
ability to stabilize on surfaces an alloy of bulk immiscible 
components, giving birth to a new material with promising 
properties. Using STM and electron diffraction, we have 
observed for the fi rst time an ordered surface alloy of FeAu 
when deposited on a Ru surface. Collaboration with a theo-
retical group in Bangalore (India) allowed us to fi nd out the 
main driving forces for such an alloying, namely strain relief 
and more surprisingly magnetism.
The second one is the study of the nucleation and growth 
of magnetic clusters together with their magnetic properties 
measured by an in situ magneto-optical setup. We have fo-
cused on the relationship between the atomic structure, re-
laxations and magnetic anisotropy in core-shell and alloyed 
clusters of less than thousand atoms. As a model core-shell 

system, we have chosen Co and Au which are well-known to 
be immiscible components, demonstrating than the strain in-
side the core is a crucial parameter to understand the magne-
tism of such systems. We have also explored the nucleation, 
growth and magnetistm of nanoparticles of bimetallic alloys 
FePt and CoPt which are of great importance for applications 
in nanomagnetism. 
The third one is the local spectroscopic study of nano-ob-
jects and surfaces. We have mainly focused on carbon na-
notubes. For example, we have measured the wavefunctions 
associated to the Van Hove singularities in semiconductor 
and metallic tubes. We have demonstrated that these states 
are ruled by simple symmetry breaking rules related to the 
chirality of the tubes, in good agreement with a tight-binding 
model. We have also evidenced the crucial role of the elec-
tronic screening from the metallic substrate in the gap value 
of the semiconductor nanotubes. Moreover, by comparison 
with optical absorption experiments, we have determined the 
binding energy of the exciton, strongly enhanced by many 
body effects. 



Thermodynamics of crystalline surfaces

By combining in-situ X-ray 
surface diffraction and STM 
we have studied the faceting of 
Ni vicinal surfaces induced by 
silver deposit. The stability of 
this facetted system was found 
very different from the one we 
observed before in Cu/Ag sys-
tem. During the thesis of Carole 
Chambon, we have shown that 
only within a very narrow co-
verage range of around 0.6 Ag 
monolayer we obtain an “ideal” 
faceted surface constituted by 
a regular succession of (211) 
Ag covered and (111) bare Ni 
facets (cf. Fig1) [1]. This infor-
mation is essential to unders-
tand the origin of faceting in this system. Quantitative analysis of elastic relaxations is 
still in progress. During this period, we have also worked on surface alloys. Indeed, one 
of the key objectives in heterogeneous catalysis and magnetic information storage tech-
nology is to achieve long range atomic ordering in bimetallic nano-alloys. A new class 
of surface alloys has emerged following pioneering experiments, which have shown that 
surface-confined alloys of bulk-immiscible components can be stabilized by substra-
te-mediated strain interactions. However, ordered commensurate structures have never 
been observed so far. During the thesis of Shruti Mehendale, we have discovered a sur-
face-confined ordered alloy formed by depositing Fe and Au on a Ru(0001) substrate. 
All three metals are immiscible in their bulk form. Using Scanning Tunneling Micros-
copy (STM) and electron diffraction, we find that the best surface ordering is displayed 
by the Fe0.33Au0.67 alloy which has a √3x√3 structure. Ab initio density functional theory 
calculations done in the group of Shobhana Narasimhan in Bangalore demonstrate that 
this is indeed the most stable structure. Interestingly, we find that it is magnetism, rather 
than stress relaxation, that provides the most important stabilizing effect. This opens up 
novel possibilities for creating materials with unique properties of relevance for device 
applications.

Self-organized growth of nanostructures and 
nanomagnetism

In order to study a model system of core-shell nanoparticles, we have first realized self-
organized Co nanodots on a Au(111) surface. These magnetic cores have been surroun-
ded by controlled Au rings that progressively cap the entire dots. The magnetic suscepti-
bility of these dots has been measured in situ as a function of the Au coverage during the 
thesis of Yasmine Nahas. The blocking temperature increases when the Co bilayer dots 
are surrounded by the first Au atomic layer and decreases with the subsequent capping. 
This result cannot be explained by interfacial anisotropy which is generally assumed to 
be the dominant term in the magnetic anisotropy of nanostructures. Using molecular 
dynamics simulations, we have evidenced that the large strain inside the Co clusters is 
the main driving force for the anisotropy changes during the Au encapsulation [2].

We have also studied during 
the thesis of Nicolas Moreau 
the nucleation, growth and 
magnetism of self-organized 
nanoparticles of alloy, choo-
sing to work on the promising 
CoPt material. In particular, 
using X-ray Magnetic Circu-
lar Dichroism, we have stu-
died the magnetic properties 
of nanostructures of CoxPt1−x 
alloys self-organized on 
Au(111). The samples have 
been realized by codeposition 
at room temperature, imaged 

by STM and measured with X-rays in the same Ultra-High Vacuum setup. We observe 
that ordered growth and narrow size distributions are preserved for a broad range of Pt 
concentrations. The magnetization cycles as function of the magnetic field angle and the 
temperature are well reproduced by a simple model, giving a good estimation of the ma-
gnetic anisotropy distributions in these assemblies of clusters. The initially out-of-plane 
anisotropy for pure Co clusters decreases strongly until it goes in-plane for 40 % of Pt. 
This spin reorientation transition and the 
measured broadening of the switching 
field distribution with it are interpreted 
by a phenomenological pair-model that 
describes the main magnetic properties 
of CoxPt1−x epitaxial nanostructures. 
More recently, during the thesis of Pa-
olo Campiglio, we have performed the 
magnetic susceptibility of self-organized 
two-dimensional Co nanodots on Au(111) 
as a function of their size in the 2-7 nm 
diameter range. Our objective was to test 
experimentally the validity of the macros-
pin approximation, commonly used in this 
size range. We show that the activation 
energy for the thermal reversal displays a 
power law behavior with the number of 
atoms per dot (cf. Fig. 2). Atomic scale si-
mulations based on the Heisenberg hamil-
tonian show that this behavior is due to a 
deviation from the macrospin model for 
dot size as small as 3 nm in diameter. This 
discrepancy arises from finite temperature 
effects through the thermal excitation of 
spin-wave modes inside the particles [3].

Scanning tunnelling spectroscopy of nano-objects

• Electronic structure of carbon nanotubes

Single wall carbon nanotubes (CNTs) are promising candidates for future appplications in 
molecular electronics. However some of their fundamental properties still need to be cla-
rified. We have performed extensive Scanning Tunneling Microscopy and Spectroscopy 
(STM/STS) investigations of the electronic structure of CNTs at the atomic scale in order 
ot get new insight in their properties. There are still conundrums concerning the value of 
the electronic gap of semiconducting tubes. Optical measurements and local electronic 
spectroscopy lead to different estimations of this gap. During the thesis of Hong Lin, we 
have studied CNTs aranged into bundles on a gold surface (cf. Fig. 3) and demonstra-
ted that the image charge that develops in the metallic substrate reduces the bandgap. 
Measuring different tubes in a bundle, we could observe a continuous transition from 
the screening reduced gap to the intrinsic gap, which can therefore be estimated from the 
STS data [4]. These findings solve the controversy between pioneering STS and optical 
experiments.

In addition, we have shown for the first time a complete mapping of the electronic wave-
functions in metallic and semiconducting tubes. Our results reveal a symmetry breaking in 
the molecular orbitals of semiconducting carbon nanotubes as well as in metallic tubes.

• Spin polarized spectroscopy

We have measured the local magnetism of surfaces 
and nanostructures by STS using a magnetic tip 
that gives sensitivity to the local spin structure. We 
have studied the Cr(001) surface (cf. Fig. 4) which 
is a promising template for the study of model sys-
tems for spin electronics at the atomic scale. While 
large scale images display a clear antiferromagnetic 
contrast, we showed that at the atomic scale, the de-
fects inherent to the surface preparation induce local 
modification of the electronic structure but do not 
alter the magnetic order even at large concentration. 
Such results are of central importance for later stu-
dies of spin transport in single objects adsorbed on 
such a substrate.

Figure 1 : Reciprocal space maps (h, l) at k = 2 and at k 
= 1.77 of Ni(322) surface after 0.6 monolayer Ag deposit 
followed by annealing at 600 K. The Ag covered and bare 
Ni facets can be clearly identified.

Figure 2 : Activation energy for the thermal magnetization reversal between up and down spin states in Co 
nanoparticles as function of their mean size, as directly observed by STM images. Atomic scale simulations 
show that the deviation from the linear behaviour is due to a discrepancy from the macrospin model for 
size above 3 nm.

