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• background : Mixing pattern of a spot of dye injected
in a straight channel filled with sugar syrup and stirred
with rods. In this figure, the syrup is moving upwards
from bottom (“Instability and turbulence” group
— see section 2.6.3) —).

• upper-left : Electron-microscope view of the nano-
device realised for quantum-interference of two elec-
trons “Nanoelectronics” group — see section 9.3
—).

• upper-right : Inside of the experimental container of
the VKS experiment, in which a sodium flow cre-
ated by counter rotating propellers generates a mag-
netic field by dynamo action. (“Instability and tur-
bulemce” group — see section 2.5.2) —). The exper-
iment is realized in CEA Cadarache (DEN/DTN) in
collaboration with CNRS, ENS Lyon and ENS Paris.

• lower-left : Electrical probing of a nanoelectronic de-
vice (“Molecular-Electronics laboratory” — see
section 11 —).

• lower-right : Microscopic view of a magnetoresistive-
superconducting magnetometer for biomagnetic signal
detection (“Nanomagnetism” group — see section
10.6 —).



“Le vrai point d’honneur n’est pas d’être toujours dans le vrai. Il est d’oser, de
proposer des idées neuves, et ensuite de les vérifier”

Pierre-Gilles de Gennes — Cité dans le jounal Le Monde, 22 mai 2007 —



vi

Speech given by J.-P. Bouchaud during the memorial session in honour of Pierre-Gilles De
Gennes at the Stat. Phys. Conference in Genoa, July 2007.

“I first want to say that I was not a direct collaborator of Pierre-Gilles and do not
feel totally entitled to write this piece; I still accepted to do so because he meant so
much to me. I have only been a second-circle, but eager follower of Pierre-Gilles, of
his lectures at Collège de France, which I followed year after year with bewilderment,
and an adamant reader of his papers and books.

There are very few people of whom one can say they have had a huge impact on one’s
life. PGG was one of my “super heroes”, as Paul Goldbart described him when we
were both students in Les Houches in 1986. I know for sure that I would not have
been the same person — certainly not the same physicist — hadn’t I met him. I learnt
so many things from him; physics things of course; in all his papers and lectures there
were always small gems that you could take home, methods, arguments, ideas that could
be reused elsewhere, or maybe. But beyond this I was deeply impressed by his passion
for physics, and for life in general, by his curiosity and his ability to communicate his
urge to understand. [He spoke such exhilarating French, by the way, with precise and
vivid words to express his views]. Impressed by his intellectual generosity and by his
boldness in addressing new problems, in crossing the lines. I understood from him that
no subject can ever be the exclusive property of any scientific community, that there are
many ways to look at the same problem, and he had such a special way of finding the
right thread to follow — I think this is called serendipity —, for which there is no word
in French, maybe because we are so trained to be deductive rather than inductive. He
also tried to change that.

I learnt that after all science is not necessarily about being right, but about being relevant
and inspiring to others, about being part of a buzzing web of ideas. That errors can be
fertile - and enthusiasm, or a tinge of unaltered naiveté, is such an asset to do research.

I remember reveling in reading his physics books, much like watching the detectives.
[I read ”Scaling concepts in Polymer Physics” during my honeymoon in Sicily!]. His
contributions are well known and I will not try to review them, I just want to mention
a few, perhaps less well known, papers that impressed me particularly. One is his
1959 paper on percolation, when the field hardly existed. Another is in 1975 about the
motion of the domain wall between the helix and coil state in a disordered polymer,
which maps to the problem now known as the Sinai anomalous diffusion problem, after
Sinai’s independent work the very same year. The third is among his last papers on
the importance of dislocations in supersolid He4, which I think shows us, once again, in
the right track. I remember how he left everything to work on high Tcs when they were
discovered, how hundreds of people crammed in frenzy in three conference rooms when
he gave, in early 1988, a lecture on superconductivity, a field that he had left 20 years
before. It really felt like Pink Floyd reforming for a gig in Hyde Park last summer.

There is so much more to recall. I feel deeply indebted towards Pierre-Gilles. I was
fortunate enough to have his son Matthieu Wyart as a PhD student; this gave me the
opportunity to pay back, to some extent, part of this debt and pass the ball over. I just
want to say that I miss him, doing science will not be as fun as it used to be when he
was around.”
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Cette année 2007 a été marquée par la disparition de Pierre- Gilles de Gennes, auquel nous
souhaitons rendre hommage. Son parcours a commencé par une thèse à Saclay (“Contribu-
tion à la diffusion magnétique des neutrons”, 1957) dans ce qui fut l’ancêtre de notre service
de recherche. Devenu professeur à Orsay puis au Collège de France, et enfin directeur de
l’ESPCI, il a gardé un contact constant avec notre service au cours des années et au fil
des nombreux domaines de la physique qu’il a abordés avec un enthousiasme toujours con-
tagieux, des phénomènes critiques à la matière molle : RMN, diffusion de rayonnements,
magnétisme, supraconductivité, polymères, films de savon, mouillage, matière granulaire,
etc... Autant de sujets où son interaction avec les physiciens locaux fut directe, ludique et
féconde. Ses cours au Collège de France furent aussi un régal hebdomadaire pour toute
une génération par leur variété, leur simplicité et leur élégance. Outre son contact direct
et chaleureux, on ne pouvait qu’être fasciné par l’élégance et la précision de son langage.
Son approche de la science avait une dimension artistique qui se manifestait également par
un joli coup de crayon. Il a su communiquer son goût de la confrontation entre théorie,
expérience et applications industrielles, d’où il puisait également son inspiration. A nous
de tenter de préserver cette diversité et cette frâıcheur qu’il incarnait.
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1 Introduction

The physics of condensed matter is studied at the Service de Physique de l’Etat Condensé
(SPEC) from a wide range of points of view, going from the most fundamental aspects to
applications in appropriate cases. The present main official commissioning of the Com-
missariat à l’Energie Atomique (CEA) is to focus on technological research, and CEA has
always relied on excellent fundamental research, which is the necessary basis for all tech-
nological developments. SPEC aims at being at the forefront of this fundamental research
in the field of condensed matter physics.

The SPEC is presently recognized by the CNRS as an associated laboratory of the MPPU1

department (URA 2464), by an agreement signed in 2002 and renewed for another 4 years
in 2006. This association with the CNRS is a positive sign of coordination within the
French community of condensed matter physics, and favours harmonious relations with
CNRS laboratories, together with improving the visibility of the CNRS researchers who
are working permanently in our groups.

1.1 Research activities

The SPEC is organized in 11 research groups, whose scientific activities are presently
developing along five main directions:

1. Statistical physics and complex systems: statistical mechanics of turbulent and gran-
ular flows (including the VKS dynamo experiment), glassy dynamics (magnetism,
glasses, granular media), models for biological objects, collective movements and epi-
demiology,

2. Microscopic mechanisms in solid state physics: superconductivity, strongly correlated
electrons, multiferroic materials,

3. Quantum electronics: quantum circuits (Q-bits in particular), quantum coherent
transport, electronic quantum noise, electron interferometry,

1MPPU = Mathematics, Physics, Planets and Universe
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4. Spin electronics: influence of spin polarized currents on magnetic configurations,
GMR magnetic probes,

5. Molecular electronics: electronic properties of nanotubes and molecules, self-assembled
devices and molecular circuits.

Our scientific results are usually published in internationally recognized scientific journals
(about 100 papers per year, including conference papers). Some research subjects also lead
us to take patents: magnetic sensors, solid state Q-bit, molecular electronics, anti-blocking
funnel for grain flow, etc. In the Cryogenics group headed by P. Pari, the skill in designing
special dilution refrigerators has been transferred as licences to the Cryoconcept company,
which now sells very low temperature refrigerators in physics laboratories all over the world.

Among the numerous scientific results that have been obtained these last years, let us
highlight a few which may give an idea of our wide field of activities:

• Generation of a magnetic field by dynamo action in a turbulent flow of liquid sodium,
Phys. Rev. Lett.(2007), and Magnetic field reversals in an experimental turbulent
dynamo, Europhys. Lett. (2007) (VKS experiment, Instability and Turbulence
group — see Section 2.5, Ref. [53] and Ref.[54] —).

• Direct experimental evidence of a growing length scale accompanying the glass transi-
tion, Science (2005) (Magnetism, Frustration and Disorder group — see section
3.2, Ref. [1] —).

• Efficient integration of stochastic equations with multiplicative noise terms: appli-
cation to nonequilibrium phase transitions, Phys. Rev. Lett. (2005) (Theory of
Complex Systems group — see section 4.4.2 Ref. [26] —).

• Adhesion of a free-standing Newton black film onto a solid substrate, Angew. Chem.
(2006) (Model Objects for Biology group — see section 5.5.2, Ref. [6] —).

• Two energy scales and two distinct quasiparticle dynamicsin the superconducting state
of underdoped cuprates, Nature 2006 (Strongly correlated oxide systems group
— see section 6.1.1, Ref. [4] —).

• Patterning of sodium ions and the control of electrons in sodium cobaltate, Nature
(2007) (Theory of Complex Systems group — see section 4.9.2, Ref. [75] —).

• Measurement of the current-phase relation of superconducting atomic contacts, Phys.
Rev. Lett. (2007) (Quantronics group — see section 8.5, Ref. [6] —).

• Fano Factor Reduction on the 0.7 Conductance Structure of a Ballistic One-Dimensional
Wire, Phys. Rev. Lett. (2004) (Nanoelectronics group — see section 9.2, Ref. [2]
—).

• Effect of measurement probes upon the transmission of an interacting nano-system,
Phys. Rev. Lett. (2007) (Nanoelectronics group — see section 9.9, Ref. 22 —).

http://dx.doi.org/10.1103/PhysRevLett.98.044502
http://dx.doi.org/10.1209/0295-5075/77/59001
http://dx.doi.org/10.1126/science.1120714
http://dx.doi.org/10.1103/PhysRevLett.94.100601
http://dx.doi.org/10.1002/ange.200600367
http://dx.doi.org/10.1038/nphys362
http://dx.doi.org/10.1038/nature05531
http://www-drecam.cea.fr/spec/Docspec/search/article.php?id=s07/045
http://dx.doi.org/10.1103/PhysRevLett.93.116602
http://dx.doi.org/10.1103/PhysRevLett.98.186401
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• High-resolution high-sensitivity NMR of nanolitre anisotropic samples by coil spin-
ning, Nature 2007 (Nanomagnetism group — see section 10.5, Ref. [27] —).

• High speed flexible nanotube transistors, Appl. Phys. Lett. 2007 (Molecular Elec-
tronics Laboratory — see section 11.4.3, Ref. [35] —).

1.2 Organisation

The present director of SPEC (E. Vincent) succeeded to J. Hammann in 2003, at the time
of the last meeting of our Scientific Council. F. Daviaud has been deputy director since
that time, while heading the Turbulence and Instabilities Group. J.P. Bourgoin, head of
the Molecular Electronics Laboratory, was deputy director in 2005-2006 from the time of
his arrival in SPEC to his nomination as Director of the Nanoscience Program of the CEA.

In 2007, the SPEC has a permanent staff of 51 physicists (47 from the CEA, 4 from
the CNRS) and 21 technicians. Among the 21 technicians are included 2 secretaries who
constitute our very light administrative support, 3 mechanics working full time in the
workshop, 1 person in charge of the store-room, and 14 people working directly within the
experimental groups. Keeping a significant technical support within our laboratory is the
result of long term management choices in SPEC, aiming at maintaining our ability to
design and build specific and original tailor-made experimental setups.

Due to retirements, the number of CNRS researchers in SPEC has unfortunately decreased
from 7 in 2003 to 4 in 2007, and we strongly hope that we shall soon have opportunities to
welcome others. All together, the overall number of permanent staff in SPEC has slightly
increased these last years (from 67 in 2004 to 72 in 2007), taking into account the arrival
of new groups and the transformation of others, changes which we describe in the next
section.

A special effort has long been made in SPEC in the direction of training and teaching.
A number of us are involved in teaching activities in Universities, “Grandes Ecoles” or
at INSTN2. We train many graduate and undergraduate students, in accordance with our
orientation towards academic type research. In the summer of 2007 there are 26 PhD
students in SPEC, among which 18 are directly funded by the CEA PhD program (CFR
contracts), 4 are recipients of Research Ministry grants from their university and 4 are
funded by the European Community. We also welcome around 20 post-doctoral or visiting
researchers, bringing our total personnel to about 120 people.

1.3 Evolution since 2003

We are now organized in 11 research groups instead of 14 in 2003. This corresponds to the
evolution of the scientific context, and also to a wish to increase the impact of our activities

2National Institute of Nuclear Science and Technology, the educational institution which is in charge of
disseminating the CEA’s knowledge.

http://dx.doi.org/10.1038/nature05897
http://dx.doi.org/10.1063/1.2743402
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on the national and international scenes. We summarize here the most notable aspects of
this evolution.

The research area of the “Instability and Turbulence Group” (F. Daviaud) has now extended
to many unifying topics in out of equilibrium physics of complex systems, from dynamo
to granular materials, in close connection with the experimental and theoretical activities
on non-equilibrium transitions and glassy systems in other groups. A young physicist (S.
Aumâıtre) was hired in the group in 2006.

The former group “Magnetism and Mössbauer spectroscopy” has been deeply altered by
the passing away of M. Ocio, the retirement of J. Hammann, and the involvement of E.
Vincent in the direction of SPEC. P. Bonville joined the “Strongly correlated oxide systems”
group of D. Colson in 2006, reinforcing its potential in magnetism and general solid state
physics. A young physicist (S. Nakamae) was hired in 2004 in the renewed “Magnetism,
Frustration and Disorder” group, now headed by D. L’Hôte since 2006. While the studies
on frustrated systems like spin glasses or Kagome compounds have been continued, an
important effort has been made towards developing new topics and experiments, mainly
investigating the structural glass transition and developing local magnetic probes.

The theory group has undergone important changes. C. Bagnuls and R. Conte have now
retired. C. Godrèche and J.P. Bouchaud have moved. J.L. Pichard, X. Waintal and J.P.
Carton have joined experimental teams. The interests of the new “Theory of complex
systems” group (H. Chaté, M.A. Dubois, M. Roger), headed since 2007 by M.A. Dubois,
are now focused on statistical physics of complex systems, with a strong concern for the
interaction with the experimental physics groups. Their activities range from glassy states,
non-equilibrium phase transitions, strongly correlated fermions, to mathematical physics
and applications of statistical physics to various problems such as financial models, group
behaviour, ecology, epidemiology, etc. A young physicist (I. Dornic) was recruited within
this group in 2007.

The group “Model objects for biology” was founded in 2004 and has been headed by M.
Daoud since that time. Their main line is to use and test some ideas and techniques,
coming from statistical and soft matter physics, in problems related with self-organization
and biology. J.P. Carton, from the former theory group, has joined them.