Figure 3 : a) 3D image of a bundle of CNT. The 
color code is the conductance recorded at 12 mV, 
showing both semiconductors and metallic tubes. B) 
Spectra of different CNT, showing that the gap of 
semiconductor tubes varies with the distance from the 
metallic surface.

Figure 4 : Conductance image of a Cr 
deposition on Cr(001) recorded with a 
magnetic tip. The tunnelling magneto-
resistance contrast shows the antifer-
romagnetic behaviour of the Cr(001) 
atomic planes.
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The Me-ANS group conducts research on the fabrica-
tion and the characterization of nanostructured mate-
rials by high resolution electron microscopy.

The group has developed tunable vapor phase deposition 
techniques to fabricate bimetallic nanoparticles so-called na-
noalloys. Nanoalloys present a high number of surface atoms 
relative to the volume which leads to a wide variety of chemi-
cal and atomic structures compared with bulk alloys. These 
properties have an impact on the phase diagram of these ma-
terials expanding the range of potential applications of na-
noalloys in magnetism, optics, catalysis... 
Since the size of the system appears as a new parameter, the 
study of nanoalloy phase diagrams, is currently a critical is-
sue in the fi eld of nanoscience for which  it is necessary to 
bring together experimental and theoretical skills.
The research interests of Me-ANS group are presently fo-
cused on the following nanosystems :

CoPt nanoparticles form ordered or disordered phases • 
as a function of temperature and concentration. In this 
system, we have shown for the fi rst time, an infl uence of 
the nanoparticles 3D morphology on the order-disorder 
phase transition temperature. 
CuAg nanoparticles have been chosen as a model system • 
for immiscible nanoalloys. We have studied the thermal 
stability of the core/shell confi guration and we showed a 
silver-driven coalescence of the copper seeds.

In the future, the two following nanostructures will be stu-
died: (i) AuPd nanoparticles in order to closely investigate 
the link between their structural properties and their catalytic 
activity and sensitivity and (ii) Fe2O3 nanoparticles used for 
biomedical applications. These nanoparticles are very pro-
mising for magnetic hyperthermia treatments of tumors and 
many questions arise from the link between their structures 
and their magnetic properties.
The expertise of the group in electron microscopy has opened 
the door to many collaborations with both experimentalists in-
terested in characterizing new nanosystems and theoreticians 
interested in comparing their calculations to TEM quantita-
tive analysis (LEM – ONERA, PMC – Ecole polytechnique, 
IPCMS – Strasbourg, IRCE – Lyon, MSC – Université Pa-

ris Diderot, CINaM – Marseille, INSP – Université Paris 6).
For fi ve years, Me-ANS has been working in close collabo-
ration with the Japan Electron Optic Laboratory (JEOL). At 
the end of the year, this collaboration will lead to the creation 
of an application laboratory on the campus of the Paris Di-
derot University, dedicated to the development of ultra - high 
resolution imaging using a spherical aberration corrector of 
the objective lens. This joined MPQ – JEOL laboratory will 
receive in September the new aberration-corrected ARM200 
microscope. As a user facility, this new generation of instru-
ment will be open to the scientifi c community through the 
national network METSA, in order to maximize the impact 
of electron microscopy on the atomic-scale characterization 
of materials.



Size effect on thermodynamical properties 
of CoPt nanoparticles

Chemically ordered bimetallic nanoparticles (Figure 1a) are promising candida-
tes for magnetic storage applications. However, the use of sub-10 nm nanoma-
gnets requires detailed study of possible size effects on their physical properties. 
In collaboration with the Microstructural Investigation Laboratory (ONERA 
- CNRS), the Interdisciplinary Center of Nanosciences at Marseille (CINaM - 
CNRS) and the Japan Electron Optic Laboratory (JEOL), we have investigated 
the effects of size and morphology on the order-disorder phase transition tempe-
rature of CoPt nanoparticles (TC

NP). For that matter, we have developed a suite of 
advanced transmission electron microscopy methods to characterize the size, the 
shape and the atomic structure of individually analyzed sub-10 nm nanoparticles 
: (i) The STEM / NBD technique allows the simultaneous acquisition of single 
particles image and diffraction and give the opportunity to correlate the size and 
the structure of a large number of particles [1]. (ii) We have also demonstrated 
that electron tomography opens up new ways to characterize the three dimensio-
nal shape of very small clusters [2].
For 2.4 - 3 nm particles, TC

NP is found to be 325°C-175°C lower than the bulk 
material transition temperature, consistent with our Monte Carlo simulations. 
This quantitative information on the size-dependent depression of TC

NP is an 
important step forward in determining the origin of the size effect in magnetic 
alloys nanoparticles [3]. It is also very important for the technological applica-
tions of small CoPt nanoparticles, because this size effect significantly restricts 
the annealing temperature range in which ordering can be induced. Furthermore, 
by using electron tomography (Figure 1b), we have established that  TC

NP is also 
sensitive to the shape of the nanoparticles. Only one dimension of the particles 
(in-plane size or thickness) smaller than 3 nm is sufficient to induce a depression 
of TC

NP (Figure 1c) [3]. This work emphasizes the necessity of taking into ac-
count the 3D morphology of nano-objects to understand and control their struc-
tural properties.

Growth and structural properties of CuAg core-shell na-
noparticles

Core-shell structures are particularly interesting due to the property tuning via the 
control of several structural and chemical parameters (core size, shell thickness, 
size ratio between the core and the shell, chemical arrangement and interface struc-
ture). The Cu@Ag (core@shell) system has been chosen to investigate the growth 
mechanisms and the chemical configurations formed by two immiscible metals, 
with different atom sizes and mean surface energies. We used vapor deposition 
techniques in ultra-high vacuum conditions on a non-wetting substrate by sequen-
tial deposition of Cu first and Ag in a second step. The silver deposition onto the 

Cu nanoparticles already grown on the substrate results in a strong modification 
of the size distribution of the nanoparticles [4,5] and formation of core-shell na-
noparticles, as illustrated using energy filtered TEM observations [6] in figure 2. 
The thermal stability of the Cu@Ag core-shell nanoparticles has been investi-
gated by in-situ TEM. The main result is that the core-shell structure is stable 
up to 600°C provided the surface diffusion of metallic species on the carbon 
film is blocked by an amorphous carbon film deposited on the nanoparticles 
after their growth. Conversely, without any carbon capping, the temperature-
enhanced surface diffusion leads to Ostwald ripening and coalescence between 
the nanoparticles. The final 
chemical configuration is a 
so-called Janus nanoparticle, 
side-segregated arrangement, 
illustrated on figure 2b. The 
core-shell interface structure 
has been investigated by ul-
tra-high resolution scanning 
transmission electron mi-
croscope equipped with a 
spherical aberration correc-
tor of the condenser lens. Cu-
be-on-cube and heterotwin 
epitaxial relationships have 
been evidenced, as in the 
CuAg bulk alloys between 
eutectic lamellae. Moreover, 
because of the lattice misfit 
of 12% between Cu and Ag, 
an array of interface dislo-
cations is observed with a 
periodicity corresponding 
roughly to the theoretical one 
(Figure 3).

Figure 1 : (a) High resolution TEM image of a chemically ordered CoPt nanopaticles orien-
ted along the [110] zone axis. The chemical order is evident from the difference in brightness 
between two successive planes of atoms along the [001] direction, which is directly related to 
the alternative stacking of Co and Pt atoms. (b) Three-dimensional reconstructions of nanoparti-
cles obtained by electron tomography. (c) Illustration of the shape-dependent depression of TC

NP . 

Figure 2 : Chemical maps of CuAg nanoparticles (red = copper ; green = silver) ob-
tained by energy filtered imaging.  a) Cu@Ag core-shell nanoparticles after growth b) 
Janus CuAg nanoparticles after annealing up to 550°C for 1h without carbon capping.

Figure 3 : Fourier filtered HAADF–STEM image, highli-
ghting the interface dislocation network between the copper 
core (red) and the silver shell (green) in the area correspon-
ding to a cube-on-cube epitaxial relationship.
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The discovery of new natural and artifi cial materials 
has revolutionized condensed matter physics and our 
views on the role of correlations between electrons. 

Novel properties such as high-temperature superconducti-
vity and colossal magnetoresistance discovered in these ma-
terials have overturned our conventional representations of 
condensed matter physics and pushed us to reconsider many 
well-established concepts. The interest of these strongly cor-
related systems lies in the richness of their phase diagram 
where different electronic order compete and/or coexist. The 
in terplay between these phases can be studied using different 
tuning parameters like carrier doping, pressure and magnetic 
fi eld.  From an ex perimental point of view, research on these 
systems has driven the emergence and refi nement of new 
spectros copic probes of quasiparticles with ever-increasing 
resolution in energy but also in real and momentum spaces.
In the SQUAP team, we are studying strongly correlated 
electron systems using inelastic light scattering (also known 
as Raman scattering that produces scattered photons which 
differ in frequency from the radiation source; this difference 
is related to the excitations created in the system (phonon, 
electrons, magnons, …). In particular the SQUAP team has 
participated to the development of electronic Raman scatte-
ring as a powerful tool to study unconventional superconduc-
tivity because it is uniquely sensitive to the k-space dependant 
quasiparticle dynamics. Because of its ability to probe char 

ge, spin and lattice degrees of freedom, Raman scattering is 
also an ideal tools to study competing pha ses of matter with 
various orders such as magnetism, superconductivity and fer-
roelectricity for example.
Our current research on high temperature superconductivity 
in the cuprates aims at revealing the very nature of super-
conductivity close to the metal-insulator Mott transition. We 
have shown that quasiparticles disappear in a anisotropic 
manner, forming islands of Cooper pairs in k-space, as one 
approaches the Mott transition. We have also been interes-
ted in the newly discovered multiband iron superconductors 
where superconduc tivity and magnetism coexists at the ato-
mic scale. The latter system offers a unique playground to 
study the interplay between two coexisting order parameters 
which have long been thought to be mutually exclusive.
Other attractive systems with coexisting order parameters are 
multiferroic materials which display both ferroe lectric and 
magnetic order. Multiferroicity can give rise to a new col-
lective excitation of matter, the electroma gnon: a spin wave 
that carries an electrical polarization. We have recently de-
monstrated the ability of Raman scattering to probe the spin-
wave spectrum and its hybridization with polar or ferroelec-
tric degrees of freedom in mutliferroics. Our study opens the 
possibility of tuning dynamical spin degree of freedom via 
electric fi elds.



k-space Cooper pairs islands in under-doped cuprates

One of the most challenging issues in copper oxide superconductors is to unders-
tand how superconductivity disappears as the Mott insulating state is approached 
by decreasing the number of carriers or doping level. Studying Cooper pair-brea-
king excitations via Raman scattering as the doping level is reduced, we have re-
vealed that coherent Bogoliubov quasi-particles exist only over a restricted part 

of the momentum space, 
namely around the diago-
nals of the first Brillouin 
zone (called the nodal 
regions). This contrasts 
with conventional super-
conductors in which su-
perconductivity develops 
uniformly along the nor-
mal-state Fermi surface. 
In the cuprates, as the 
doping level is lowered, 
coherent Cooper pairs are 
progressively localized 
on selected part of the 
Fermi surface, the nodal 
regions, forming k-space 
Cooper pair islands. This 
is consistent with the pic-

ture where most of the super-current is carried out by electrons’ small patches 
centered around the nodal points in under-doped cuprates [1, 2]. Superconduc-
tivity is then confined in the nodal region where the superconducting gap deve-
lops. This is illustrated in Figure 1. Such a dichotomy in the quasi-particle dy-
namics (fractions of coherent/incoherent parts on the momentum space) persists 
in the normal state and it is responsible for the so-called pseudo-gap state. We 
anticipate that such observation is a general feature of how superconductivity 
emerges as holes are doped into a Mott insulating state.

Electromagnons in mutiferroics

Multiferroic materials have a very rich physics and are appealing for applica-
tions as they can be for instance both ferromagnetic and ferroelectric. In addi-
tion, there usually exists a coupling between the order parameters, called the 
magneto-electric coupling that can allow the manipulation of the electric order 
parameter with a magnetic field and conversely. Our work in the Raman team 
is focused on the study of a wide range of multiferroic materials by means of 
inelastic light scattering (or Raman scattering). Because of its ability to probe 
both magnetic (magnon) and lattice (phonons) collective excitations, Raman 
scattering is uniquely suited to study the interplay of magnetic and ferroelectric 
degrees of freedom. Recently we have reported the first optical observation via 
inelastic light scattering of sharp low energy modes in multiferroic BiFeO3.  We 
have detected two different magnon modes and interpreted them as the optical 
fingerprint of the long wavelength cycloidal magnetic order of BiFeO3 [3,4] 
Our experimental data are in remarkable agreement with the theory of de Sousa 
and Moore who pointed out that these modes could possibly be observed due 
to coupling between spins and lattice degrees of freedom. These experimental 
findings offer a unique opportunity for optical probing of the magneto-electric 
excitations of multiferroics [5] . 

Multiband superconductivity in iron superconductors

The discovery of new Fe-based superconductors with distinct multi-orbital band 
structure has opened a new horizon to high-temperature superconductivity. 
Usually iron is connected with ferromagnetism, making it the last element which 
could be associated with superconductivity. At first sight, the iron superconduc-
tors share significant similarities with the high-Tc cuprates, but the multiband 
character of their Fermi surface and the itinerant nature of their magnetism are 
key differences. The underlying mechanism of superconductivity remains elu-
sive in the iron superconductors and it is not clear at present if they represent, or 
not, a new route to high temperature superconductivity, distinct from that of the 
cuprates. In order to gain insight into the electron pairing mechanism, it is crucial 

to determine experimentally 
the superconducting gap sym-
metry. We have recently stu-
died the superconducting gap in 
electron doped Ba(FeCo)2As2 
where Fe is substituted by Co 
to provide electron doping. The 
undoped system is a magneti-
cally ordered spin-density-
wave metal which disappears 
progressively with doping as 
superconductivity sets in. For 
optimal Tc, we have obser-
ved that the superconducting 
gap amplitude on one of the 
Fermi surface is only slightly 
larger than expected from BCS 
theory showing that the system 
is in the weak coupling regime. 
The gap however, shows signi-
ficant anisotropy as evidenced 
by the finite intensity observed 
well below the gap maximum. 
The gap anisotropy is related 
to strong intra-band Coulomb 
repulsion which could lead to 
the appearance of nodes as in 
d-wave superconductors [6,7].

Superconductivity and charge density wave order 

One of our main interests is to 
study the competition between 
different orders, like super-
conductivity and magnetism 
in cuprates or Fe-based super-
conductors. Here we have fo-
cused on the interplay between 
superconductivity and an order 
of the electronic distribution, 
the charge density wave order. 
Do they see each others? Are 
they competing? Can charge 
density wave order induces 
superconductivity? The family 
of compounds we have chosen 
is the dichalcogenides because 
most of them present a charge 
density wave order and/or su-
perconductivity. Among them, 
two compounds are very similar, with the same crystallographic structure and 
Fermi surface properties. One, NbSe2 is famous for showing charge density 
wave order and superconductivity (below 7K), whereas NbS2 only exhibits the 
superconducting state (below 6K). The idea is then to compare the superconduc-
ting properties of these two compounds to study the effect of the charge density 
wave order on it. By Raman spectroscopy on NbSe2, we confirm the appearance 
of two peaks at low temperature, one due to the charge density wave excitations 
and one connected to the superconducting gap. These two peaks display an intri-
guing interplay as one increases in intensity while the other one decreases under 
applied magnetic field and temperature. 
NbS2 doesn’t seem to present any sign of superconductivity in Raman spectros-
copy, at least down to 10 cm-1 (~14K). Does the superconducting pair-breaking 
peak appear only in presence of charge density wave order? To answer this ques-
tion, we need to extend the study to other compounds of the same family like 
Cu doped TiSe2.
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Figure 1 : Fermi surface coherent fraction and a single d-wave 
superconducting gap. Coherent Bogoliubov quasi-particles 
subsist around the diagonal kx=ky and are partially suppressed 
around the principal axes of the Brillouin zone.

Figure 2 : cycloidal order showing F modes (cyclon 
modes) corresponding to spin excitations with an ellipse 
shape elongated along y and Y modes (extra cyclon mo-
des) as ellipse elongated along the tangent vector which 
belongs to the xz plane and is perpendicular to each spin. 
The polarization P along the [111] direction point at the 
z axis. 