There are now 4 groups working in SPEC in the field of mesoscopic physics and fundamental
nanosciences. The “Quantronics” group (D. Estève) has been reinforced by the recruitment
in 2006 of P. Bertet. Fruitful collaborations are planned with the future group of mesoscopic
physics which will start soon at the College de France under the direction of M. Devoret,
who founded the Quantronics group in Saclay with D. Estève and C. Urbina.

Since 2003, the “Nanoelectronics” group, headed by C. Glattli, has regrouped the activities
of the former groups of F.I.B. Williams and O. Avenel, with also J.L. Pichard and X.
Waintal on the theory side. F. Portier was hired in this group in 2005. After the retirement
of O. Avenel, the activity in the field of quantum fluids is continuing with I. Moukharski
and E. Varoquaux (CNRS Emeritus), mostly centered on the control of a single electron
at the surface of helium and the search for a possible super-solid state of Helium.
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M. Pannetier was hired in 2004 in the group of “Nanomagnetism” (headed first by C.
Fermon and now by M. Viret) to reinforce the activity in magnetic microsensors, which is
developing in collaboration with other groups of DRECAM3 (CAPMAG group federation).

The “Molecular Electronics Laboratory” (LEM), directed by J.P. Bourgoin joined the SPEC
in January 2005, gathering in SPEC the electronics oriented nanophysics of DRECAM,
thus favouring collaborations and a common use of the experimental facilities like our
nanofabrication laboratory. The LEM develops a research activity in the so-called “beyond
CMOS” domain that develops and explores paths towards future electronics beyond the
present downscaling era. That activity benefits from the Chimtronics program of CEA,
which allowed the transfer to SPEC of a technician (P. Lavie from DRECAM/SPCSI) and
the recruitment of a young researcher (S. Campidelli) in 2007. A practical difficulty for the
LEM arises from the fact that an important part of their setups is still installed in Saclay,
several kilometres away from SPEC in the Orme des Merisiers. It is to be hoped that a
solution will be found to install the remaining LEM facilities (around 350 m2 including
offices) in the close vicinity of the SPEC.

Since the beginning of 2007, the SPEC has been housing, as a few year experiment, a
new and innovative type of laboratory, the LARSIM (“Laboratoire de Recherches sur les
Sciences de la Matière”). The creation of LARSIM institutionalizes inside the CEA a
multi-disciplinary activity led for several years by Etienne Klein, its director, around three
kinds of subjects: the foundations of physics, the development of pedagogical tools, and
the reinforcement of interaction between physics and society. The objectives of the LAR-
SIM include scientific goals but also reach out to a larger audience. Research objectives
concern in particular the analysis of the role of time in the physical theories. Interdisci-
plinary objectives consist in creating a platform for discussion for physicists, philosophers,
mathematicians and biologists. On the societal side, the LARSIM will facilitate interaction
between physicists and the public by providing assistance and analysis of the methods and
results of communication.

In 2003, the administrative support of SPEC was of only 1 secretary, S. Thunin. Fortunately,
we were able to obtain in 2004 the transfer of another secretary, N. Royer. Still, this remains
a very light support for the administration of about 120 people, taking into account the
strong increase in the number and variety of funding sources. The administrative charges
concerning the CNRS would, for example, justify hiring an extra half time secretary.

Finally, after this brief outline of the evolution of the groups since 2003, let us mention
an important project that could be achieved in 2007. Our first nanofabrication facility, a
clean room of 50m2, was built in 1988. Since then, it has become progressively a technical
platform used for all nanoscience activities in DRECAM. It is also widely used, on the
basis of established collaborations, by various teams of CNRS and neighboring Universities
(Orsay, Paris VII, etc.). In 2004 it was labeled by the Research Ministry as a “Technical
Proximity Platform” associated with the National Platform of the CNRS Laboratory for
Photonics and Nanostructures (LPN) in Marcoussis. Due to the rapid surge of research

3Department of Research in Condensed Matter, Atoms and Molecules (SPEC is one of the 8 units of
DRECAM).
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activities implying the preparation of samples in a clean environment, and therefore of
the number of people involved, our nanofabrication laboratory became already overloaded
several years ago. A special investment of the DRECAM was obtained in 2005-2006 to
build a new clean room of 115m2. In addition, the Ile-de-France Region granted us an
important financial support which allowed the acquisition of new equipments. This new
nanofabrication laboratory is by now finished, and has progressively started its activity
since last spring. It will be officially inaugurated on September 3, 2007. This new facility,
made possible by a serious financial effort of CEA and our partners, is a very important
asset for the development of our activity in nanosciences.

1.4 Collaborations and commitments

The SPEC is naturally involved in many collaborations, within the CEA and at the national
and international levels. Within the Matter Science Division (DSM) of the CEA, the SPEC
is collaborating with astrophysicists of the DAPNIA (turbulence in interstellar matter,
elaboration of phase contrast mirrors for infrared spectrometers), with theoreticians of the
SPhT (glassy matter, dynamo, etc.), with climatologists from the LSCE (models inspired
by statistical physics). Work has been done in common with the Life Science Division
(DSV) on the renaturation of DNA fragments at interfaces. The collaborations with the
Technological Research Division (DRT) have been greatly facilitated these last years by the
launching of several special CEA research programs. The Chimtronics program has helped
to link basic and applied science in molecular electronics. It is now included in a more
global Nanoscience CEA program, directed by J.P. Bourgoin. The activities on magnetic
and nanotube sensors have benefited from the NRBC program (Nuclear, Radiological,
Biological and Chemical risks) with DRT and the Defense Research Division (DAM).

At the French national level, we of course have a lot of collaborative works with CNRS and
University laboratories. Let us mention as an example the agreement with the Laboratoire
Pierre Aigrain at ENS Paris, in which C. Glattli is heading the Mesoscopic Physics Group in
collaboration with his own group in SPEC. The SPEC participates in various “Groupements
de Recherche” (GDR). We participate in the C’nano collaborative program, which favours
all common activities in nanosciences between laboratories of the Ile-de-France Region.
A number of our scientific projects have been selected by the National Research Agency
(ANR) created in 2005 (mostly in the “non-thematic” and “Pnano” calls). We also have
a few industrial collaborations (nanolithography of structures for hyper-frequency applica-
tions, magnetic sensors, magnetic characterization of pharmaceutics, mixing of components
in glasses, etc.).

On the European scale, we are involved in a dozen of projects of the 6th Framework Pro-
gramme, and are actively starting with FP7. We expect that the new European Research
Council will play in the near future a stimulating role in the support of fundamental research
activities like those developed in SPEC.
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1.5 Perspectives

The structure of the research teams in SPEC has evolved, driven by our research objectives.
As a fixed point we keep dedicating our activity to condensed matter physics from micro-
to macroscopic scale, from the most fundamental aspects to applications, patents and
technology transfer. The reader will see in each chapter, corresponding to the research in
each group, the developments and transformations of our various fields of research. With
our wide panel of scientific interests and technical capabilities, we are in a good position to
tackle efficiently new subjects. On the basis of our complementary competences in quantum,
spin and molecular electronics, and with the advantage of having our new nanofabrication
facility, our potential in mesoscopic physics and nanosciences in general should increase in
the coming years. As an example, we may certainly expect very interesting developments
of the starting research on the new 2d electron gases in graphene.

The field of disordered systems and out of equilibrium phenomena has evolved a lot these
last years. New convergences have appeared: granular media close to the jamming transi-
tion behave like glassy systems; collective behaviour can emerge in large animal groups as
well as in spin glasses or turbulent sodium. In all these systems, the resulting behaviour
is more than the simple addition of the elementary components, and new dynamics and
patterns can emerge. Several groups in SPEC have in common the use of the tools and
concepts of statistical physics for the theoretical and experimental investigations of what
is generally called complex systems. Active collaborations are also taking place with other
teams inside the CEA like the fracture group in DRECAM/SPCSI and physicists from
SPhT and LSCE.

In order to encourage the collaborations between these groups of complementary exper-
tises, and increase their visibility, we are presently creating a CEA cluster of laboratories
working in the “Physics of Complex Systems”. F. Daviaud, deputy director of SPEC and
head of the Instability and Turbulence Group, is in charge of building and coordinating
this new structure, which will start to work as a federation of existing laboratories. In
addition, we intend to actively participate in the Institute of Complex Systems directed by
P. Bourgine (ISC-PIF), a pole of convergence between physics, biology and social sciences
in the Ile de France region. In this framework, our cluster “Physics of Complex Systems”
will include an ISC-PIF antenna, localized in SPEC, which can host physicists working in
this interdisciplinary field.

Local associations of laboratories from different institutions working in the same geograph-
ical area have recently been strongly encouraged by the creation of a new type of structure
with a private foundation status, actively supported by the Research Ministry (RTRA). We
are an important component of one of the few research cluster projects which have been
selected by the Research Ministry, the “Triangle de la Physique”, which gathers the main
condensed matter physics laboratories of the Palaiseau-Orsay-Saclay region, and will boost
new fruitful collaborations between them.

It is clear to all of us, and probably as well to the reader of this report, that the organization
of the scientific research has been rapidly evolving in France these last years, and that
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this is not a purely French trend. Recurrent funding by the research institutions still
guarantees in France the salaries of the permanent personnel, but covers less and less of
the scientific research activity itself. The part of external resources in the funding of our
scientific projects in SPEC is now becoming larger than the operating budget received
from our institution. This is already a success: on average, our teams are adapted to
these new conditions and are able to compete with others for obtaining grants. But this
also implies a huge effort: many of us spend an increasing part of our time in writing
research proposals for the various research structures existing now at the local, national
and international levels, and in participating in the corresponding selection committees.
And this may also mean a preoccupying bias: the project calls are necessarily defined in
areas where a consensus is established about some reasonable expectation of success, but
we all know that most scientific breakthroughs do not happen where they are expected
(besides, the risk of over-funding subjects on which a unanimous consensus is established
is not negligible). In that respect, bottom-up initiatives like the “non-thematic” project
call of the ANR may be considered as positive signs, and indeed several SPEC projects
have been able to find support from ANR since 2005 in this context. Equivalent open
calls may be wished at the European level in wide domains, on an even larger scale than
presently available through ERC. Most importantly, we may express the wish that our
national research institutions CEA and CNRS keep playing their crucial role of funding
high-quality scientific research, regardless of too short term results, as the good gardener,
who does not know in advance which of the seeds he has sown are going to sprout and
blossom when spring time comes.

Eric Vincent, Chef de Service, Directeur de l’URA 2464

(August 2007)

This report has been patiently elaborated by Michel Roger and Ivan Dornic, who gathered
and assembled as homogeneously as possible the multiple different contributions. We are
very grateful for their efforts and their skill.
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Permanent staff, physicists: F. Daviaud, S. Aumâıtre (since 01/12/2006), M. Bonetti,
A. Chiffaudel (CNRS), O. Dauchot, B. Dubrulle (CNRS).

Permanent staff, technicians: C. Gasquet, P. Méninger, V. Padilla.

Ph.D.: E. Gouillart (2005-2007), F. Lechenault (2005-2007), N. Leprovost (2002-2004),
G. Marty (2003-2005), R. Monchaux (2005-2007), F. Ravelet (2003-2005)

Post Doc.: F. da Cruz (2004-2005), P. Diribarne (2006-2007), A. Pinter (2007-2008).

Collaborations: J.-Ph. Bouchaud, D. Bonamy and E. Bouchaud (SPCSI), P. Man-
neville (LadhyX), C. Normand and G. Biroli (SphT), J.-F. Pinton et al. (ENS Lyon), S.
Fauve et al. (ENS Paris), A. Prigent (Le Havre University), N. Garnier and E. Bertin
(ENS Lyon), J. Burguete (University of Pamplona, Spain), J.-P. Laval (Lille Univer-
sity), S. Nazarenko (Warwick, GB), J.-P. Zahn and J. Léorat (Meudon Observatory), F.
Stefani (Dresden, Germany), M. Droz (Genève University), S. Roux (ENS Cachan), J.-
L. Thiffeault (Imperial College, London), B. Andreotti (PMMH), E. Lajeunesse (IPG),
L. Tuckerman and D. Barkeley (ESPCI), C. Loupiac (ENSBANA, Dijon), P. Calmettes
(LLB).

2.1 Introduction

The research area of the Instability and Turbulence Group concerns out of equilibrium
phenomena in complex systems. In such systems, the resulting behaviour is more than the
simple addition of the elementary components and new patterns or dynamics can emerge.
These studies appeal to statistical physics and nonlinear dynamics tools, both in theory and
model experimental situations. Experiments such as thermal convection, plane and Taylor-
Couette flows, von Karman flows, sheared or vibrated granular media have indeed led to a
better understanding of chaos, turbulence, jamming and glassy transition, dynamo action.
During these four years, the group has developped on one hand the activities devoted
to turbulence and dynamo action — with the recent success of the VKS experiment —
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and on the other hand the study of granular media closed to the jamming transition.
Experimental work has also been performed on complex fluids and chaotic mixing while
theoretical developments have been done on statistical mechanics for out of equilibrium
systems.

The main experimental methods being used in the group are: thermal and pressure con-
trol, optical methods, digital image acquisition and processing, laser and particle image
velocimetry, pressure, magnetic field and power measurements. Note that an important
effort is being made in the group concerning the scientific popularization: conferences, ex-
hibitions, articles, films ... [1]. Different “laptop experiments” have been constructed for
this purpose.

2.2 Out of equilibrium statistical mechanics

D. Bonamy, Arnaud Chiffaudel, Olivier Dauchot, François Daviaud, Bérengère Dubrulle

Although the usual formalism of equilibrium statistical physics does not apply to out of
equilibrium systems, it is interesting to note that the latter sometimes share with equilib-
rium systems some quantitative properties, like critical behaviour, scale invariance, to cite
only a few. To describe the statistical properties of such non-equilibrium systems, effective
temperature has been defined either from fluctuation dissipation relations (FDR) or from
maximum entropy conditions, as originally proposed by Jaynes. Our group has conducted
several studies in the field, both theoretically and experimentally. In the following we shall
present two complementary theoretical approaches and their applications to granular media
and turbulence.

2.2.1 Intensive Thermodynamical Parameters for out of equilibrium sys-
tems

The general concept of intensive thermodynamic parameters plays a crucial role in equilib-
rium statistical mechanics. For systems in contact, Intensive Thermodynamic Parameters
— ITPs — like temperature, pressure or chemical potential equalize their values once the
equilibrium state is reached, provided that their associated quantities, energy, volume or
number of particles, can be exchanged. Since this property holds even in the case of sys-
tems that exhibit different microscopic dynamics, this equalization became the key criterion
in equilibrium statistical mechanics to study the influence of the environment on a given
system, for example, when a reservoir is connected to it. Moreover the theory of phase
coexistence as well as the measurement of, for instance, temperature with a thermometer
draw on this powerful concept.