Figure 3 : Raman spectra of spin excitations in Bi-
FeO3. The equally and non equally spaced modes 
at low frequencies correspond respectively to F 
and Y cycloidal modes selected using parallel and 
crossed light polarizations. The inset shows F (blue 
squares) and Y (red full circles) mode frequencies 
as a function of the mode index n.
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The research conducted in the TELEM group focuses 
on the fabrication of molecular nanoscale devices 
and the measurements of their electronic properties at 

low temperature. A central issue in nanoscience and mole-
cular electronics is the understanding of electronic transport 
through a single molecule. Molecular electronics promises 
to have distinct advantages over other technologies because 
the component function can be an outcome of the electronic 
structure of the molecule. A knowledge of molecule transport 
properties is required both for developing new devices and 
applications and for controlling ultimate transistors in which 
the active part would be a single molecule. 
The main research activity of the team is devoted to single 
molecule transport in samples made by electromigration. 
Electromigration in a metal wire subject to a high current 
density is the process in which atoms of the metal move due 
to the momentum transfer from the electrons, leading even-
tually to the breaking of the wire. Usually, this is an unwanted 
and uncontrollable process known for causing interconnects 
failures in integrated circuits. However, ten years ago phy-
sicists realized that, when controlled, electromigration turns 
out to be extremely useful to fabricate metallic nanogaps and 
three-terminal molecular devices. Despite the success of this 
approach, the real nature of the object measured in electromi-
grated molecular devices is still an open question. To address 
this issue, our aim is to evaporate molecules on bare nanogaps 
previously measured in the tunneling regime. We have deve-
loped a controlled electromigration method for fabricating 
nanogaps and we have performed a detailed analysis of the 
current-voltage characteristics of gaps without molecules at 
low temperature. Our results reveal a drastic reduction of the 
work function in gold nanogaps with respect to bulk values 
showing that, even without molecules, transport is infl uenced 
by the nanoscale dimensions. We have developed a technique 
to deposit C60 molecules in situ at 4 K after the electromi-
gration process in order to investigate how the experimental 
signatures of quantum transport are modifi ed when a single 
molecule is inserted in a nanogap.
More recently we launched a second project at the interface 
between physics and chemistry. The question we address is 
the infl uence of the metal-molecule bond on the electronic 

transport in conductive oligomer, a potential building block 
for molecular magnet. The solid state system investigated is 
a metal/oligomer/metal junction. The oligomer layer is  graf-
ted on a gold surface at ITODYS (University Paris Diderot, 
CNRS). It shows diode like behavior in electrochemistry due 
to covalent bond at metal/molecule interface. Our fi rst expe-
rimental results suggest that the conductive oligomer layer 
when included in a solid state device keeps its specifi c trans-
port properties.
 



Reduced work functions in metallic nanogaps and in situ 
deposition of C60 molecules.

Controlled electromigration is a widely used technique for realizing single mo-
lecule transistors. In such devices, several many-body phenomena have been ob-
served including Coulomb blockade, the Kondo effect, and recently, a quantum 
magnetic phase transition. These experiments raise the question of the appro-

priate description of elec-
tron transport through the 
nanogap in the tunneling 
regime, i.e. without a 
molecule trapped in the 
gap. Since criteria for 
probing the nature of a 
molecule are signatures 
in transport properties 
at specific energies, the 
knowledge of the beha-
vior of bare nanogaps 
would clarify the inter-
pretation of experiments 
on single molecule tran-
sistors. Although elec-
trical characterizations 
have been performed on 
bare electromigrated na-
nogaps, detailed measu-

rements of their conduction properties have not been repor-
ted. We have conducted a careful analysis of the current voltage 
characteristics of gold electromigrated nanogaps. Our results reveal that work 
functions in nanogaps are drastically reduced with respect to bulk metal.  
Initially, the sample is a gold nanowire made by electron beam lithography and 
metallic evaporation. The nanowire is fabricated on top of an oxidized Al wire 
which can be used later as a gate electrode. The principle of the electromigra-
tion technique consists in raising the current density in the wire by applying 
a voltage ramp until electromigration starts to occur. The process is control-
led by a feedback loop which sets the voltage to zero when the wire begin 
to thin [1]. Successive voltage ramps allow to reduce progressively the wire 
diameter. As shown in the inset of Fig. 1, during the last step of the electro-
migration process, the sample conductance evolves abruptly and displays pla-
teaus at fractions of the conductance quantum. This suggests that before brea-
king the contact is ballistic with a size comparable to the Fermi wavelength. 
After breaking, we measure the current-voltage (I-V) characteristics of the bare 
gold electromigrated nanogaps at T = 4 K. As shown in Fig. 2, the I-V’s are non 
linear and asymmetric. In our theoretical transport model based on the Landauer 
Büttiker formalism, the nanogap is described as a 1D conductor with a single 
conducting channel. The transmission through a trapezoidal tunnel barrier is 
computed using the WKB approximation. Using this model, we have success-
fully fitted the I-V cha-
racteristics over a 
large range of applied 
voltage from the tun-
neling regime at low 
voltage where the cha-
racteristics is linear 
to the field emission 
regime where the cur-
rent varies exponenti-
ally with the voltage 
(see Fig. 2). For each 
nanogap, we extract 
its electronic signature 
consisting of the effec-
tive potential barrier 
heights and width. 
The accuracy of the 
fit allows us to detect 

nanogaps with gold clusters than can mimic the effect of a molecule. The ave-
rage width is 1 nm resulting in gaps suitable for single molecule insertion. 
In our measurements the average barrier height is 0.7 eV, whereas the work 
function of gold is around 5 eV. Such a drastic reduction had not been ob-
served in nanogaps before. The influence of adsorbates on transport pro-
perties of nanocontacts measured in mechanically controllable break 
junctions or in scanning tunneling microscope experiments is a long stan-
ding issue in literature. Our work shows that this issue of work function 
reduction is also relevant for nanogaps fabricated by electromigration. 
The aim of our team is to deposit C60 molecules in situ at 4 K inside a nanogap 
after the electromigration process in order to investigate how the experimental 
signatures of quantum transport are modified in presence of a molecule and how 
the molecular levels interact with the electronic and spin degrees of freedom 
in the electrodes. Our preliminary results, obtained by evaporating C60 from a 
Mo crucible mounted inside a dilution fridge, show that one can deposit a few 
layers of molecules at 400 °C without rising significantly the temperature of 
the sample located above the crucible. The next experimental step consists in 
detecting the insertion of a molecule by a change in the conduction properties 
of the nanogap.

Transport through grafted conducting oligomers layers in 
a solid state device.

Conducting oligomers layers are attractive candidates for the development of 
molecular electronics thanks to their ability to realize a good electric contact 
with metal surfaces. The latter is a central issue for ensuring the connection of a 
molecule, or a group of molecules, with metal wires inside the future molecular 
integrated devices or circuits. Recently, Jean-Christophe Lacroix and cowor-
kers at the ITODYS labora-
tory (University Paris Diderot 
and CNRS) have shown that, 
in electrochemistry, oligo-

mer layers display a diode 
like behavior due to the metal/oligomer covalent bond and to reversible on/
off switches capabilities controlled by the redox state of the conjugated oligo-
mer. We have fabricated and measured hybrid metal/oligomer/metal solid state 
structures to test whether this behavior is still present in a solid state device.  
We start by patterning gold electrodes on a Si substrate by electron beam lithogra-
phy and metallic evaporation. The oligomers are then grafted on the gold surface 
by the ITODYS team using a method based on the electroreduction of diazonium 
salts. Eventually, we deposit a second gold layer on top of the oligomer to obtain 
a metal/oligomer/metal junction. Figure 3 shows the current density vs voltage 
measured on many oligomer junctions with areas varying from 5 x 5 mm2 to 50 
x 50 mm2 at room temperature. Our measurements demonstrate the robustness of 
the oligomer layer since it can sustain the metal evaporation and show very low 
leakage current. Moreover, the consistency of the experimental results suggests 
that the observed asymmetry in the current-voltage characteristics could be the 
solid state signature of the diode like behavior already observed in electroche-
mistry. Further tests are currently under way to confirm this interpretation. Since 
the oligomer layers can be overgrafted by various molecules, such hybrid sys-
tems are candidates for realizing solid state devices combining single molecule 
magnets or magnetic building blocks with conductive oligomers. 
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Figure 1 : Left: current-voltage characteristics during the elec-
tromigration process. Inset: conductance plateaus observed du-
ring the last ramp. Right: scanning electron microscope image 
of a nanogap. 

Figure 2 : cycloidal order showing F 
modes (cyclon modes) corresponding 
to spin excitations with an ellipse shape 
elongated along y and Y modes (extra 
cyclon modes) as ellipse elongated 
along the tangent vector which belongs 
to the xz plane and is perpendicular to 
each spin. The polarization P along the 
[111] direction point at the z axis. 

Figure 1 : Current-voltage characteristics measured on two diffe-
rent electromigrated gold nanogaps (open dots). Solid lines are fits 
based on a trapezoidal barrier model with reduced work functions 
(< 2 eV).
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The general concern of the IPIQ team is the light mat-
ter interaction in laser-cooled trapped ions. One of 
the main motivations is the need of new media and 

devices for quantum information processing. The properties 
of trapped ion ensembles are of particular interest for quan-
tum state manipulation : weak coupling to the environment, 
long trapping lifetime, strong coupling to laser light, ordered 
structure of the crystallized samples, individual and global 
laser addressing, effi cient sympathetic cooling in multi-spe-
cies ensembles, scalability of the micro-fabricated trapping 
devices… The IPIQ team has developed its activity around 
four themes, explored both experimentally and theoretically, 
from very fundamental quantum phenomena to more techno-
logically involved studies.
A fi rst experimental setup is devoted to the realization of a 
quantum memory based on the interaction of a laser beam 
with a cold strontium ion cloud. The realization of a memory 
operating in the quantum regime is a novel challenge. The 
quantum memory is based on the mapping of the polarization 
state of a coherent laser-beam into the collective spin state of 
an ion ensemble. This requires a strong light-matter coupling 
and thus a large number of trapped ions. A linear Paul trap 
for strontium ions has been developed to trap up to 106 Sr+ 
ions in an elongated geometry, suitable for maximum overlap 
with a laser beam. The main achievement of the recent period 
is the laser-cooling of the ions down to the phase transition 
where a long range order appears (ion Coulomb crystal, see 
picture above). Furthermore, thanks to strong electrostatic 
interaction, a laser-cooled strontium isotope can sympatheti-
cally cool other isotopes. These samples are ideally suited for 
collective spin manipulation experiments to come.
A second experimental project concerns the design and the 
operation of micro-fabricated ion traps. Cold trapped ions are 
among the most advanced systems that demonstrated elemen-
tary quantum computing operations. The extension of these 
proofs of principle requires scalable devices that integrate 
many simple systems into a complex ensemble. Micro-fabri-
cated traps are the ideal way to obtain this integration and the 
IPIQ team has designed and realized several prototypes in a 
planar geometry where electrodes are deposited on an insula-
ting substrate. The trap size is currently in the 0.1 mm range.

A third research activity concerns quantum optics, a very ac-
tive fi eld that deals with non classical states of light. Among 
those states, twin beams consist in two beams that display 
quantum intensity correlations that can be used to increase 
the precision in optical measurements («noise reduction») 
or as a resource for quantum information. An atomic vapor 
constitutes a very effi cient non-linear system suitable for 
generating quantum intensity correlations.  An extensive ex-
ploration of the generation of intensity-correlated beams by 
four-wave mixing in a hot 85Rb cell was performed. A quan-
tum noise reduction up to 9.2 dB on the intensity difference 
between the seed and conjugate beams was demonstrated. A 
theoretical description of this system has also be of en done, 
in good agreement with the experimental results.
The fourth theme is purely theoretical at the present stage. 
The goal is to study new robust quantum information sche-
mes based on qubits protected against decoherence. These 
qubits are carried by entangled states of many spin 1/2 parti-
cles. Such systems can be realized with trapped ions leading 
to logical qubits with coherence times well over 105s. Beyond 
the possibility of manipulating very long lifetime qubits, one 
of the main and unusual features of these systems is that their 
coherence lifetime increases with the size of the system.



Large laser-cooled ion crystals for quantum memories

The goal of this project is to build an atomic medium with long lifetime, weak cou-
pling to the environment and strong coupling to a laser beam. Such a medium could 
be employed to store and restitute the quantum state of a laser beam, achieving a 
so-called quantum memory in the continuous variables regime. We have previously 
theoretically studied the feasibility of such a memory [1] in the case of a large Sr+ ion 
Coulomb crystal.
In the last two years, in the framework of the PhD of S. Removille, a second gene-
ration linear Paul trap has been designed and setup, improving the symmetry and 
depth of the trapping potential, allowing for both an optical and a direct ion detection. 
We have developed a new loading technique based on the photoionization of neutral 
Sr atoms by ultrafast laser pulses at 431nm[2]. These improvements allowed us to 
achieve an extreme control of the ion cloud : from the formation of few ion strings 
to large Coulomb crystal (2cm long, 1mm radius) containing up to 106 ions [3]. The 
laser cooling efficiency and the optical fluorescence imaging sensitivity and resolu-
tion allow for single ion observation inside a sample. The analysis of the fluorescence 
spectrum and of the ion cloud shape allowed us to estimate several characteristics of the 
cloud: the ion motional frequencies, the number of trapped ions, the thermodynamical 
state (thermal cloud or Coulomb crystal).
Furthermore, we put into evidence the isotopic segregation occurring in crystals and de-
monstrate very efficient sympathetic cooling between 86Sr+, 87Sr+ and 88Sr+ isotopes. 
In particular, the crystallization of the whole sample can be obtained with laser-cooling 
applied to the less abundant isotopic fraction (86Sr+, 10% of relative abundance) as 
shown in figure 1. This demonstration is an essential step towards the realization of a 
long lifetime quantum memory, since it allows for the coherent laser manipulation of 
a trapped, cold, dense, atomic ensemble, in the absence of perturbation due to cooling 
lasers.

Microfabricated ion traps

Cold trapped ions are at the origin of some of the most advanced experimental imple-
mentations of quantum information protocols. Even though successful demonstration 
of universal quantum gates has been achieved in macroscopic traps (of tens of mm), ion 
traps can be implemented in microscopic devices in which electrodes are grown on a 
substrate. This opens the way to both a scalable quantum processor (increase of the trap 
density per surface unit) and to the conception of quantum buses (on which entangled 
ions can be transported between distinct processing areas).
Several groups perform experiments on such «microtraps», the simpler geometry being 
that of «planar traps» in which all the electrodes lies in a plane. However, a still open 
major technological issue is given by the «anomalous heating» problem: the residual 
fluctuations of the electrical field perturb the trapping potential and induce a vibrational 
excitation. The heating rate was measured to scale as d-4 (d being  the distance  between 
the ion and the electrodes). Miniaturization can then induce an excessive heating that 
would limit the quantum gate fidelity and the realization of reliable devices.  
In the framework of the PhD of R. Dubessy, we developed an analytical model that 
describes anomalous heating in terms of a characteristic correlation-length associated to 
electrode imperfections. This model predicts that a d-1 behavior of the heating rate can 
be achieved provided a control of the surface defect characteristic size[4]. 
On the experimental side, as soon as 2005, we designed and realized micro-fabrica-
ted traps in collaboration with Thales Research and Technology. The detailed study of 
these first silicon prototypes («volumic» trap, in which the ions are trapped inside a slit 
through the substrate) concluded to the impossibility to trap the ions due to realization 
imperfections. In 2008, we started the conception and the realization of a second-gene-
ration microtrap based on a planar geometry. One scientific goal is to develop a fabrica-
tion technique that minimizes the heating rate. The realization is made in collaboration 
with M. Woytasik at the Institut d’Electronique Fondamentale (Orsay) following the 
protocol reported in figure 2.

First prototypes (figure 2b) are being tested electrically outside the high vacuum vessel. 
We developed a complete experimental setup including fibered cooling lasers, vacuum 
vessel, high numerical aperture imaging, photon counting detection, that has been suc-
cessfully tested on a centimetric trap and is ready to host a microtrap. These prelimi-
nary steps should allow us to quickly study the first available functional prototypes of 
microtraps.

Quantum correlated twin beams generation by 4-wave mixing

Twin beams are of great interest in quantum information transmission, processing or 
storage experiments. They are produced by non-linear optics processes.
The experiment we developed during the last two years in the framework of the PhD of 
Q. Glorieux is based on four wave mixing in a rubidium vapor cell. An intense «pump» 
beam crosses a weak «seed» beam in the cell. The non-linear interaction in the atomic 
vapor gives rise to the amplification of the seed and to the creation of a «conjugate» 
beam strongly correlated with the seed. These correlations come from the fact that the 
emission of one photon in the seed beam triggers the emission by the atomic medium of 
one photon in the conjugate beam. We characterize this property by measuring simulta-
neously the intensity of the seed and conjugate beams. Once technical noise on the laser 
beams is canceled, the residual noise on the intensity difference between two equally 
intense laser beams (shot noise) is due to the quantum fluctuations of the photon flux. 
When the two beams are correlated, the residual fluctuations may be measured below 
the standard quantum limit (SQL). In our experiment, we have been able to observe a 
noise reduction in the intensity difference up to 9.2dB below the SQL. This experiment 
was carried-out with laser beams around 795 nm, tuned close to the 85Rb D1 transition. 
The pump beam intensity was in the order of 1W and sent into a 12.5mm long cell filled 
with  isotopically pure 85Rb.
In order to understand the system and find the optimal conditions, we have derived a 
four-level atomic model that gives a microscopic description of its classical and quan-
tum properties. This model is based on the Heisenberg-Langevin approach and gives 
the gain and quantum correlations at the output of the system. Moreover, using this 
model, we can show that beyond intensity correlations, one can also expect phase anti-
correlations. This is the signature of the production of entanglement, a key resource for 
quantum information science.