Indeed, the goal of a statistical approach for non-equilibrium systems, which remains to be
constructed, would be to give a well-defined meaning to such thermodynamical parameters,
and to predict their relation with extensive macroscopic variables like energy or volume.
These last years, we have introduced a precise and general theoretical background allowing
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for the definition of ITPs conjugated to conserved quantities in nonequilibrium systems.
The systems considered here are out of equilibrium not due to the presence of gradients
imposed, for instance, by boundary reservoirs, but because of the breaking of microre-
versibility — that is, time-reversal invariance — at the level of the microscopic dynamics
in the bulk. We have stated the hypotheses underlying the construction, and clarified the
physical interpretation of the grand-canonical ensemble. We have then discussed the rele-
vance and usefulness of the concept of ITP, with particular emphasis on the description of
phase coexistence. Although the proposed generalization of ITPs appears to be rather nat-
ural, it turns out that nontrivial problems arise as soon as systems with different dynamics
are put into contact. This issue is essential if one wants to measure an ITP using a small
auxiliary system — just like temperature is measured with a thermometer — and points
at one of the main difficulties of nonequilibrium statistical mechanics (see [2, 3, 4, 5, 6]).

2.2.2 Statistical mechanics of systems with symmetries

We have explicitely constructed a statistical mechanics in the case of turbulent flows with
a symmetry, where hypothesis pertaining the existence of ITP is guaranteed. Indeed, the
existence of a symmetry implies conservation of some local quantity (through Noether’s
theorem) which can play a key role in the building of Liouville’s theorem and mixing
entropy. We have then developped a thermodynamical approach to the equilibrium states
of axisymmetric flows at some fixed coarse-grained scale. We have shown that there is an
infinite number of steady state solutions that can be divided in two parts: one universal
coming from the conservation of robust invariants and one non-universal determined by the
initial conditions through the fragile invariants (for freely evolving systems) or by a prior
distribution encoding non-ideal effects such as viscosity, small-scale forcing and dissipation
(for forced systems). Finally, we have derived a parameterization of inviscid mixing to
describe the dynamics of the system at the coarse-grained scale (see [7, 8, 9]).

2.2.3 Application to Granular Media and Turbulence

Granular Media: They consist in a large number of grains and one would like to have
general predictions for the macroscopic laws ruling such media without having to deal with
individual components. Recent experiments suggest that such a thermodynamic descrip-
tion might be feasible, yet, a theoretical understanding is still lacking regarding the way
microscopic configurations are explored dynamically.

It has been argued by Edwards and collaborators that the dynamics is controlled by the me-
chanically stable — the so-called blocked — configurations and that all such configurations
of a given volume are statistically equivalent. This immediately leads to the definition of a
configurational entropy S(V ) which counts the number of such configurations compatible
with a given volume. The associated state variable, the “compactivity” X, then naturally
follows from the relation X−1 = ∂S/∂V . In spite of globally encouraging recent results, the
proposal made by Edwards and coworkers still needs to be clarified in several respects. We
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have conducted an experimental investigation of the distributions of volume, as well as free
volume, of Voronoi cells associated with each grains in a bidimensional granular packing.
The distribution P (vf

N ) of the free volume per grain vf
N in clusters of neighboring grains

is also investigated in a systematic way as a function of the size N of the clusters. Our
central result is that lnP (vf

N ) scales in a nonextensive way as Nαg(vf
N , χe, ηe) in the acces-

sible range of N , with α ≈ 0.8. This unusual scaling qualitatively indicates the presence of
correlations between the individual free volumes of the grains. We note that the presence
of correlations “renormalizes” in some way the “compactivity” χe, so that it is no longer
equal to the characteristic volume vf∗ of the exponential decay of the one-grain distribu-
tion. Interestingly, even if extensivity does not hold, the above experimental study still
leads to a consistent statistical description. In particular, the relation χ−1

e = ∂s/∂vf |〈vf 〉,
generalizes the one usually used in equilibrium extensive statistical mechanics and gives
support to the interpretation of χe as the compactivity of the packing.

We have also worked on the characterization of stationary states of granular systems,
through tools borrowed from statistical mechanics. Specifically, we have derived general
conservation equations for 2D dense granular flows within the Boussinesq approximation.
Assuming that forcing and dissipation equilibrate on average, the relationships between
local granular temperature, vorticity and stream function are shown to be characterized by
two functions. Once these two functions are known, the whole velocity and temperature
fields can be deduced. We checked these predictions on steady surface flows in rotating
drum simulated through non-smooth contact dynamics methods. We are currently working
on some possible ways to derive these two functions using statistical mechanics.

Turbulence: In order to check the theory, we have experimentally studied the properties
of mean velocity fields in a turbulent von Kármán flow. They are indeed found to be de-
scribed by two families of functions, as predicted by the theory. We have shown that these
functions depend on the viscosity and on the forcing. Furthermore, when the Reynolds
number is increased, we have exhibited a tendency for Beltramization of the flow, i.e., a
velocity-vorticity alignment. This result provides a first experimental evidence of nonlinear-
ity depletion in nonhomogeneous nonisotropic turbulent flow (see [9, 10, 11, 12, 13, 14, 15]).

2.3 Granular Media close to the Jamming transition

Olivier Dauchot.

Common experience indicates that as the volume fraction of hard grains is increased beyond
a certain point, the system jams, stops flowing and is able to support mechanical stresses.
The dynamical behavior of granular media close to the “jamming transition” is very similar
to the one of liquids close to the glass transition. Indeed granular media close to jamming
display a similar dramatic slowing down of the dynamics as well as other glassy features
such as aging and memory effect. One of the main features of the dynamics in glass
forming systems is what is usually called the cage effect, which accounts for the different
relaxation mechanisms. At short times, any given particle is trapped in a confined area
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by its neighbors, which form the so-called effective cage, leading to a slow dynamics. At
sufficiently long times, the particle has managed to leave its cage, so that it is able to diffuse
through the sample by successive cage changes, resulting in a faster relaxation. Contrary to
standard critical slowing down, this slow glassy dynamics does not seem related to a growing
static local order. For glass-formers it has been shown numerically and experimentally that
instead the dynamics becomes strongly heterogeneous and dynamic correlations build up
when approaching the glass transition. The existence of such a growing dynamic correlation
length is very important to reveal some kind of criticality associated to the glass transition.

In the past few years we have investigated the dynamics of a bidisperse monolayer of disks
under two different mechanical forcing i.e. cyclic shear and horizontal vibrations. In the
first case, a “microscopic” confirmation of the above similarity has been obtained and in the
second one we have provided the first experimental evidence of a simultaneous divergence of
length and time scales precisely at the volume fraction for which the system looses rigidity.
These fundamental studies have been accompanied by the realization of a funnel specifically
designed to avoid the undesired jamming of the flow, while pouring grains outside of a silo
(see [16]).

2.3.1 Cage effects and dynamical heterogeneities

Many experiments and simulations have been performed to study the dynamics of glass
forming systems. In particular, the understanding of the nature of cages requires micro-
scopic information which has been essentially obtained in computer simulations of hard
spheres systems and Lennard-Jones liquids. A suitable way to extract this information in
laboratory experiments consists in using systems undergoing a glass transition composed of
sufficiently large particles so that it is possible to follow them through direct observation.
The main example of this method is the breakthrough study of colloidal particles near
the glass transition by confocal microscopy. Granular materials represent a simple way to
perform accurate measurements and understand the nature of cages (since grains can be
relatively large and then quite easy to follow through direct imaging) provided one checks
that the analogy noticed at the scale of the sample is confirmed by a precise study of the
diffusion properties at the grain scale.

We have shown that a very simple system such as a bidimensional bidisperse dry granular
material submitted to a quasistatic cyclic shear indeed behaves the same way as glassy sys-
tems. This similarity is to be understood in the sense that its diffusion properties evaluated
with the same tools as in numerical studies of glasses behave identically. This is a remark-
able fact given the fundamental difference between these thermal and athermal systems.
We have also unveiled that granular materials are strongly dynamically correlated close to
the jamming transition. The self-intermediate scattering function, exhibits slower than ex-
ponential relaxation and indeed suggests dynamic heterogeneity. More directly, four-point
correlation functions introduced for glass-formers to measure properly dynamic correlations
indeed reveal that the dynamics is strongly correlated and heterogeneous. Finally, we have
obtained the spatio-temporal pattern of mobility, out of which we have extracted a direct
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Figure 2.1: Left: Sketch of the cyclic shear experimental set-up. Right: Evidence of the ”cage
effect”; the root mean square displacement exhibits a crossover between a subdiffusive regime at
short time and a diffusive one at larger times. (Inset): Image of the cages within one 10000 steps
trajectory with respect to the grain size.

measurement of a dynamical lengthscale. Our experimental results, to our knowledge the
first direct measurement of four-point spatio-temporal correlation functions, have opened
the way to a systematic study of dynamic correlation functions in granular material as
a way towards a better understanding of glassy and “jammy” materials in general (see
[11, 17, 18, 19, 20, 21, 22, 23, 24, 25]).

2.3.2 The jamming transition as a critical phenomena

Despite recent efforts, the precise mechanism underlying the jamming transition remains
an open problem. In fact, “jamming” appears to be associated with two rather different
notions, not always well distinguished in the literature. One is that of dynamical arrest and
the divergence of the structural relaxation time τα, as observed in glass-forming liquids, but
also in colloidal suspensions and granular assemblies as reported here above. The second
is the appearance of mechanical rigidity. This rigidity/jamming transtion may in principle
be different from the glass/jamming transition.

In a new experimental set-up, we have investigated the rigidity/jamming transition in
an assembly of horizontally vibrated bi-disperse hard disks, using a quench protocol that
produces very dense configurations with structural relaxation time τα much larger than
our experimental time scales. We have analyzed the evolution of the dynamics of the
grains, namely the mean square displacement, the self-intermediate scattering function,
and dynamical correlations, across the jamming transition. We have observed that after
the sub-diffusive regime commonly observed in glassy systems, the particles become super-
diffusive at intermediate times before eventually entering the long-time diffusive regime.
At higher packing fractions, this unusual intermediate superdiffusion disappears. Since
superdiffusion is tantamount to long-time correlations in the motion of particles, this result
shows that dynamical correlations are maximal at the rigidity transition packing fraction
φJ . As a decisive signature of the critical nature of φJ , we have shown that these long-
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Figure 2.2: Top left: Sketch of the experimental set-up. Top right: Rescaling of the four point
correlations as a function of

√
r/ξ4 for 8 densities around φJ . Inset: Dynamical susceptibility as

a function of probing length a and delay time τ for φ< = 0.8413 < φJ in a log-log colour plot.
Bottom left: ξ4 as a function of the packing fraction. The lines are indicative power-law fits,
ξ4 ∼ A±/|φ − φJ |1/2. Bottom right: Typical snapshot of the local relaxation at the time of
maximal heterogeneities at φJ and the corresponding displacement field (magnified 5 times).

time correlations are accompanied by the growth of spatial correlations, which are maximal
when the dynamics is maximally super-diffusive.

A snapshot of the displacement field reveals that the super-diffusive motion is organized
in channel currents or pseudo shear bands meandering between blobs of blocked particles.
Using the parlance of energy landscapes, these extended objects materialize in real space
what the system is actually doing when it ‘crosses a barrier’ between two blocked con-
figurations. It is tempting to conjecture that these correlated currents are related to the
extended soft modes that appear when the system loses or acquires rigidity at φJ (see [26]).

2.3.3 How to avoid jamming in a funnel

The jamming transition in granular flow is an interesting problem of fondamental statistical
physics. But it is also a major problem in a lot of industrial process implying grains. For
instance, pharmacological, chemical, foods or construction industries often use silos of
grains, gravels or powders where the evacuating funnels jam due to arch forming. A funnel
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preventing such an arch-forming has been designed in the team. The device provides a
continuous flow of quasi–spherical dry grains (sphericity ±10%, rugosity ≤ 0.1 mm) under
gravity without energy input. Our patented device can be implemented into existing silos
and funnels (see [27, 28, 29]).

2.4 Turbulence

Arnaud Chiffaudel, Olivier Dauchot, François Daviaud, Bérengère Dubrulle

2.4.1 Astrophysical flows

Astrophysical accretion disks can be found in a wide variety of environment, ranging from
stars to galaxies and black hole. It has been argued that their high luminosity originates
from turbulent transport of angular momentum but the source and the properties of the
turbulence responsible from such a mechanism is still under debate.

Regarding the source of the turbulence, we have discussed the possibility that astrophysical
accretion disks are dynamically unstable to non-axisymmetric disturbances with character-
istic scales much smaller than the vertical scale height. The instability is studied using
three methods: one based on the energy integral, which allows the determination of a suffi-
cient condition of stability, one using a WKB approach, which allows the determination of
the necessary and sufficient condition for instability and a last one by numerical solution.
This linear instability occurs in any inviscid stably stratified differential rotating fluid for
rigid, stress-free or periodic boundary conditions, provided the angular velocity Ω decreases
outwards with radius r. We have proposed that the spontaneous generation of these linear
modes is the source of turbulence in disks, especially in weakly ionized disks.

Regarding turbulence properties, we have used laboratory measurements of energy dis-
sipation in turbulent and laminar differential rotating fluids together with the Reynolds
similarity principle to compute the effective accretion rate in a circumstellar disk, as a
function of its characteristic parameters (orbiting velocity, temperature and density at the
inner radius). We have also analyzed the influence of boundary conditions at the disk/star
interface (either a velocity boundary layer or a magnetosphere), and found in both cases
that the disk flow is well in a turbulent state, with a possible transition to the laminar
state beyond about 700 AU (see [30, 31, 32]).

2.4.2 Turbulent von Kármán flows: experiments

The von Kármán flow is produced in a closed cylindrical vessel by two impellers rotating in
opposite direction. It is designed to produce a high level of turbulence in a small laboratory
experiment: we reach Reynolds number as much as Re ∼ 5 × 105 in the Saclay 20cm-
diameter water experiment, and up to Re ∼ 5 × 106 in the Von Kármán Sodium (VKS)
experiment (see §2.5) at CEA-Cadarache. This system is devoted to both fundamental
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Figure 2.3: Left: Dimensionless torque Kp vs. Re in a log-log scale (θ = 0). The lower branch (◦)
follows the transition to turbulence for the mean symmetric (s)-flow regime. The high-torque branch
(stars) corresponds to the (b)-flow regime, i.e., to the “turbulent bifurcation”which arises above
Re � 104. Right: Dimensionless torque difference ΔKp = Kp2−Kp1 vs. θ = (f2−f1)/(f2 +f1) for
Re � 5×105. Highly subcritical transitions between symmetric/ 2-cells (s)-(�) and bifurcated/1-cell
(b)-(◦) mean-flows are observed.

studies of closed-flow turbulence and to support the dynamo experiment in studying the
purely hydrodynamical aspects of the system [33, 34, 35]. The main symmetry of the
system is Rπ-rotation which exchanges both impellers. The mean flow can either respect
this symmetry or not and is respectively labelled (s) or (b).