Decoherence Protected qubits
An important requirement for quantum computation is the decoupling from the envi-
ronment. Indeed this coupling destroys the coherence that characterizes the specific 
properties of quantum systems. This loss of coherence generates errors in quantum 
computation
While in classical computing a very simple solution consists in using several copies 
of the same bit, such a solution is not available in quantum physics where copying is 
forbidden (no cloning theorem). However, one can encode a logical qubit in a set of phy-
sical qubits: the larger the number of physical qubits the more efficient the protection 
from the environment. Quantum error correction protocols are based on this concept.
We demonstrated that such an approach, using a whole string of trapped ions as logical 
qubit, leads to a lifetime on the order of a day [5] (to be compared to seconds for the 
physical qubit). This was obtained by applying an effective spin-spin interaction hamil-
tonian implemented by laser manipulation of single ions.
Such systems, precisely designed to be immune from external perturbations, are hard 
to manipulate. Nevertheless, we have recently shown that by a slow modification of 
the interaction hamiltonian, it is possible to obtain single qubit operation that is both 
deterministic and immune to most sources of noise. This analysis is based on analytical 
calculations and on numerical simulations.
This work is an original collaboration between several groups interested in quantum 
information topics as well as in condensed matter theory where the notion of error cor-
rection was introduced in the framework of strongly correlated fermions. Collaborators 
are Benoît Douçot (LPTHE, Paris), Lev Ioffe (Ruttgers University, USA) and Perola 
Milman (ISMO, Orsay).
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Figure 1 : Fluorescence image of a 15 mm long Sr+ Coulomb crystal. The lasers are tuned close to the 
88Sr+ isotope transitions (intensity in a red scale)and to the the 86Sr+ isotope transitions (intensity in a 
green scale). One can appreciate the spatial segregation and the presence of a dark shell in which 87Sr+ 
ions are located

Figures : 

a) Schematic technological steps for the fabrication of a planar ion microtrap. 

b) The IPIQ planar microtrap (copper electrodes) observed by optical microscopy. Ions are trapped above 
the substrate surface at a distance of several tens of microns
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The activity of the DON team is focused on the physics 
of semiconductor integrated optoelectronic devices, 
spanning from optical parametric sources (spectros-

copy and telecom applications) to twin photon sources (quan-
tum information), and from opto-mechanical microcavities 
(force sensors) to infrared detectors (QWIPs and quantum 
cascade detectors). Our know-how encompasses the fi elds 
of quantum, nonlinear, integrated optics, semiconductor phy-
sics (optical and mechanical properties, transport), and de-
sign and fabrication of micro- and nano-photonic structures. 
These extended competences have been built by bringing 
together several scientists with different backgrounds, co-
ming from thematically different laboratories, and are fed by 
a large number of national and international collaborations: 
Thales Research and Technology, Alcatel-Thales 3-5 Lab, 
CEA, Laboratoire de Photonique et Nanostructures, Labora-
toire Kastler Brossel, ONERA, Universities of Geneva and 
Munich... DON experimental research is structured in four 
synergic themes.
The fi rst theme deals with nonlinear integrated optics in Al-
GaAs based waveguides and microcavities, with the main 
objective of obtaining new coherent emitters in different wa-
velength ranges, in the perspective of electrical pumping and 
room-temperature operation. The present focus is on para-
metric oscillation in the 2-4 mm range, as well as difference 
frequency generation in the THz range. The former is carried 
out in partially oxidized GaAs/AlAs multilayer waveguides, 
whereas the latter in InAs/GaAs quantum-dot-active whispe-
ring-gallery-mode microdisks.
The second theme is the conception, fabrication and charac-
terization of photon sources for quantum information. Semi-
conductor materials offer the potential of full optoelectronic 
integration; our group exploits the process of parametric down 
conversion in semiconductor waveguides and microcavities 
to generate pairs of entangled photons. This approach allows 
for working at room temperature and telecom wavelengths 
and opens the way to more complex quantum architectures, 
including the integration of diode lasers and waveguide inter-
ferometers for quantum computation.
The third theme deals with quantum nano-optomechanics in 

semiconductor systems consisting of GaAs disks. This is a 
rapidly evolving fi eld of research at the crossroads of optics, 
condensed matter physics and quantum physics [2]. Using 
optomechanical coupling, the motion of a mechanical oscilla-
tor can for example be cooled optically, in complete analogy 
with the process of laser cooling of atoms. It is notably en-
visioned that this will allow cooling a mechanical oscillator 
down to its quantum ground state, a macroscopic quantum 
state of matter that could be useful in sensing applications. 
The fourth theme is infrared detection, leading to many ap-
plications in different fi elds such as infrared imaging, night 
vision, astrophysics or medical areas. Multi-quantum wells 
infrared detectors have been developed in few years from 
simple quantum wells structures to complexe focal plan areas. 
However, the physical mechanisms are still a subject of in-
tense research. One of the aim is to understand and model the 
electronic transport in multi-quantum well structures in order 
to develop new optimized structures for infrared detection 
and also new structures to enlarge the wavelength range of 
operation to reach new applications for example in the THz.



Semiconductor sources of twin photons 

In the last years, a great deal of effort has been devoted to the miniaturization of 
quantum information technology, in particular to twin photon sources. Our ap-
proach, exploiting parametric down conversion in AlGaAs waveguides, allows 
for working at room temperature and telecom wavelengths, with a good col-
lection efficiency. Since AlGaAs is isotropic, alternative solutions to obtain the 

phase matching condition 
have been proposed by 
our team. Among these, 
the counterpropagating 
phase-matching, in which 
a transverse pump beam 
creates photon pairs into 
two orthogonally pola-
rized guided modes has 
been has been demonstra-
ted to be a very flexible 
means to produce genera-
lized states of frequency 
correlation, which are of a 
growing interest in quan-
tum information theory. 
Our group has recently 
demonstrated an AlGaAs 

ridge microcavity emitting 10-11 pairs per pump photon, with a spectral width 
of 0.3 nm for a 1mm long sample. [1] The indistinguishability between the two 
photons of a degenerate pair and the evaluation of the potentiality of entangle-
ment have been demonstrated via a Hong-Ou-Mandel experiment showing a 
visibility of 85% (see Fig. 1). These results open the way to the production of 
polarization-entangled Bell states or to the control of the two-photon state via 
the proper choice of the spatial and spectral pump beam profile 

Quantum nano-optomechanics in semiconductors

The GaAs disk nano-optomechanical resonators that we study in the group are 
able to confine both optical and mechanical energy in a sub-micron interaction 
volume. The resulting optomechanical coupling is extremely strong and has 
reached values up to 100 GHZ/nm in our recent experiments. Such coupling 
allowed us to perform ultra-sensitive optical measurements of the disk nano-
mechanical motion. We observed disk mechanical modes with frequencies up to 
GHz, and reached a displacement sensitivity of 10-17m/√Hz when monitoring 
their motion. Such sensitivity is only a factor 100 above the standard quantum 
limit imprecision of position detection. These very high frequency GaAs disk 
resonators have the additional advantage of being potentially integrated on-
chip, thanks to GaAs semiconductor photonics technologies. We are currently 
studying how to use these nano-systems as novel integrated optical/mechanical 
sensors (see figure, where a suspended GaAs nano-waveguide is positioned in 
the vicinity of a disk resonator). 

Terahertz room-temperature integrated parametric source 

The last decade has witnessed an increasingly strong interest for the 
THz in the scientific as well as the commercial, military, and securi-
ty fields. Despite the considerable demand in terms of possible applica-
tions, the “ideal” THz system (source + coherent detector) is still lacking. 
We have recently designed a radically new integrated THz emitter. [3] This is 
based on the parametric optical process of difference frequency generation, in an 
AlGaAs microstructure combining the strong nonlinearity of such material and 
a strong optical confinement. Our approach relies on a quasi-phase-matching 
scheme between whispering 
gallery modes of a micro-
disk that contains one or 
more quantum-dot layers. 
With respect to existing 
sources (photoconductive 
antennas, photo-mixers, 
quantum cascade lasers, 
OPO…) our emitter pro-
mises a few strong points: 
operation at 300 K, electri-
cal pumping, compactness, 
THz power of the order of 
a few μW, adjustable wa-
velength between 2.4 and 6 
THz, great spectral purity. 
Besides these innovative as-
pects, this device lends itself naturally to the fabrication of two-dimensional 
arrays of emitters and to reciprocal schemes of coherent detection.  This project 
has received the Richelieu Award 2009 and has lead to the filing of a patent.

Transport Mechanisms in Quantum Well Detectors 

Between optics and electronics, the THz is still a spectral region with only a 
few high-performance detectors in terms of sensitivity and speed. Quantum 
Well Infrared Photodetectors (QWIPs) have been developed during the last 
decade in the near- and mid-infrared, while they have only been proposed in 
the last few years for the THz region. The development of THz QWIPs re-
quiring a precise knowledge of transport mechanisms, we have shown for the 
first time abrupt discontinuities of few orders of magnitude in their Current/
Bias characteristics [4]. Through a theoretical model, have been able to ex-
plain and describe precisely this phenomenon, which originates from impact 
ionization. Having understood this mechanism, it is now possible to develop 
new THz detectors for specific applications, such as single-photon detection.  
We are also interested in Quantum Cascade Detectors (QCDs), because of their 
operation at zero applied bias. After having recently understood and modeled 
their electronic transport at 8 μm and 15 μm, we are presently developing opti-
mized structures with good electronic extraction and carrier transfer [5].
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Figure 1 : Hong-Ou-Mandel dip.

Figure 3 :  THz source on (100) GaAs substrate. 

Figure 2 :  Integrated waveguide-microdisk system
Figure 4 :  I-V curves at 4K.
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The group QUAntum physics and Devices (QUAD) 
investigates quantum phenomena for the realisation 
of optoelectronic devices with new functionalities. 

The core of the activity is centred on unipolar intersubband 
devices operating in a very wide spectral range from mid 
to the far infrared (4 μm < λ < 500μm). The effort focuses 
on the conception, realisation and characterisation of low 
dimensional structures that provide artifi cial effective confi -
nement for electrons and photons.
Recently some research activities have been undertaken, 
with the aim of merging our quantum devices with well es-
tablished technologies such as telecom, μ−wave and time 
domain spectroscopy. In this domain of research very si-
gnifi cant results were obtained on the stabilisation of THz 
quantum cascade (QC) lasers using a frequency comb from 
a fs fi bre laser. Moreover, high frequency modulation of a 
QC laser above 30 GHz was demonstrated.
A very far reaching line of research that  is  actively pursued  
is the development of optoelectronic devices operating in 
the strong coupling regime for the realisation of very ef-
fi cient emitters and detectors in the mid and far infrared. 
This research will be developped during the next fi ve years 
thanks to the obtention of a ERC grant.
The group activity is strongly connected to the technolo-
gical clean room facility, in particular for the fabrication 
processing. The conception of a quantum device cannot be 
separated from its fabrication and for this reason the QUAD 
team is the major contributor to the clean room of the uni-
versity. The technological efforts are centered at present on 
the realisation of quantum cascade lasers with integrated 
functions for wavelength stabilisation and control on the far 
fi eld radiation. New device architectures based on three ter-
minals for optical transceiver operating at high modulation 
frequency were also recently demonstrated.
The possibility of developing on the long term (15 to 20 
years) new technology with the potential for practical ap-
plications is one of the main motivations of the research. In 
this respect the protection of the inventions and the develo-
pment of intellectual property are amongst the top priorities 
of the Laboratory. 

The group collaborates with several laboratories worldwide 
in the fi eld of quantum devices (Harvard University, ETH 
Zurich, ENS Paris, SNS Pisa, TU Wien, …) and of optical 
metrology frequency (LNE-SYRTE Paris).
Industrial partners are also involved through formal colla-
borations (THALES and CEA-Leti).



Gain and losses in mid-infrared quantum cascade lasers 

We developed an experimental technique for the measurement of gain and losses of 
mid-infrared quantum cascade lasers based on the optical injection of a chirped distribu-
ted feedback (DFB) laser [1]. The frequency chirp creates the Fabry-Pérot fringes of the 
transmitted intensity that contains the entire information on the cavity losses. This setup 
allowed us to perform a detailed study of the losses of mid-infrared quantum cascade la-

sers as a function of the injected current. 
We measured the key parameters that 
determine the laser performances, such 
as mirror and waveguide optical losses, 
doping level and transparency current 
[2]. The analysis of the experimental 
results, together with a rate equation 
model, allowed us to investigate the 
role of the thermal backfilling on the 
laser performances. Moreover, by com-
paring the value of the losses measured 
at different wavelengths, we were able 
to extract the voltage evolution of the 
population density difference between 
the two laser levels.

Integrated quantum cascade laser-modulator

The quantum cascade laser is the only optoelectronic device based on electrons only. 
This property, known as unipolarity, is typical of three terminal devices such as tran-
sistors and it has not been yet exploited. In recent work we have shown that we can 
modulate the intensity of a QC laser by the electrical control of the imaginary part of 
the effective refractive index. This has been realized by exploiting the linear Stark effect 
of asymmetric coupled quantum wells, which allows the electrical tuning of the peak 
absorption wavelength. Up to now the modulation of the intensity of QC lasers has been 
achieved by directly modulating the driving current. To do so, however, a rather high 
modulation power around 100mW is necessary. We have proposed and realised [3] an 
integrated electrical modulator that acts on the optical losses. Our approach allows the 
use of a much lower voltage swing and reduces drastically the injected power for am-
plitude modulation. This technique could be favourably applied to DFB lasers in order 
to avoid the linewidth enhancement observed for low frequency modulation, typically 
induced by thermal effects.

Electrical injection of intersubband polaritons

We realized an electroluminescent device operating in the light-matter strong-coupling 
regime, based on a GaAs/AlGaAs quantum cascade structure embedded in a planar 
microcavity [4,5]. In this device, working up to room temperature, the lower polariton 
states are populated thanks to a resonant injection of electrons. We have shown that the 
shape of the electroluminescent spectra can be very well simulated as the product of the 
absorption spectrum times a function describing the spectral distribution of the electro-
nic injector. The electroluminescence spectrum strongly depends on the bias applied 
to the device. This property allowed us to obtain a voltage tunable electroluminescent 
device.  A second class of polaritonic devices has been realized in the InAs/AlSb ma-
terial system, based on a different design of the active region. Angle resolved spectra 
give evidence of a LO-phonon – polariton scattering between the two branches. This 
mechanism can lead to polariton stimulated emission and open a concrete possibility to 
the realization of an electrically pumped polariton laser.

Light matter ultra-strong coupling in the THz frequency range

We have fabricated metal-dielectric-metal microcavities combined with quantum wells 
in order to achieve the regime of the strong light-matter coupling in the THz range. 
In these structures the top metallic surface is textured in a periodic array of patches 
or stripes. The double-metal design has an optimal electromagnetic confinement, and 
the resonant frequencies are set by the lateral size of the resonator. Different resonator 
shapes have been studied, with 0D or 1D confinement and, recently, a geometry suitable 
for electrically injected devices have also been demonstrated. 
In our system very high coupling constants have been achieved: from 22% to 50% of the 
bare intersubband energy [6]. This allowed us to explore the regime of the ultra-strong 
coupling [7]. We have observed the nonlinear behaviour of the polariton states predicted 
by the theory [7], and established a clear link between this effect and the plasmonic exci-
tation of the high density 2D electron gas in the quantum wells. Currently, we are imple-
menting devices where the density of the 2D gas is controllable by a gate voltage. 

Plasmonic Cavities

We have also conducted a detailed experimental and theoretical study of the resonator 
structure alone. We have shown how the structure can be optimized in order to absorb 
very efficiently the incident electromagnetic energy independently from the angle or 
the polarization. 
 Next we have pushed this concept to the Mid-Infrared frequency range (λ ~ 10 µm). 
The challenge of this study are the highly sub-wavelength typical dimensions of the 
structures, therefore they are realized in electrical lithography.  Our measurements in 
the Mid-Infrared range revealed a new photonic phenomenon, which is the coupling 
between the highly confined cavity modes, localized under the metallic patterns, and 
a surface plasmon-like mode delocalized along the periodic array of resonators. The 
characteristics (frequency, decay length) of this artificial plasmon are controllable by 
the geometry of the structure.  Therefore these studies could be a conceptual step to new 
active plasmonic devices in the mid-infrared region.