A globally supercritical transition from steady flow to turbulence [34, 36]: Using different
mixtures of water and glycerol, we study the transition from laminar flow to fully developed
turbulence, i.e., for Re ranging from 50 to 5×105. The flow undergoes a classical succession
of bifurcations: quasiperiodic, chaotic, turbulent. These bifurcations are driven by the
destabilization of the azimuthal shear-layer, i.e., Kelvin–Helmholtz instability.

We observe that the transition to turbulence is globally supercritical: the kinetic energy
of the velocity fluctuations can be used as a single order parameter to characterize the
transition, from the first laminar time-dependence up to the fully developed turbulence.
This quantity defines a critical Reynolds number Rec = 330 for the first onset of time-
dependence in the flow, and an upper threshold/crossover Ret = 3300 for the saturation of
the energy cascade which can be viewed as a threshold for developed turbulence.

We also measure the dissipation through the torque injected in the flow (Fig. 2.3-(Left)).
It exhibits three regimes: the viscous steady regime below Rec, the transition regime
where the supercritical variation of the velocity fluctuation kinetic energy is reported and
the inertial regime or developed turbulence regime above Ret where both dynamics and
dissipation become independant of the Reynolds number. Spectral analysis in temporal
domain reveals that almost all of the fluctuations energy is stored in time-scales one or two
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orders of magnitude slower than the time-scale based on impeller frequency. This spectral
band is progressively filled by time-dependent and chaotic dynamics and it saturates for
Re ∼ 1000. Then turbulence builds the Kolmogorov energy cascade which is achieved for
Re = Ret.

Multistability and memory effect at high Re: the turbulent bifurcation [33, 34]: The above
paragraph describes the transition to turbulence of the Rπ-symmetric (s)-flow which con-
sists — for the time-averaged flow — of two symmetrical recirculation cells on each side
of the equatorial plane and symmetrical fluid pumping for the to impellers. One can see
on Fig. 2.3-(left) that for Re � 104 a high-torque branch appears. This (b)-flow is made
of a single recirculation cell: it breaks the Rπ-symmetry. So, there is two symmetrical
(b)-flow solutions with pumping toward one or the other impeller. While classical turbu-
lence textbooks teach how turbulence globally restores the broken symmetries of the flow
when Re → ∞, we present here a counterexample of high-Reynolds-number multistability
of turbulent flows of different mean topology.

In order to characterize this multistability, we introduce an additional parameter: the
rotation velocity difference θ = (f2 − f1)/(f2 + f1) between both impellers. The θ = 0
(s)-flow can be observed only if both impellers are started together, i.e., if θ is kept equal
to zero at anytime (Fig. 2.3-(Right)). Once some velocity difference is applied long enough,
the mean flow changes abruptly to a one-cell flow. This “turbulent bifurcation ”keeps
memory of the system history: whatever θ is choosed after the bifurcation has occured,
the system will stay in one of the two bifurcated (b) branch and will never recover its
Rπ-symmetry at θ = 0 unless Re is strongly decreased below 104. This behaviour can be
followed on the large hysteretic cycle in Fig. 2.3-(Right).

These aspect of the turbulent bifurcation remind classical properties of bifurcation of low-
dimensionality systems. However, the bifurcation dynamics is really different, probably
because of the presence of very large turbulent fluctuations. For example, the characteristic
time between a control parameter change and the system reaction — transition from (s) to
(b) — diverges when θ → 0 with a very-large critical exponent, i.e., like |θ|−6. This kind
of dynamics is probably not so rare in fluid dynamics, but has not been extensively studied
except for very peculiar systems and, as far as we know, never considering the role of
turbulent fluctuations. Some aspects of this dynamics can be understood in the framework
of the nonlinear physics of dynamical systems, considering only the time-averaged flows.
Some other aspects clearly address the question of the role of the “noise” produced by the
turbulence. From a broader point of view, this problem is related to the study of transitions
in the presence of noise or turbulence, i.e., the same class of bifurcation than dynamo effect
(§2.5).

In further, we will be concerned by the universal relevance of the concept of multistabil-
ity in average along time of states of highly fluctuating systems and by the transitions
between these states (magnetic inversions of the Earth, climate changes between glacial
and interglacial cycles) — see [13, 33, 34, 36, 37, 38, 39, 40, 41, 42, 43] —; (see also other
miscellaneous works [44, 45, 46, 47, 48, 49]).
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2.4.3 Model of turbulence

We have proposed a new model of turbulence for use in large-eddy simulations (LES). The
turbulent force, represented here by the turbulent Lamb vector, is divided in two contribu-
tions. The contribution including only subfilter fields is deterministically modeled through
a classical eddy-viscosity. The other contribution including both filtered and subfilter scales
is dynamically computed as solution of a generalized (stochastic) Langevin equation. This
equation is derived using Rapid Distortion Theory (RDT) applied to the subfilter scales.
The general friction operator therefore includes both advection and stretching by the re-
solved scale. The stochastic noise is derived as the sum of a contribution from the energy
cascade and a contribution from the pressure. The LES model is thus made of an equation
for the resolved scale, including the turbulent force, and a generalized Langevin equation
integrated on a twice-finer grid. We have compared the full model with several approxi-
mations. In the first one, the friction operator of the Langevin equation is simply replaced
by an empirical constant, of the order of the resolved scale correlation time. In the second
approximation, the integration is replaced by a condition of instantaneous adjustment to
the stochastic force. In the isotropic, homogeneous situations we study, both approxima-
tions provide satisfactory results, at a reduced computational cost. The model has been
validated by comparison to DNS and is tested against classical LES models for isotropic ho-
mogeneous turbulence, based on eddy viscosity. We have shown that even in this situation,
where no walls are present, our inclusion of backscatter through the Langevin equation re-
sults in a better description of the flow. The model is currently implemented in a geometry
suitable for description of wall bounded flow by Rostislav Dolganov, Ph. D student under
the supervision of J-Ph. Laval (Lille) and B. Dubrulle, as a part of the european contract
WALLTURB (see [50, 51, 52]).

2.4.4 Super-Fluid Turbulence

The group is part of the ANR TSF (Super-Fluid Turbulence). The main objective of
this project lies in the comparative study of the turbulent cascade in a fluid (helium), by
taking into account the mechanisms which take part in the energy dissipation of generated
vortices on a large scale. In order to obtain a pure homogeneous and isotropic turbulence,
this turbulence is generated behind a grid using a flow at high velocity. This work is based
on the exceptional properties of helium at low temperature, where two phases are possible,
depending whether helium temperature is above or below Tc. Above Tc the viscosity is still
very low, but transport coefficients are classical: turbulence is then identical to any other
fluid, such as water or the atmosphere, and one expects a viscous dissipation of “classical”
type...Below Tc the super-fluid must be taken into consideration as far as dissipation is
concerned. The group is involved in the theoretical part of the project. The idea is to
use a comparison of the results obtained in superfluid turbulence with those which result
from normal turbulence in order to validate or force several open problems of turbulence,
in particular the intermittency, the definition of a statistical mechanics of turbulence, and
the validation of certain models of turbulence.
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2.5 Dynamo action in a conducting fluid.

Sébastien Aumâıtre, Arnaud Chiffaudel, François Daviaud, Bérengère Dubrulle

Dynamo action is the instability mechanism by which part of the mechanical energy is
converted into magnetic energy by the motion of an electrically conducting fluid. Since
Larmor 1919, it is believed to be at the origin of the magnetic fields of planets and most
astrophysical objects. One of the most striking features of the Earth’s dynamo, revealed by
paleomagnetic studies, is the observation of irregular reversals of the polarity of its dipole
field. A lot of work has been devoted to this problem, both theoretically and numerically,
but the range of parameters relevant for natural objects are out of reach of numerical
simulations for still a long time, in particular because of turbulence. In industrial dynamos,
the path of the electrical currents and the geometry of the (solid) rotors are completely
prescribed. As this cannot be the case for planets and stars, experiments aimed at studying
dynamos in the laboratory have evolved towards relaxing these constraints. Solid rotor
experiments showed that a dynamo state could be reached with prescribed motions but
currents free to self-organize. A landmark was reached in 2000, when the experiments
in Riga1 and Karlsruhe2 showed that fluid dynamos could be generated by organizing
favourable sodium flows, but the dynamo fields had simple time dynamics (a steady field in
Karlsruhe and an oscillatory field in Riga). No further dynamical evolution was observed.
The search for more complex dynamics, such as exhibited by natural objects, has motivated
most teams working on the dynamo problem to design experiments with less constrained
flows and a higher level of turbulence.

In September 2006, the von Kármán sodium experiment (VKS) has first shown regimes
where a statistically stationary dynamo self-generates in a fully turbulent flow [53]. It has
then evidenced for the first time other dynamical regimes including irregular reversals - like
in the Earth- and periodic oscillations -like in the Sun [54]. In the following, we first present
theoretical results related to the influence of turbulence on dynamo action and numerical
simulations performed both in the kinematic regime of von Karman type flows and in the
full non linear regime of Taylor Green flows. We then summarize the experimental results
obtained in the VKS experiment.

2.5.1 Theory and numerical simulations

The Riga and Karlsruhe experiments have shown that the observed thresholds are in good
agreement with theoretical predictions made by considering only the mean flow, whereas
the saturation level of the magnetic field cannot be described with a laminar flow model.
These observations have raised many questions: what happens for flows without geometrical
constraints such that fluctuations are of the same order of magnitude as the mean flow? Is
the dynamo threshold strongly increased due to the lack of coherence of the driving flow ?
What is the nature of the dynamo bifurcation in the presence of large velocity fluctuations?

1Gailitis A. et al., Phys. Rev. Lett. 86 (2001), 3024.
2Stieglitz R., Müller U., Phys. Fluids 13 (2001), 561.
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Theoretical predictions regarding the influence of turbulence onto the mean-flow dynamo
threshold are scarce. Small velocity fluctuations produce little impact on the dynamo
threshold3. Predictions for arbitrary fluctuation amplitudes can be reached by considering
the turbulent dynamo as an instability (driven by the mean flow) in the presence of a
multiplicative noise (turbulent fluctuations). In this context, fluctuations favor or impede
the magnetic field growth depending on their intensity or correlation time.

Dynamo predictions can be obtained from kinematic simulations in which the velocity
field is time-independent, fixed to its time average value 〈v〉(r). In collaboration with
C. Normand (SphT), we have performed a Galerkin analysis of kinematic dynamos in von
Karman geometry. In collaboration with J. Léorat (Meudon Observatory), we have realized
numerical studies for an optimized design of the von Karman dynamo and with F. Stefani
(Dresden), we have studied the ambivalent effects of added layers on steady kinematic
dynamos. In our case 〈v〉(r) is measured from water model experiments. The threshold for
which dynamo action is predicted varies significantly with prescribed boundary conditions,
and, to a lesser extent, with the numerical procedure. Values range from Rc

m = 46 for
(finite axial boundary condition / 5 mm copper shell separating the flow and the static
conducting layer /copper container / no fluid behind the impellers) to Rc

m > 100 for the
same previous conditions but with fluid in motion behind the impellers3.

With J.-P. Laval (Lille University), we have studied the influence of turbulence on the
dynamo threshold in the Taylor Green flow. We used direct and stochastic numerical
simulations of the magnetohydrodynamic equations to explore the influence of turbulence
on the dynamo threshold. In the spirit of the Kraichnan-Kazantsev model, we modeled
the turbulence by a noise, with given amplitude, injection scale and correlation time. The
addition of a stochastic noise to the mean velocity significantly alters the dynamo threshold
and increases it for any noise at large scale. For small-scale noise, the result depends on its
correlation-time and on the magnetic Prandtl number (see [30, 35, 38, 55, 56, 57, 58, 59,
60, 61]).

2.5.2 VKS experiment.

The VKS experiment is a collaboration between CEA, CNRS, ENS Paris (S. Fauve’s group)
and ENS Lyon (J.-F. Pinton’s group). Two successive experiments have been designed,
built and run in CEA/Cadarache. The first one -VKS1- has not led to dynamo action
but has enabled many studies concerning magnetic induction by a turbulent liquid sodium
flow. The VKS2 set-up shown in Figure 2.4 has been implemented in 2005. The fluid is
liquid sodium, chosen for its high electrical conductivity, low density and low melting point.
The net volume of sodium is roughly 160 l. A turbulent von Kármán flow is generated by
two counter-rotating iron impellers (rotation frequencies F1 and F2). The flow maximum
driving power is 300 kW, and cooling is performed using an oil flow inside the copper
walls of the vessel. It allows experimental runs at constant temperatures between 110◦C
and 160◦C. Corresponding magnetic Reynolds numbers up to 49 at 120◦C are reached.

3 Laguerre R. et al., C. R. Mécanique 334 (2006), 593-598.
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Figure 2.4: Top left: Sketch of the VKS2 experimental set-up. Top right: Temporal trace
of the components magnetic field measured at the mid–height of the cylinder at the boundary
of the moving fluid (position P1) when the rotation frequency of both impellers is increased as
displayed on the lower curve. Bottom left: Bifurcation diagram of the mean of absolute value of
the components of the saturated magnetic field versus the magnetic Reynolds number Rm. Inset
shows the linear growth rate of the square of the total magnetic field versus Rm at two different
positions of the probes (position P1 and almost at a quarter height of the cylinder, position P2).
Bottom right: Standard deviation of each component of the magnetic field versus Rm. The inset
shows the Brms/〈B2〉 at differents sensor positions and rotation frequencies. It underlines the fact
that — below the threshold — the fluctuations, due to induction effects, increase sharply close to
the threshold.

The magnetic field is measured with local Hall probes inserted inside the fluid. Different
configurations have been studied.

In a basic configuration, we have studied the transport of a localized magnetic field by a
turbulent flow of liquid sodium. We have observed that the field can be transported by
the flow on distances larger than the integral scale. In most configurations, the mean value
of the field advected at large distance vanishes whereas the rms value of its fluctuations
increases linearly with the magnetic Reynolds number in all situations. The advected
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Figure 2.5: (Left): Erratic inversions of the components of the magnetic field measured in the
VKS experiment, compared to the fluctuations in the injected power. The main component (red)
is the azimutal one. (Right): Periodic osillations of the magnetic field when the velocity difference
between impellers is increased. Vertical dashed–lines show the moments when the velocity difference
is increased.

field is strongly intermittent. Adding a layer of sodium at rest surrounding the flow,
we have studied the flow response to an externally imposed homogeneous magnetic field.
Induction effects are larger than in the former VKS1 experiment4,5. At Rm larger than
about 25, the local amplitude of induced field components supersedes that of the applied
field, and exhibits non-Gaussian fluctuations. Slow dynamical instationarities and low-
frequency bimodal dynamics are observed in the induction, presumably tracing back to
large scale fluctuations in the hydrodynamic flow. Placing a thin annulus in the equatorial
plane alters significantly these dynamics. In this case, we observe that, whereas the mean
induction remains of the same order of magnitude, the slowest time-scale of the induced
magnetic field is reduced by one order of magnitude with respect to the free case. This
effect could be important, since it has been shown that adding random large scale noise to
the Taylor-Green flow could significantly increase the dynamo threshold. The introduction
of the annulus did not lead to dynamo generation, but the measurements have shown a
clear non-linear increase of the fluctuations of induction.

All the above configurations have been realized with stainless stell propellers. The config-
uration that leads to dynamo action consists in the surrounding layer of sodium at rest,
the annulus in the equatorial plane and pure iron disks. With this change of boundary
conditions on the disks, the magnetic field does not penetrate the region behind the disks
— a well-identified effect on threshold. However, it remains for future study to determine
how crucial each of these factors is.

When the impellers are operated at equal and opposite rotation rates F , a fully turbulent
dynamo is observed when F is larger than about 17 Hz (Rm = 31). A mean magnetic field of
order 40 G is observed 30% above threshold at the flow lateral boundary and is statistically
stationary with either polarity in this case. The bifurcation appears to be supercritical

4Bourgoin M. et al., Phys. Fluids 14–9 (2001), 3046.
5Marie L. et al., Eur. Phys. J. B 33 (2003), 469.
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with a slight imperfection certainly due to the iron disks. The rms fluctuations are larger
than the corresponding mean value for two of the components. The scaling of the mean
square magnetic field is in agreement with a prediction previously made for high Reynolds
number flows. In the experiment, the rotation rates (F1, F2) of the driving impellers can
be independently adjusted and this gives an additional degree of freedom. Starting from a
symmetric flow forcing, F1 = F2, one can progressively change the rotation frequency of one
disk and explore regimes in which the faster disk imposes some kind of global rotation to
the flow, a feature common to most natural dynamos. Several regimes have been evidenced.
The magnetic field can randomly switch between two symmetric solutions B and −B. We
observe a hierarchy of time scales similar to the Earth’s magnetic field: the duration of
the steady phases is widely distributed, but is always much longer than the time needed to
switch polarity. In addition to reversals we report excursions. Both coincide with minima
of the mechanical power driving the flow. Small changes in the flow driving parameters also
reveal a large variety of dynamo regimes: periodic oscillation like in the Sun or bursts. The
studies now concern the nature of the bifurcation, the characterization of the neutral mode
and of the different dynamical regimes encountered and their comparison with behaviours
observed in nature (see [34, 53, 54, 60, 61, 62, 63, 64, 65, 66, 67, 68]).

2.6 Complex fluids and Chaotic Mixing

Marco Bonetti, Olivier Dauchot, Bérengère Dubrulle

2.6.1 Pressure effects on biological systems

Over the last decade, particular attention has been given to the impact of high pressures
on the biotechnology (e.g., high-pressure food processing). High pressure effects result
at the molecular level in a structural change – such as the protein unfolding – and to a
modification of the protein-protein and protein-solvent interactions. This might lead to
protein aggregation and, at a macroscopic level, to a gel formation. One of the underlying
mechanisms of pressure unfolding is penetration of water into the protein which increases
the protein volume (protein hydration).

Alteration of the protein structure is studied by Small-Angle Neutron Scattering (SANS)
that allows the radius of gyration of the hydrated protein, the specific interaction between
two proteins, and the isothermal compressibility of the hydrated protein to be studied as
a function of pressure. Our studies have focused mainly onto two globular proteins, the
horse heart azidometmyoglobin and the β-lactoglobulin. In particular, we have shown that
the radius of gyration of β-lactoglobulin dimers increases by ≈ 7 % when the pressure is
increased from 50 MPa to 150 MPa, and that a pressure-induced aggregation occurs at
about 350 MPa. This research activity is carried out in collaboration with the Labora-
toire Léon Brillouin (CEA-Saclay), the ENSBANA-Dijon, and the Università delle Marche
(Ancona-Italy). To that purpose, novel high pressure cells devoted to the study of soft mat-
ter under pressure by the SANS technique have been successfully developed. A Poulter-type
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cell and a sapphire-anvil allow pressures between 350 MPa and 530 MPa to be reached
(see [69, 70, 71, 72, 73, 74]).

2.6.2 Thermophysical properties of nanofluids.

In the recent years fluids containing suspended solid nanoparticles — hence called nanoflu-
ids — have been shown to have great potentials because of their enhanced thermophys-
ical properties with respect to the base fluid. In the framework of the research project
REMONA (REfroidissement des MOteurs par NAnofluides) which involves the industrial
partners Renault and Chevron, and an academic one, the Laboratoire de Thermocinétique,
Université de Nantes, a new activity devoted to the characterisation of the thermophysical
properties of nanofluids has been initiated in collaboration with the SPAM (CEA-Saclay)
and GRETh (CEA –Grenoble).

We study the thermal conductivity enhancement of aqueous suspensions containing a small
amount of non metallic particles, like SiC, Al2O3, and CuO, or multi wall carbon nanotubes
(CNT) as a function of the nanoparticle concentration and temperature. Accurate thermal
conductivity measurements are carried out with the steady–state method using a coaxial-
cylinders cell shown in Fig. 2.6-(Left). The largest increase of the thermal conductivity is
obtained with a water based CNT suspension. As shown in Fig. 2.6-(Right), with a 3 wt%
CNT fraction the enhancement of the thermal conductivity is about 60 % higher than that
of the base fluid. It can be noticed that the thermal conductivity enhancement is a linear
function of the NT concentration and is not temperature dependent.

Figure 2.6: (Left): Thermal conductivity cell. The gap between the two cylinders is 0.3 mm.
(Right): Thermal conductivity enhancement of a water based carbon nanotube suspension as a
function of the carbon nanotube concentration.



34 Instability and Turbulence

Figure 2.7: Dye homogenization by chaotic mixing in (left): a 2-D closed flow, where the fluid is
stirred on a figure-eight path and in (right): an open channel flow, where the fluid flows through
the mixing region.

2.6.3 Chaotic Mixing: from closed to open flows.

Many industrial applications would benefit greatly of further insight into the mixing mech-
anisms of viscous fluids. The study of fluid mixing enhanced by closed flows goes back to
the early 80’ s and the introduction of chaotic advection. The interest for mixing in open
flows is more recent. Transient mixing created by an open flow whose time dependency
is restricted to a bounded region — the mixing region — can be studied in the same dy-
namical systems framework as for bounded flows, since for typical open flows, Lagrangian
trajectories have a transient chaotic behavior inside the mixing region. Nevertheless, quan-
titative analysis of homogenization realized by such flows is still lacking. These last three
years, we aimed at characterizing transient mixing in open flows and in parallel, we car-
ried complementary investigations in closed flows as a guide on the less-beaten track of
open flows. This work is motivated by an industrial collaboration with the company of
Saint-Gobain.

We have studied experimentally dye homogenization by chaotic mixing in a 2-D closed flow.
A cylindrical rod periodically driven on a figure-eight path gently stirs viscous sugar syrup
inside a closed vessel pattern expanding towards the wall with time. Precise measurements
of the concentration field have yielded “slow” algebraic decay of an inhomogeneity, at odds
with the expected exponential decay. We could relate quantitatively this slow mixing to the
chaotic nature of trajectories initially close to the no-slip wall, which end up escaping in the
bulk and slow down the whole mixing process. We have proposed a simplified 1D model,
which supports our experimental results and quantitative analysis of the concentration
pattern has lead to scalings for the distributions and the variance of the concentration field
consistent with experimental and numerical results6 (see [75, 76, 77]).

6E.Gouillart , J.-L. Thiffeault, and M.D. Finn, Phys. Rev. E 73 (2006), 036311.
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A second mixing experiment allows us to study dye mixing in an open flow where viscous
fluid flows at constant flow-rate in a long shallow channel, and crosses a “mixing region”
where stirrers stretch and fold fluid particles. Due to the main flow, chaotic mixing is a
transient process here, and its characterization might seem more of a challenge than for
closed flows where asymptotic quantities — such as Lyapunov exponents — are commonly
used to describe mixing. A first step has therefore consisted in determining experimentally
the residence times inside the mixing region, that is the “lifetime of chaos”. Our results
allow to distinguish between two different populations: whereas some fluid particles escape
immediatly from the mixing region almost untouched, others are caught by the stirrers
inside the mixing region where they are stretched. A mirror image of the asymptotic
downstream dye pattern allows to predict the location of upstream fluid particles belonging
to both populations.
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29 novembre 2004.

[10] S05/024 F. Da Cruz, F. Lechenault, O. Dauchot, and E. M. Bertin Free volume distributions
inside a bidimensional granular medium Powders and Grains, Stuttgart, Germany, July 18-22,
2005 (arXiv:cond-mat/0502504).

http://www-drecam.cea.fr/spec/Docspec/search/article.php?id=s05/087/
http://pnl.lps.u-psud.fr/pnl
http://dx.doi.org/10.1103/PhysRevLett.93.230601
http://dx.doi.org/10.1103/PhysRevE.71.046140
http://dx.doi.org/10.1103/PhysRevLett.96.120601
http://dx.doi.org/10.1103/PhysRevE.75.031120
http://dx.doi.org/10.1103/PhysRevE.71.036311
http://dx.doi.org/10.1103/PhysRevE.73.046308
http://tel.ccsd.cnrs.fr/documents/archives0/00/00/78/09/
http://arxiv.org/cond-mat/0502504


36 Instability and Turbulence

[11] S05/109 O. Dauchot, Glassy behaviours in a-thermal systems, the case of granular media: A
tentative review, in Summer School on Ageing and the Glass Transition, University of Lux-
embourg, Luxembourg, September 18-24, 2005, (M. Henkel, M. Pleimling, and R. Sanctuary,
eds.), Vol. 716 of Lect. Notes Phys. Springer-Verlag, Berlin, 2007, pp. 161–206.

[12] S05/120 F. Lechenault, F. Da Cruz, O. Dauchot, and E. M. Bertin, Free volume distributions
and compactivity measurement in a bidimensional granular packing, J. Stat. Mech. 7 (2006),
9 (arXiv:cond-mat/0512608).

[13] S06/008 R. Monchaux, F. Ravelet, B. Dubrulle, A. Chiffaudel, and F. Daviaud, Proper-
ties of steady states in turbulent axisymmetric flows, Phys. Rev. Lett. 96 (2006), 124502
(arXiv:cond-mat/0601582).

[14] S06/116 R. Monchaux, B. Dubrulle, and F. Daviaud Properties of turbulent axisymmetric
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2007), Institut Henri Poincaré, Paris, France, 14-16 mars 2007, pp. 127-130, (M. Lefranc, C.
Letellier, and L. Pastur, eds.) Non-Linéaire Publications, Orsay, 2007.

[16] S04/104 G. MiDi, O. Dauchot, O. Pouliquen, B. Andreotti, F. Chevoir, et al., On dense
granular flows, Eur. Phys. J. E 14 (2004), 341–365.

[17] S04/053 G. Marty and O. Dauchot, Subdiffusion and Cage Effect in a Sheared Granular
Material, Phys. Rev. Lett. 94 (2005), 015701 (arXiv:cond-mat/0407017).

[18] S04/103 G. Marty and O. Dauchot, Etude expérimentale de la diffusion dans un système
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Troyes, France, 29 août - 2 septembre, 2005.
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experiment: design of an homogeneous fluid dynamo based on von Kármán flow Joint meeting
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3.1 Introduction:

The research objectives of the “Magnetism, Frustration and Disorder” group concern the
physics of complex materials. Its main topics are the nature of the structural glass tran-
sition, spin glasses, frustrated systems and superconductivity. The experimental tools are
mainly low and very low temperature magnetometry, but new experimental techniques
were recently developped: nonlinear dielectric spectroscopy and local magnetometry. We
succeed to the group “Magnetism and Mössbauer Spectroscopy” and have continued the
studies on frustrated systems such as spin glasses or Kagome compounds. At the same
time, we have renewed our scientific objectives by going to the yet unresolved question of
the correlation length at the glass transition and investigating locally magnetic systems.
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The group “Magnetism and Mössbauer Spectroscopy” has been tremendously weakened by
the sudden decease of Miguel Ocio, and also by the retirement of M. Hammann and the in-
volvment of E. Vincent in the direction of SPEC, but the experience and competences were
transmitted to the new members. Maintaining these competences together while develop-
ing new topics and experiments have marked the last few years. The first results of those
efforts were obtained rather recently and rich harvests are expected in the near future. In
the following, the two first sections are devoted to our main new objectives: investigating
the structural glass transition, and the development of local magnetic probes. The next
sections concern the works on frustrated systems and superconductivity, and finally we
present the results of previously engaged works of the new members of the group.

3.2 Dynamics of glassforming liquids:

François Ladieu, Denis L’Hôte

3.2.1 The glass transition: a cooperative process ?

Understanding the glass transition is a challenge which resisted a large research effort
over the last decades. Contrary to usual phase transitions, the dynamics of glass-formers
dramatically slows down with nearly no changes in structural properties. Could this be
due still to a true underlying phase transition, or are glasses just liquids that have become
too viscous to flow? Evidence is mounting that, as the glass transition is approached,
increasingly larger regions of the material have to move simultaneously to allow flow1: these
so called “dynamical heterogeneities” (DH) would be the counterpart of critical fluctuations
in standard phase transitions. Although of crucial importance, only recent and indirect
experimental evidence for DH is available, and suggests a cooperative lengthscale of about
5-20 molecular diameters at the glass transition. The reason is that a full characterization
of DH is a daunting experimental task — resolving the dynamical behaviour of particles
in space and time. This is why we aimed at measuring macroscopic susceptibilities which
have been shown, theoretically, to be related to the number Ncorr of particles in a given
DH (see [1, 2] ). For that purpose we developped a new experiment devoted to linear and
nonlinear dielectric spectroscopy. Its heart is a capacitor whose dielectric is a glassforming
liquid such as glycerol placed in a cryogenerator, and we measure the tiny current resulting
from a sinusoidal E-field excitation induced by a source voltage Vs .