Optical output beam engineering

The waveguides of THz QCLs are based on metal layers that confine the optical mode 
over dimensions smaller than the wavelength of the emitted radiation. This produces a 
strong impedance mismatch between the guided wave and free space that is at the origin 
of (i) a strongly divergent optical beam and (ii) a low power out-coupling. This poor 
beam quality hinders the efficient coupling of THz QCL radiation to optical elements 
such as lenses, detectors etc. In our group we have approached this problem by fabrica-
ting a rescaled version of classical horn-antennas, currently employed in the microwave 
range to out-couple the radiation confined into parallel plate metallic waveguides. We 
have integrated these THz-horn antennas at the output facet of THz QCL waveguides 
[8]. This allows an adiabatic broadening of the confined mode section from sub-wave-
length dimensions (< 50μm2) right on the laser facet, to an area covering several mm2 at 
the antenna end. Using a 2.8THz QCL we have demonstrated that this technique brings 
to a dramatic reduction of the beam divergence and to an increase of the output power 
by approximately one order of magnitude.   

High Frequency modulation of THz QCLs.

In QCLs population inversion takes place between electronic subbands in the conduc-
tion band of multi-layered heterostructures. This brings non-radiative recombination 
times on the ps timescale, which have a dramatic impact on their dynamical properties. 
In particular, contrary to interband diode lasers, a flat intrinsic modulation frequency 
response function is expected. This in principle allows efficient direct amplitude modu-
lation (AM) of the gain medium up to very high frequencies. During the last two years 
we have shown that THz QCLs based on metal-metal are more suitable for high-speed 
AM compared to QCLs operating in the mid-ir[9]. In fact the so-called metal-metal 
waveguide is essentially a downscaled version of standard microwave microstrip-wave-
guide, and provides nearly 100% overlap factors, from THz to GHz frequencies, of the 
fundamental TEM mode with the active region. These excellent confinement properties 
are combined with relatively small amplitude attenuations at GHz frequencies (~2.5dB/
mm at 40GHz) thanks to the fact that in THz QCLs the doping level of the active region 
is weak. These properties have allowed us to demonstrate the AM of THz QCLs beyond 
30GHz, the highest ever reported for a QCL.

Coherent control of THz QCLs

During the last two years we have setup a new research line dedicated to the implemen-
tation of a techniques to control coherently the radiation emitted by QCLs. By coherent 
control we mean the possibility to control with ultimate precision the emission frequency 
and the phase of single-mode or multi-mode QCLs. In the case of multi-mode emission 
the end goal is to be able to control the 
frequency and the phase of each longi-
tudinal mode. This will give us the pos-
sibility to detect coherently the radiation 
emitted by THz QCLs, which opens up 
new perspectives for the study of these 
lasers in a regime of mode locking and 
for their use in sensing applications. The 
main results achieved during 2010 are 
(i) the phase-locking of the emission 
frequency of a 2.7THz QCL to the re-
petition rate of mode-locked fs-laser 
with a relative frequency stability below 
1Hz[10], and (ii) the injection-locking 
of the repetition-rate of a THz QCL to a 
microwave synthesiser. These two tech-
niques will now be used simultaneously 
to achieve the coherent control of a mul-
ti-mode QCL.
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Figure 1 : Reflectivity contour plot as a function of 
frequency and temperature, for a polaritonic system. 
Note that the splitting between the polariton branches 
appears below T = 100K.

Figure 1 : High resolution spectrum showing 
the relative frequency stability of a 2.7THz 
QCL phase-locked to a femto-second fibre la-
ser. The frequency stability is below 1Hz.
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TThe group THEORIE at MPQ is devoted to the theoretical study of new quantum systems and to the exploration of 
unconventional regimes in condensed matter systems including semiconductors, superconductors, hybrid systems, 
ultracold atoms, molecules and ions. New theoretical methods are developed in order to investigate fundamental 

properties and also to study new quantum device functionalities, particularly in out-of-equilibrium conditions and in pre-
sence of a noisy environment. The recently founded theoretical group includes several members with a broad spectrum of 
expertises, ranging from state-of-the-art numerical simulations of correlated systems to modern quantum fi eld theoretical 
tools, providing enriching cross-fi eld exchanges and synergy within the group and creating a signicant platform of fruitful 
interactions with several experimental teams at MPQ, in France and abroad. Among the various subjects studied by the 
group members, we wish to point out the following ones: strong electronic/optical correlations and quantum entanglement, 
manybody physics of open quantum systems in quantum optics and electronics, as well as the control and engineering of 
quantum phases.



Cavity and circuit quantum electrodynamics 
in solid-state systems

We explore theoretically cavity (circuit) quantum electrodynamics in 
the so-called ultrastrong coupling regime. This is a non-standard limit, 
which is obtained when the interaction between a confined photon and 
an elementary electronic excitation (quantified by the vacuum Rabi fre-
quency) is comparable or larger than the electronic transition frequency. 
We have pioneered this new regime in the case of a cavity-embedded 2D elec-
tron gas. In this unprecedented regime, it is possible to modify the nature of the 
quantum vacuum and the spectrum of optical excitations. The quantum ground 
state (vacuum) contains photons, which can be released out of the cavity by 
non-adiabatic modulation of the system of the vacuum Rabi frequency. Recently, 
we have been working on original properties of circuit-QED systems based on 
superconductors, which can also reach this regime. Presently, we study quantum 
phase transitions and quantum information based on quantum vacua.
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Non-equilibrium quantum fluids
We investigate the fundamental properties of non-equilibrium quantum fluids, in 
particular those consisting of strongly correlated photons (or polaritons). These 
systems differ from superfluid helium or ultracold atomic gases, because the 
dynamics is strongly out of equilibrium, the steady-state being essentially driven 
by applied laser beams. Recently, we have explored the supefluidity of light, 
the propagation of polariton condensates, as well as quantum phases of strongly 
correlated photons in lattices of nonlinear cavities. 
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Far-from-equilibrium quantum impurities
Quantum impurity systems refer to situations where a nanoscopic sub-
system (two-level system, atom, molecule...) is connected to macros-
copic reservoirs (metallic electrodes). They are amongst the simplest 
quantum systems that can be driven out-of-equilibrium. We investigate 
the description of the microscopic states of the system when reser-
voirs are held at different chemical potentials. Answering this question 
is equivalent to knowing the density matrix out-of-equilibrium, a fun-
damental issue of correlated many body systems. Recently, we have ob-
tained exact results for an interacting model far from equilibrium, that 
reveal a striking negative differential conductance, and the formation 
of a charge 2e «conducton» that can tracked back to its signature on the 
non-equilibrium current fluctuations.
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Large-spin ultracold fermions 

Recent and rapid experimental progress in the field of ultracold fermionic gases 
has opened the possibility to work with atoms with large hyperfine spin s>1/2. 
This increase of the number of microscopic degrees of freedom has important 
qualitative consequences, with the appearance of phases that have no analog in 
the s=1/2 case. We theoretically investigate the zoology of the different thermo-
dynamical phases occurring in such degenerate gases that are confined into quasi 
one-dimensional traps.
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Ab-initio calculations of electronic structure

An activity of the theoretical unit is devoted to ab-initio calculations of elec-
tronic structure to study the properties of new materials, in particular ultra-hard 
solids and superconductors. Our latest investigations  are about the electronic 
properties of boron, OsC et OsB2. 

Recent publications :
M. Hebbache, Phys. Stat. Solidi (RRL)  3, 163 (2009)
M. Hebbache, EuroPhysics Lett.  87, 16001  (2009).

Stochastic processes in inhomogeneous systems
Stochastic methods become relevant when a deterministic description is 
not practicable, e.g. when particles are transported in a medium having 
many degrees of freedom showing quantal or thermal fluctuations. Lan-
gevin-type methods postulating fluctuations without prior knowledge 
of the microscopic dynamics are often inappropriate. Two progresses 
have been achieved. First, by enforcing the fluctuations to be consistent 
with the real equilibrium thermodynamics of the system including ex-
cess enthalpies and entropies. The Einstein relation between diffusivity 
and mobility is then no longer obeyed. Secondly, by studying systems 
where the amplitude of the fluctuations depends on position: conside-
ring a spatially modulated white noise is unrealistic. The case where 
diffusivity D depends on position x through temperature T = T(x) has 
been examined in detail: it cannot be accounted for by a theory where 
D is a geometric function D(x) of position.
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Geometry and matter
We explore the physics of nanoscopic complex systems. From a struc-
tural point of view, we study quasi-crystals and two-dimensional clus-
tering, dominating the formation at the nanoscopic scale. We have in-
vestigated the concept of ‘atomic rigidity’ and we have proposed new 
quasi-crystal structures with a dodecagonal symmetry. Moreover, we 
study fundamental magnetic properties in these nanostructures, namely 
magnons in composite systems and magnetostatic modes. We have ana-
lytically determined the stability of magnetic vortices in ultrathin layers 
as well as spin waves in fractal nanoislands.
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