3.2.2 Non-linear dielectric spectroscopy

A recent prediction [2] states that the nonlinear part χ3 of the dielectric response in su-
percooled liquids is directly proportional to the number Ncorr of particles in a given DH.
This is of course reminiscent of spin glasses where χ3 diverges critically at Tg. However, for

1 E. Donth, The glass transition, Springer (2001); M.D. Ediger, Ann. Rev. Phys. Chem. 51 (2000), 99 .
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Figure 3.1: Top left: Our bridge involving two capacitors of different thicknesses (impedances
Zthin and Zthick), with external impedances zthin, zthick chosen to equilibrate the circuit, i.e. to
make Vm(1ω) � 0. Bottom left: The third harmonic current measured with the bridge technique
I(3ω) ∝ [Vs(1ω)]3 (dashed line is a cubic law). Top right: The profiles of spacers obtained either by
gluing a mylar foil or by patterning a resin layer. Bottom right: The profiles of two (gold coated)
electrodes obtained either by standard polishing (upper curve), or by a special machining (lower
curve) which avoids the bending between the center of the electrode x = 0 and the edge.

structural glasses, one expects DH to have a finite lifetime, of the order of the structural
relaxation time τα. Thus χ3 should be peaked at a frequency ∼ 1/τα. The definition of
χ3 is that when the system is placed in a sinusoidal electric field E(ω) at frequency ω,
it generates, on top of the response current I(ω), a third harmonic I(3ω) proportional
to χ3. This third harmonic response had never been reported before. Our experiment is
able to capture it, and is the first direct measurement of the DH size [3, 4, 5]. The main
difficulties we overcame are due to the weakness of I(3ω). For glycerol one may expect
I(3ω)/I(1ω) ≈ 10−7 for E � 200 kV/m. This ratio I(3ω)/I(1ω) increases as E2. How-
ever, high voltage sources have large harmonic distortion, i.e. they yield, on top of Vs(1ω),
harmonic voltages — Vs(nω), with n > 1 — orders of magnitudes above the 10−7 limit.
The best source we found delivers up to 14 V with Vs(3ω)/Vs(1ω) ≤ 10−6. To get rid
of this remaining parasitic third harmonic, we designed an original bridge technique with
two capacitors of different thicknesses e1 and e2, see Figure 3.1. This allows to reduce
the contribution of Vs(3ω) to the detected signal Vm by nearly two orders of magnitudes:



46 Magnetism, Frustration and Disorder

Vs(3ω) is cancelled in the bridge while the physical contribution I(3ω) remains because the
two capacitors contribute proportionally to 1/e3

1 and 1/e3
2. The sensitivity of our circuit

allows to detect I(3ω) for glycerol with e1 ≈ 25 μm and e2 ≈ 40 μm and a surface S � 3
cm2 (Fig. 3.1). To increase E, we investigated decreasing the spacers thickness e between
the two metallic electrodes. We made them of resin patterned in the clean room of SPEC
(instead of small Mylar pieces), thus allowing e < 10μm (see Fig. 3.1). To avoid short cir-
cuits between the electrodes implies that their flatness reaches very high levels. Figure 3.1
shows a comparison of the electrodes profiles for standard polishing, and for our specially
machined electrodes.

3.2.3 Linear dielectric spectroscopy and the correlation length

In parallel with nonlinear dielectric spectroscopy, we used another method to determine
the average number of dynamically correlated molecules Ncorr(T ). It relies on the linear
relaxation function temperature dependence [1, 5, 6] and gave for the fist time an accurate
determination of the Ncorr(T ) increase when the temperature decreases towards Tg. The
definition of Ncorr we consider here is based on a 4-point correlation function:

Ncorr(t) = ρ

∫
d3r 〈δc(0; 0, t)δc(r; 0, t)〉NPT , (3.1)

where 〈 〉NPT is the NPT ensemble average and ρ the density. δc(r; 0, t) is the fluctuation
of a normalized quantity measuring the dynamic evolution of the molecules at point r from
time 0 to time t. In our case, it is proportional to the electrical polarization. Relying on
the idea that the spatial fluctuations of the molecules are mainly due to enthalpy fluctua-
tions, it can be shown that Ncorr ≈ [ρ2/kBcpT

2][
∫

d3r 〈δh(0; 0)δc(r; 0, t)〉NPT ]2 [1, 7]. The
integration is now on a three-point correlator indicating to what extent a fluctuation of
the enthalpy h at point 0 and time 0 is correlated to the dynamics between times 0 and
t at another point r. By using an extended version of the fluctuation-dissipation theo-
rem, it can be shown that the latter integral is up to a multiplicative factor the dynamical
susceptibility χNPT

T , defined as the T -derivative of the dielectric susceptibility χ, thus:

Ncorr ≈ kB

cp
(T

dχ

dT
)2. (3.2)

To determine Ncorr accurately from Eq. 3.2, we measured the dielectric susceptibility
χ(ω, T ) for glycerol and propylene carbonate at temperatures above Tg [6, 8]. To obtain
accurately dχ/dT , we paid special attention to the T stability (better than 1 mK) and
accuracy as well as to the reproducibility of our measurements and to the corrections of
the stray capacitances. Figure 3.2 shows Ncorr(ω, T ) for glycerol in the frequency domain,
with χ(ω, T ) = Re( ε(ω,T )−ε(∞)

ε(0,T )−ε(∞) ) measured every Kelvin. The validity of the methods used
to extract Ncorr was verified by comparing two methods: (i) we fitted χ(ω) with the



3.3 Local magnetic microprobes : a tool for investigating the dynamics of
magnetic materials: 47

Figure 3.2: Left: Number Ncorr(ω, T ) of correlated molecules in glycerol obtained from our data,
using Eq. 3.2. The temperature goes from 196 to 228 K (Tg ≈ 190 K). The parabolic-like curves
correspond to the method (ii) (see text). Method (i) yields the upper solid line, which corresponds
to N∗

corr(T ) = maxω[Ncorr(ω, T )]. Right: N∗
corr(T ) obtained with methods (i) or (ii) (see text).

Havriliak-Negami parametrization2 and calculated Ncorr from the fitted T -dependence of
the parameters; or (ii) we calculated dχ

dT from finite differences of the experimental curves.
Figure 3.2 shows that both methods yield similar values. Our main result is the increase
of N∗

corr = maxω[Ncorr(ω, T )] when T decreases towards Tg. The analysis of this behavior,
together with that of other systems [7] shows that Ncorr(T ) close to Tg can be described by
a law consistent with activation-based theories3, [9] Ncorr ≈ N0[ln( τα(T )

τ0
)]1/ψ, N0 and τ0

being parameters, τα(T ) the relaxation time at temperature T , and ψ an exponent about
3/4.

3.3 Local magnetic microprobes : a tool for investigating
the dynamics of magnetic materials:

François Ladieu, Denis L’Hôte, Sawako Nakamae

Local probes are irreplaceable tools for studying statistical system because they provide
an information on the space-time correlations of size and duration larger than W and 1/f
where W is the size of the probe and [0, f ] its bandwidth. Following this line, we devel-
opped an experiment for local measurements using micronic and sub-micronic magnetic
sensors at temperatures 4 K < T < 300 K. To allow for high resolution measurements,
the cryostat, wiring and front-end electronics were specially designed to minimize parasitic
electromagnetic and microphonic noises. In collaboration with DRECAM/LSI, ITRON
Co. and the ACN “Nanohall”, we used micro-Hall sensors4 made from a two-dimensional

2S. Havriliak and S. Negami, J. Chem. Phys. 8 (1967), 161.
3G. Viot et al., J. Chem. Phys. 112 (2000), 10368 ; L. Berthier and J.P. Garrahan, J. Phys. Chem. B 109
(2005), 3578; J.-P. Bouchaud and G. Biroli, J. Chem. Phys. 121 (2004), 7347.

4A. Pross et al., J. Appl. Phys. 97 (2005), 096105; Action Concertée Nanosciences “NanoHall”: Fabrication,
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Figure 3.3: a) Power noise spectra of the Hall voltage obtained for currents of 18.7 and 9.4 μA
(with a low pass filter at 100 Hz). b) Magnetization vs . temperature of a dense ferrofluid (superspin
glass) measured using a bulk SQUID magnetometer. The open (resp. close) circles correspond to
zero field cooling (resp. to field cooling) c) Same as b), but measured using a microHall sensor.
Inset: magnetization vs. applied field. d) An array of two Hall crosses on which the 20 pl drop of
ferrofluid has been deposited to allow for the measurements shown on c).

electron gas (2DEG) in AlGaAs/InGaAs/GaAs heterostructures with a Hall coefficient of
820 Ω.T−1 for 4K < T < 350K. This large T range and an unlimited B-field dynamics are
very attractive features of these sensors. In addition, it is possible to pattern linear arrays
of Hall crosses (allowing spatial correlations measurements), or additional circuits such as
coils, front-end electronics, etc. At present, our Hall probes sizes range from 1x1 to 5x5
μm2, and are patterned by photolithography by Thales Research Technology. Reaching
submicronic sizes is in project either by electron beam lithography at LPN Marcoussis, or
by focussed ion beam passivation.

We investigated in detail the resolution: we obtained from 5 to 15×10−7 T (FWHM) for 4K
< T < 80K and DC field, at measurement rates 0.1 -10 Hz. The limitation on the resolution
comes from excess noise with 1/fα or Lorentzian spectra, due to thermal fluctuations of
defects, see Figure 3.3-a. To reduce or even suppress it, the “spinning current” method
(which cancels the offset on the Hall voltage) has been proved to be very efficient5. We
are developping a spinning current electronic device, aiming at improving our resolution

étude et validation de capteurs de hall submicroniques à faible bruit, MRNT, 02/2004.
5A. Kerlain and V. Mosser, Sensor Letters 5 (2007), 192.
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by 1 to 3 orders of magnitude. In parallel, we are preparing the use of GMR sensors (with
the help of the Nanomagnetism group). In spite of their low B-field dynamics (a few mT),
such sensors are attractive because of resolutions well below 10−7 T and the possibility
to pattern our own submicronic geometries at the SPEC clean room facility. We plan to
measure the local fluctuations of superspin glasses magnetization [10] in order to probe
the correlations among superspins. As the first step in this direction, we have measured
the magnetization of a ferrofluid made of concentrated γ-Fe2O3 nanoparticles suspended
in glycerol. A tiny amount of ferrofluid was deposited on the sensor surface using a 25
μm wire controlled via a micromanipulator (Fig. 3.3-d). The bulk magnetization results
(31μl, measured using a commercial SQUID magnetometer) were reproduced via micro-Hall
sensor with just a 20 pl droplet (Fig. 3.3-c). This reduction of the sample size by 6 orders
of magnitude is very promising step toward experiments at mesoscopic scales. We also plan
to explore the magnetization of a single layer of nanoparticles to investigate 2D superspin
glasses (surfactant bi-layer deposition, collaboration with J.J. Benattar). Once we shall
have reached sub-mG resolutions, many other statistical systems could be investigated,
such as e.g. assemblies of magnetic nano-objects with various disorder levels, disordered
superconducting systems, magnetic colloids, etc.

3.4 Spin glasses: frustration with disorder

François Ladieu, Sawako Nakamae, Eric Vincent

(This topic is supported by the European Research Network “DYGLAGEMEM”, 2002-
2006)

3.4.1 Out-of-equilibium effects in spin glasses

Spin glasses (SGs), which are disordered and frustrated magnetic systems, are always found
to be out of equilibrium on the laboratory time scale. When cooled below its freezing tem-
perature Tg, a SG starts to age, spin-spin correlations develop and progressively “rigidify”
the spin network, up to a length scale growing with time which defines a dynamical “spin
glass coherence length”. If the SG is further cooled, the aging process restarts (rejuve-
nation effect), but the previous aging is not lost. When reheated, the SG retrieves its
former state (memory effect) and resumes its former evolution [11]. A comparison between
a Heisenberg and an Ising SG has shown that the slow dynamics is quantitatively different,
raising the question of the relation between spin anisotropy and aging behaviour, together
with that of the unexplained origin of a SG phase made of Heisenberg spins. In this spirit,
we have compared quantitatively the memory effect in temperature cycle experiments on
four Heisenberg spin glasses and one Ising spin glass. We found that the sharpness of the
memory effect decreases continuously with the spin anisotropy [12, 13, 14]. The coherence
length can be determined by magnetic field change experiments, and we have completed
the existing results with new experiments on the Ising sample. For three samples, from
Heisenberg to Ising SGs, we could consistently account for temperature cycle and mag-
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netic field change experiments, using a single expression for the growth of the coherence
length with time [13] and we found a sharper separation with temperature of the active
length scales in Heisenberg-like SGs than in the Ising case. This study, already started at
the time of the previous activity report, has been the subject of more recent publications
[11, 12, 13, 14].

Ageing effects are commonly investigated by thermal remnant magnetization (TRM), in
which the relaxation of the magnetization is found to depend on the time tw spent at
constant temperature before a field cut. The TRM curves scale with tμw, where μ < 1
(“subaging” effect). Whether this subaging effect is intrinsic or due to experimental arte-
facts remains unanswered. Rejuvenation and memory effects show that cooling rate effects
are not dominant in the case of SGs, but a possible experimental origin of subaging arises
from the slow cooling of the sample: it has been proposed that with fast enough cooling μ
would go to 1. We have investigated this possibility by studying the effect of the cooling
protocol on aging for three spin glasses of various spin anisotropies [14, 15]. In all three
cases we have found that there is no strong influence of the cooling rate on μ, and that
there is no evidence for μ going to 1 (disappearance of subaging) in the limit of very short
cooling times, which in an experiment still remain much longer than microscopic times.
We proposed an argument which shows that small temperature variations during the first
tens of seconds of the TRM can significantly influence the behaviour of the magnetization
relaxation, which in turn may result in a misleading interpretation of μ values [15].

The experimental setup imagined and realized by M. Ocio and D. Herisson has allowed a
quantitative comparison between the TRM and the autocorrelation of spontaneous mag-
netization fluctuations, yielding a complete determination of the fluctuation-dissipation
relation, even in the fully out-of-equilibrium regime (see previous report). A complete ac-
count of the results of this remarkable experiment has been published by D. Herisson soon
after the decease of M. Ocio [16].

3.4.2 Superspin glasses

Many works have been devoted to magnetic nanoparticle assemblies in the last decade,
because of their fundamental interest as well as their potential applications for high density
magnetic recording. We have carried out a study of a frozen ferrofluid made of γ-Fe2O3

maghemite nanoparticles dispersed in water, with a concentration Φ = 33% so high that the
dipolar magnetic interactions play an important role. This should lead to a behavior close
to that of atomic spin glasses, as was found in pionneering works6. Our main motivation was
to know to which extent the rich phenomenology of atomic spin glasses was quantitatively
recovered in our ferrofluid, before using this kind of sample for local magnetic measurements
(see section 3.3). We focused on out of equilibrium properties [10, 17, 18, 19] below Tg � 100
K and found that it behave as atomic glasses except for the TRM. In atomic spin glasses the
TRM’s scale, up to the equilibrium term A(t/τ0)α with τ0 a microscopic time, as a function
of λ/tμw � t/tμw, with μ � 0.9. In our ferrofluid, we found that an additional term B ln(t/τ0)

6T. Jonsson et al., Phys. Rev. Lett. 75 (1998), 4138.
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Figure 3.4: Left: TRM (see text) for our γ-Fe2O3 ferrofluid. Right: rescaling of TRM.

is necessary to rescale the TRM curves (see Fig. 3.4 (Right)). This term would come from
the large spreading of the coupling constants (due to the distribution of particle volumes)
which makes the spin glass transition ressembling a percolation transition7: a fraction
(< 20%) of nanoparticles would be too weakly coupled to the spin glass “backbone” and
would relax superparamagnetically, yielding the term B ln(t/τ0). Besides, the H effect
on aging was studied [20], in the spirit of [13], to estimate the number of nanoparticles
correlated as a function of the time elapsed below Tg [20].

3.5 Frustration without disorder

François Ladieu, Denis L’Hôte, Sawako Nakamae, Eric Vincent

It was usually thought that both disorder and frustration were necessary to obtain spin
glass dynamics. However, several frustrated but non-disordered antiferromagnets, rather
than condensing into a spin liquid state as theoretically expected, were found to enter a
glassy state below a freezing temperature Tg. As in usual spin glasses, below Tg, their
dynamic response to a small magnetic field becomes very slow and depends on the time
tw spent below Tg (ageing). The question thus arises whether these glassy materials are
really similar to spin glasses. We have investigated three examples of such antiferromagnets
using the same experimental procedures as in the study of the dynamical properties of spin
glasses (see previous report). The effects of temperature variations during ageing have been
quantitatively investigated and compared with normal (disordered) spin glasses [21].

In the pyrochlore (3d) and the bi-Kagome (bi-layers) compounds, rejuvenation and memory
effects (see Section 3.4.1 in this chapter) have been found which mimic closely the spin
glass dynamics. In the Fe-jarosite Kagome compound, there is also some rejuvenation and
memory, but much larger temperature changes are needed to observe the effects. In that

7P. Cizeau, J.-P. Bouchaud, J. Phys. A 26 (1993), L187.
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sense, the behaviour of this compound is quantitatively different from that of spin glasses
[21]. The two-dimensional character of the jarosite Kagome may be at the origin of the
observed differences with the two other examples. However its frequency dependence of the
freezing temperature could be studied over the wide range allowed by the conjunction of ac
susceptibility measurements (5.10−2−102 Hz) and Fe57 Mossbauer spectroscopy (108 Hz).
Dynamic critical scaling has been clearly characterized over all the frequency range [22],
a critical behaviour indicating a phase transition of the same type as in (disordered) spin
glasses. Expanding on these works, we studied, in the last two years, two other examples
of frustrated but non disordered antiferromagnets: Volbortite and “Cu3Zn”. Volbortite
is a natural antiferromagnet where quantum S = 1/2 (Cu2+) spins sit at the vertices of
well separated (0.72 nm) kagome-like planes. We have shown that below 1.5 K, a broad
spin glass-like transition occurs with FC/ZFC separation as well as ageing effects [23, 24].
Together with the thorough 51V NMR study carried out in Ph. Mendels group (LPS,
Orsay), a consistent picture of the ground state (GS) could be derived. The spins are
partly fluctuating (60% at the lowest T ) and partly frozen (40%). The frozen part is for
20% in a well defined short range order, the remaining 80% being in a spin glass like state.
Recently, Herbersmithite, ZnCu3(OH)6Cl2, a kagome antiferromagnet decorated by Cu2+

S=1/2 spins could be synthetized. Looking for a possible quantum spin liquid ground state
through magnetic susceptibility is made difficult because of the contribution of the defects.
We measured this contribution at low temperature (90 mK < T < 2 K), thus opening the
way to probing the spin liquid [25]. Finally, note that some experiments performed on
frustrated systems are also presented in Section 6.4 of Chapter 6.

3.6 Superconductivity at very low temperature

François Ladieu, Denis L’Hote, Sawako Nakamae

In the last four years, a substantial effort was devoted to maintaining our in-house SQUID
magnetometer with dilution refrigeration. The cryogenic impedances and circulation pump
were changed and the ratio 3He/4He has been fixed, etc. This effort allowed to perform
quite unique magnetic measurements down to 70 mK.

3.6.1 Superconductivity in ropes of carbon nanotubes

During the past decade, electronic properties of Single Wall Carbon Nanotubes (SWNT)
have attracted a lot of interest. Electronic transport in a single SWNT is governed by
strong repulsive Coulomb long range interaction (Luttinger liquid state). However in ropes
containing 10 − 300 SWNT in good contact with normal electrodes, Bouchiat et al. 8

have reported superconducting transport below 0.5 K. Motivated by their work, we have
performed SQUID measurements on such samples down to 70 mK [26]. The unavoidable
remaining catalyst Fe nanoparticles - 1% in mass - yielded a paramagnetic signal increasing

8M. Kociak et al., Phys. Rev. Lett. 86 , (2001), 2416.
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Figure 3.5: Diamagnetic part of the magnetisation in a sample of 5 mg of ropes of SWNT.

down to the lowest T ’s. From 300 K to 1 K, a simple model of superparamagnetism accounts
for all the magnetic measurements. On the contrary, below 0.5 K, the susceptibility was
found first to increase with H — up to ≈ 80 Oe —, before recovering the usual decrease with
H for larger fields. This cannot be explained by superparamagnetism. It was interpreted as
coming from the diamagnetic response Mdia of the ropes of SWNT (Meissner effect), with
a critical Hc,1 � 50 G. This interpretation was reinforced by the small anisotropy of Mdia

(10%) with the orientation of the ropes with respect to H, while the superparamagnetic
contribution was found isotropic [26].

3.6.2 The search for superconductivity in BaC6

Graphite intercalation compounds (GICs) are made of foreign atoms or molecules inserted
between the hexagonal two-dimensional sheets of graphite. Although the constituents are
not superconducting, GICs exhibit a single S-wave gap superconductivity through a phonon
mediated mechanism. GICs with Yb and Ca have been found to superconduct below 6.5K
and 11.5K at ambient pressure9. Recently, using density functional theory, superconduc-
tivity in BaC6 was predicted at Tc � 0.2 K10. We have performed SQUID magnetization
measurements on a single crystal BaC6 down to 0.09 K and did not find any supercon-
ducting Meissner effect [27]. Rather, the magnetization of BaC6 is paramagnetic and 85
times smaller than the diamagnetic jump expected if the sample were fully superconductor.
Finally we exclude superconductivity for at least 99.9% of the sample.

9T. Weller et al., Nature Physics 1 (2005), 39; A. Gauzzi et al., cond-mat/0603443 (2006).
10M. Calandra and F. Mauri, cond-mat/0606372 (2006).
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3.7 Miscellaneous topics

François Ladieu, Denis L’Hôte, Sawako Nakamae

3.7.1 “Dipolitons” : new quasiparticles in structural glasses

Since the 70’s, the subKelvin physics of structural glasses has been described by the Two
Level Systems (TLS) model where some atomic species tunnels between neighbooring equi-
librium positions 11. The microscopic origin of TLS still remains unknown — a recent
model12 argues that they would come from the DH frozen at Tg —. Besides, the interac-
tions between TLS’s has been a subject of controversy. Our work13 gave, in 2003, strong
experimental support to a model where these interactions lead to a delocalisation of dipo-
lar excitations below 100 mK. We have shown, with X. Waintal (SPEC), that this would
also account for the strong sensitivity of the dielectric constant to external noise, a feature
reported previously but still unexplained. This was presented in an invited talk [28] at the
International seminar held at Dresden in March 2006 (the corresponding paper is still to
be written).

3.7.2 Electrons in disordered systems : resistance noise in very dilute
2D hole gases.

Two-dimensional (2D) dilute electronic systems at low temperature are expected to present
strong deviations from the Fermi liquid state with weak localization. For low disordered
samples, the interactions between carriers should lead to new states such as Wigner crystal
or a new metallic state. We have shown that in a high mobility 2D hole gas, the scaling
of the 1/f noise suggests a percolation transition14. We carried on such studies at lower
densities [29, 30, 31, 32]. Our results reinforce the percolation scenario as the noise scaling
no longer holds at densities below the percolation threshold. The activated transport law
suggests hopping between puddles of a metallic phase surrounded by an insulating one.

3.7.3 Structural change induced physical phenomena in DNA molecules

Physical properties such as the electrical conduction and magnetic state of DNA are linked
to numerous parameters including molecules’ base-pair sequence, surrounding counter ions
and number of water molecules. In order to elucidate their consequences for the usage of
DNA as molecular wires, we have studied 1) the low temperature magnetic susceptibility of
λ-DNA molecules and 2) temperature dependent (20 < T < 80 ◦C) electrical conductivity of
DNA-lipid cast film in relation to their molecular structure probed by Raman spectroscopy.

11P. W. Anderson et al., Phil. Mag. 25 (1972), 1.
12V. Lubchenko, P. G. Wolynes, Phys. Rev. Lett. 87 (2001), 195901.
13F. Ladieu et al., Phys.Rev. Lett. 90 (2003), 205501.
14R. Leturcq, D. L’Hôte, R. Tourbot, C. J. Mellor and M. Henini, Phys. Rev. Lett. 90 (2003), 076402.
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We found that the magnetization is temperature independent and diamagnetic at T ≥100 K
regardless of water content. Surprisingly, once the molecules in B-structure are sufficiently
“wet”, a paramagnetic upturn was observed at lower temperatures that is non-linear in
magnetic field. We propose orbital paramagnetism as the origin of these phenomena and
the existence of long-range coherent transport in B-DNA at low temperature15[33, 34].
Second, the electrical conduction can be compromised under a heating at ∼ 40◦C due to
local disruptions in the long-range B-DNA structure (premelting effect) prior to the global
DNA denaturation. Furthermore, under an applied voltage, displacement of defects along
molecules could occur, causing irreversible degradation in electrical conductivity. These
findings are of critical importance for the future use of DNA as a molecular wire [35].
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corrélées près de la transition vitreuse Journées de la Matière Condensée (JMC10), Toulouse,
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Tarjus (Jussieu), A. Miceli (La Sapienza), L. H. Emmons (Smithsonian), P. Barbazan
(IRD), S. Brosse (Toulouse), L. Cournac (CEA DSV), B. Durand (AFSSA), P. Sabatier
(ENV Lyon), J. Llosa (EKODES, Peru), F. Messud-Petit (Toulouse) M. Musette (VUB,
Bruxelles), A.M. Grundland (Montreal), K.W. Chow (Hong Kong), Tuen-Wai Ng (Hong
Kong), J.P. Goff and D.J.P Morris (Liverpool), A. Tennant (Hahn Meitner Institute,
Berlin).

4.1 Introduction

The theoretical group is an important element and actor of SPEC. Although the number of
its permanent staff is small, it interacts strongly with the experimental groups, and with a
very large outside community, often present at SPEC as visitors, post-docs or PhD students.
Centered on a common background of statistical physics and complex systems analysis, its
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activities range from glass transitions, solitons, financial models, bird group motions, out of
equilibrium systems, cultural behaviour, ecology, epidemiology, integrability of differential
equations, quantum statistical physics (strongly-correlated fermion systems), etc....

This apparent diversity hides the unity of the methods shared by the members of the
group, and the fruitful exchanges and cross-fertilisation which take place inside this small
community: its unity is in fact the sign of a common culture, made of a mixture of statistical
physics, critical phenomena and nonlinear physics. Besides being a logistic support to the
experimental groups, it contributes by itself in a significant way to one of the main goals
of the CEA, namely fundamental research; the strong links with the experimental groups
enriches the creativity by opening new directions of thinking. To enhance the readability,
our activity has been split into several sections.

4.2 Physics of glasses and spin glasses

Jean-Philippe Bouchaud

The detailed understanding of collective phenomena in the vicinity of the glass transition is
an extremely topical subject, both from a theoretical and experimental point of view. Such
collective dynamics was postulated theoretically in the sixties by Adam and Gibbs, but it
is only since the mid-nineties that experiments have revealed ‘dynamical heterogeneities’
as a hint of these cooperative effects. In the past few years, we have initiated a substantial
effort, with numerous collaborations (SPhT, Montpellier, Columbia, Jussieu). The aim was
to investigate this problem theoretically and numerically, and motivate new experiments
to estimate the typical number of atoms moving together close to the glass transition
temperature Tg [1, 2].

From a purely theoretical point of view, we have shown [3, 4] that the Mode-Coupling
Theory (MCT) of the glass transition, which has long been argued to be a completely local
description of the freezing phenomenon in terms of ‘cages’, in fact contains detailed predic-
tions concerning a diverging lengthscale at the (putative) MCT transition, much as within
standard mean-field theories of critical phenomena. A number of results concerning the
size and geometry of the clusters of particles that contribute to dynamical heterogeneities
were obtained, some quite unexpected. Numerical simulations by L. Berthier and by H.
Andersen in the weakly supercooled region seem to be in good agreement with these pre-
dictions. However, as is well known, the MCT singularity is in fact avoided in real systems,
and is replaced by an activated regime which extends down to Tg. The natural scenario
extending MCT in this region is the so-called mosaic state theory of Wolynes et al.. We
have reformulated this theory in a more transparent way [5], and such that the fondamental
ideas can be tested numerically and analytically. Again, some recent analytical results by
S. Franz and A. Montanari and numerical result by A. Cavagna et al. are quite promising.
Finally, we have proposed that the well-known and unexplained violation of the Stokes-
Einstein relation in the MCT regime could in fact be a direct consequence of the critical
dynamical fluctuations [6].
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We have also proposed two distinct methods to access a dynamical correlation length in
glass forming materials. The first one is deceptively simple, and follows from noticing that
the derivative of the standard (two-point) correlation function with respect to temperature
or density is in fact the integral over space of a dynamical response function [7, 8], and
therefore directly defines a correlation volume. We have used this identity to infer both
from published data and from specially devised experiments, the typical number of corre-
lated atoms at Tg, which is found to be in the range 10 − 100, depending on the precise
definition of the correlation function [2, 9]. The second one is to measure the non-linear
dielectric constant (or other response functions), which, by analogy with the spin-glass
transition, directly probes the collective nature of the glassy slowing down [10]. We pre-
dict that the amplitude of the non-linear dielectric constant should substantially increase
upon approaching the glass transition for frequencies of the order of the inverse relaxation
time, but remain small at zero frequency since (contrarily to the spin-glass case) there is
no static glass transition. The experiments are underway in the group of Denis L’Hôte and
François Ladieu, and preliminary results are very encouraging. We should point out that
this activity is in fact a natural extension of the analysis our group proposed a few years
back in the context of aging spin-glasses, where dynamical correlation lengths were also
(indirectly) measured [11].

We have also investigated numerically disorder chaos in spin glasses [12], i.e. the sensitivity
of the ground state to small changes of the random couplings. We find that simple scaling
laws, involving the size of the system and the strength of the perturbation, are obeyed.
We have characterized in detail the distribution of overlap between ground states and the
geometrical properties of flipped spin clusters in both the weak and strong chaos regime.
The possible relevance of these results to temperature cycling experiments was discussed.

4.3 Statistical physics and collective effects

4.3.1 Collective effects within a Random-Field Ising model

Jean-Philippe Bouchaud

Although the importance of imitation and herding in social situations seems very intuitive,
there is a lack of direct experimental evidence and quantitative description of such effects.
As well known in statistical physics, imitation can lead to interesting collective effects,
impossible to understand at the individual level.

We have obtained evidence for such collective effects by analyzing data from three dif-
ferent sources: birth rates, sales of cell phones and the drop of applause in concert halls
[13]. We have interpreted our results within the framework of the Random Field Ising
Model (RFIM), which is a threshold model for collective decisions accounting both for
agent heterogeneity and social imitation. Changes of opinion can occur either abruptly
or continuously, depending on the importance of herding effects. The main prediction of
the model is a scaling relation between the height h of the speed of variation peak and its
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width w of the form h ∼ w−κ, with κ = 2/3 for well connected populations. Our three sets
of data are compatible with such a prediction, with κ ≈ 0.62 for birth rates, κ ≈ 0.71 for
cell phones and κ ≈ 0.64 for clapping. In this last case, we have in fact observed that some
clapping ends discontinuously (w = 0), as predicted by the model in the strong imitation
phase.

We have then proposed [14] an extension of the RFIM for multiple choice situations in
the presence of herding and compared it with recent empirical results from a Web-based
music market experiment, performed at Columbia University1. Our model predicts a phase
transition between a weak imitation phase and a strong imitation, ‘fashion’ phase, where
choices are driven by peer pressure and the ranking of individual preferences is strongly
distorted at the aggregate level. The model can be calibrated to reproduce the main
experimental results of Salganik et al.; we show in particular that the value of the social
influence parameter can be estimated from the data. In one of the experimental situation,
this value is found to be close to the critical value of the model.

4.3.2 Collective properties of active, self-propelled, particles

Hugues Chaté

Within the framework (and funding) of the EU FP6 STARFlag project, we have continued
our studies of minimal models for the collective motion of self-propelled or “active” parti-
cles. STARFlag aims at getting the first 3D data from large animal groups (in the present
case, starlings flying over Rome at sunset). Pending a confrontation of universal model
predictions with these data, we went in depth into the large-scale, asymptotic properties
of Vicsek-like models.

We studied in particular the onset of collective motion, with and without cohesion, of
groups of noisy self-propelled particles interacting locally [15]. We found that this phase
transition is always discontinuous, including for the minimal model of Vicsek, for which a
nontrivial critical point was previously advocated. We also show that cohesion is always
lost near onset, as a result of the interplay of density, velocity, and shape fluctuations.

We extended the simple Vicsek model for polar self-propelled particles to active nematic
particles [16]. In two dimensions, we showed that this model exhibits a Kosterlitz-Thouless-
like transition to quasi-long-range orientational order and that in this nonequilibrium con-
text, the ordered phase is characterized by giant density fluctuations, in agreement with
recent predictions of Ramaswamy et al.

4.3.3 Coupled oscillators and synchronisation

Hugues Chaté

1M. J. Salganik, P. S. Dodds, D. J. Watts, Experimental Study of Inequality and Unpredictability in an
Artificial Cultural Market, Science 311 (2006), 854-856.
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Figure 4.1: Minimal model for collective motion: birds ...

The macroscopic behavior of large populations of coupled dynamical units remains an
important subject of study. We have worked on two main topics over the last few years:

Large populations of globally coupled identical maps subjected to independent additive
noise were shown to undergo qualitative changes as the features of the stochastic process
are varied [17, 18, 19]. We showed that, for strong coupling, the collective dynamics can be
described in terms of a few effective macroscopic degrees of freedom, whose deterministic
equations of motion are systematically derived through an order parameter expansion. We
then characterized the macroscopic attractor of such infinite populations of noisy maps sub-
jected to global and strong coupling. We showed that for any noise amplitude there exists
a large region of strong coupling where the macroscopic dynamics exhibits low-dimensional
chaos embedded in a hierarchically-organized, folded, infinite-dimensional set. Both this
structure and the dynamics occurring on it are well-captured by our expansion. In par-
ticular, even low-degree approximations allow to calculate efficiently the first macroscopic
Lyapunov exponents of the full system.

In a different collaboration [20], we recently revisited the entrainment transition of cou-
pled random frequency oscillators (the classic Kuramoto problem). We showed that the
Kuramoto model (global coupling) exhibits unusual sample-dependent finite size effects
leading to a correlation size exponent ν̄ = 5/2. Simulations of locally-coupled oscillators in
d dimensions revealed two types of frequency entrainment: mean-field behavior at d > 4,
and aggregation of compact synchronized domains in three and four dimensions. In the
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latter case, scaling arguments yield a correlation length exponent ν = 2/(d − 2), in good
agreement with numerical results. This constitutes the first clear evidence and characteri-
zation of the entrainment phase transitions of random oscillators in 3D.

4.3.4 Modeling cultural behaviour

Nino Boccara

Globalization is essential characteristics of our time. The following two studies address this
issue and in particular the possibility to protect cultural diversity. Our aim was to introduce
a model describing the spread of a globalized culture in a population of individuals localized
at the nodes of a social network. The influence of this globalized culture, assumed to be
foreign to the local culture, is measured by a probability to convince each individual to
adopt its cultural traits. This probability depends upon the degree s — a real between 0 and
1 — of “wise” skepticism characterizing the personality of each individual and a parameter
a representing the resistance of the society as a whole to the spread of the foreign cultural
traits. A greater a indicates a stronger resistance of the local culture to globalization. On
the other hand, each individual interacts with a random number of other individuals —
her cultural neighborhood — uniformly distributed between 1 and a maximum value. The
probability distribution of an individual to belong to the cultural neighborhood of another
individual has a power-law behavior. A small fraction r of the total population belonging
to the tail of this probability distribution have an s-value equal to 1. They represent the
most conservative individuals firmly attached to their local culture. Our results have first
been presented as an invited paper at the Automata Conference September 3-5, 2005 at
Gdansk, Poland. In response to an invitation of the editor-in-chief of the Italian Review
Il Pensiero Politico, a less mathematical version has been also published in this journal
[21, 22].

A book about the modeling of complex systems has been published. It explores the process
of modeling complex systems in the widest sense of that term, drawing on examples from
such diverse fields as ecology, epidemiology, sociology, seismology, as well as economics. It
also provides the mathematical tools for studying the dynamics of these systems. It takes a
carefully inductive approach in defining what it means for a system to be “complex” (and
at the same time addresses the equally elusive concept of emergent properties). This is
the first text on the subject to draw comprehensive conclusions from such a wide range of
analogous phenomena [23]

4.4 Non-equilibrium statistical physics

4.4.1 Non-perturbative Renormalisation Group

Hugues Chaté
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We have launched a long-term collaboration/project on the development of the so-called
“non-perturbative renormalisation group” (NPRG) approach to non-equilibrium problems.

In a first work [24], we demonstrated the full power of NPRG by calculating the quantitative
phase diagrams of simple branching and annihilating random walks and checked these
results against careful numerical simulations. Specifically, we showed, for the 2A → ∅,
A → 2A case, that an absorbing phase transition exists in dimensions d=1 to 6 and argued
that mean-field theory is restored not in d=3, as suggested by previous analyses, but only
in the limit d → ∞.

We also applied the NPRG method to a class of out-of-equilibrium phase transitions (usu-
ally called “parity-conserving” or, more properly, “generalized voter” class) which is out
of the reach of perturbative approaches [25]. We showed the existence of a genuinely non-
perturbative fixed point, i.e., a critical point that does not seem to be Gaussian in any
dimension.

In the context of more traditional models, we performed the first NPRG analysis of Model
A, which stands as a paradigm for the study of critical dynamics [26]. The NPRG for-
malism has appeared as a valuable theoretical tool to investigate non-equilibrium critical
phenomena, yet the simplest-and nontrivial-models for critical dynamics have never been
studied using NPRG techniques. Focussing on Model A we took the opportunity to pro-
vide a pedagogical introduction to NPRG methods for dynamical problems in statistical
physics. The dynamical exponent z is computed in d = 3 and d = 2 and is found to be in
close agreement with results from other methods.

Current ongoing work aims at a systematic evaluation of the various levels of approximation
considered so far in NPRG studies, and to comparing them with the novel approach recently
proposed by Blaizot, Mendez-Galain, and Wschebor (BMW). The BMW approximation
allows for keeping all the momentum information, quite an unusual feat in renormalisation-
group studies, opening the door to the determination of correlation functions in a host of
classical and not-so-classical problems.

4.4.2 Non-equilibrium phase transitions and multiplicative noise Langevin
equations

Hugues Chaté, Ivan Dornic.

Significant progress has been made towards a better understanding of universality out of
equilibrium, within the framework of so-called “absorbing phase transitions”, i.e. phase
transitions from a spatiotemporally intermittent active state to an absorbing one, one from
which no fluctuation can take you out. Our point of view is that of Langevin equations,
in the spirit of the famous classification of dynamic phase transitions by Hohenberg and
Halperin. In the present context, such Langevin equations possess noise terms multiplica-
tive in, say, the (local) density of particles since in an empty absorbing state, no fluctuations
are present.

A key result [27] has been the elaboration of an efficient and accurate integration of such
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stochastic (partial) differential equations with multiplicative noise. This has been achieved
through a split-step scheme, which separates the integration of the deterministic part from
that of the stochastic part, the latter being performed by sampling exactly the solution
of the associated Fokker-Planck equation. We demonstrated the computational power of
this method by applying it to the most absorbing phase transitions for which Langevin
equations have been proposed. This provides precise estimates of the associated scaling
exponents, clarifying the classification of these nonequilibrium problems, and confirms or
refutes some existing theories.

On the basis of general considerations, we then proposed a Langevin equation accounting
for critical phenomena occurring in the presence of two symmetric absorbing states [28].
We study its phase diagram by mean-field arguments and direct numerical integration in
physical dimensions. Our findings fully account for and clarify the intricate picture known
so far from the aggregation of partial results obtained with microscopic models. We argued
that the direct transition from disorder to one of two absorbing states is best described as a
(generalized) voter critical point and show that it can be split into an Ising and a directed
percolation transition in dimensions larger than one.

More recently, we elucidated a long-standing puzzle about the nonequilibrium universality
classes describing self-organized criticality in sandpile models [29]. We show that depinning
transitions of linear interfaces in random media and absorbing phase transitions (with a
conserved nondiffusive field) are two equivalent languages to describe sandpile criticality.
This is so despite the fact that local roughening properties can be radically different in the
two pictures.

4.4.3 Nonequilibrium critical dynamics of the ferromagnetic Ising model
with Kawasaki dynamics

Claude Godrèche

We investigate the temporal evolution of a ferromagnetic system of Ising spins evolving
under Kawasaki dynamics from a random initial condition, in spatial dimensions one and
two. We examine in detail the asymptotic behaviour of the two-time correlation and re-
sponse functions. The linear response is measured without applying a field, using a recently
proposed algorithm. For the chain at vanishingly small temperature, we introduce an accel-
erated dynamics which has the virtue of projecting the system into the asymptotic scaling
regime. This allows us to revisit critically previous works on the behaviour at large time
of the two-time autocorrelation and response functions. We also analyse the case of the
two-dimensional system at criticality. A comparison with Glauber dynamics is performed
in both dimensionalities, in order to underline the similarities and differences in the phe-
nomenology of the two dynamics [30].
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4.5 Some dynamical aspects in statistical physics

Claude Godrèche

4.5.1 Metastability in zero-temperature dynamics: Statistics of attrac-
tors

The zero-temperature dynamics of simple models such as Ising ferromagnets provides,
as an alternative to the mean-field situation, interesting examples of dynamical systems
with many attractors (absorbing configurations, blocked configurations, zero-temperature
metastable states). After a brief review of metastability in the mean-field ferromagnet and
of the droplet picture, we focus our attention onto zero-temperature single-spin-flip dynam-
ics of ferromagnetic Ising models. The situations leading to metastability are characterized.
The statistics and the spatial structure of the attractors thus obtained are investigated, and
put in perspective with uniform a priori ensembles. We review the vast amount of exact re-
sults available in one dimension, and present original results on the square and honeycomb
lattices [31].

4.5.2 Condensation and coexistence in a two-species driven model

Condensation transition in two-species driven systems in a ring geometry is studied in
the case where current-density relation of a domain of particles exhibits two degenerate
maxima. It is found that the two maximal current phases coexist both in the fluctuating
domains of the fluid and in the condensate, when it exists. This has a profound effect on
the steady state properties of the model. In particular, phase separation becomes more
favorable, as compared with the case of a single maximum in the current-density relation.
Moreover, a selection mechanism imposes equal currents flowing out of the condensate,
resulting in a neutral fluid even when the total number of particles of the two species are
not equal. In this case the particle imbalance shows up only in the condensate [32].

4.5.3 Dynamics of the condensate in zero-range processes

For stochastic processes leading to condensation, the condensate, once it is formed, performs
an ergodic stationary-state motion over the system. We analyse this motion, and especially
its characteristic time, for zero-range processes. The characteristic time is found to grow
with the system size much faster than the diffusive timescale, but not exponentially fast.
This holds both in the mean-field geometry and on finite-dimensional lattices. In the generic
situation where the critical mass distribution follows a power law, the characteristic time
grows as a power of the system size [33].
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4.6 Simple models for complex natural systems

4.6.1 Theoretical finance

Jean-Philippe Bouchaud

One of the most important attribute of financial markets is to provide immediate liquidity
to investors, who are able to convert cash into stocks and vice-versa nearly instantaneously
whenever they choose to do so. Of course, some markets are more liquid than others and
the liquidity of a given market varies in time and can in fact dramatically dry up in crisis
situations. How should markets be organized, at the micro-structural level, to optimize
liquidity, to favor steady and orderly trading and avoid these liquidity crises? In the past,
the burden of providing liquidity was given to “market makers”. In order to ensure steady
trading, the specialists alternatively sell to buyers and buy to sellers, and get compensated
by the so-called bid-ask spread – i.e. the price at which they sell to the crowd is always
slightly larger than the price at which they buy. The determinants of the value of the spread
in specialists markets have been the subject of many studies in the economics literature.
However, most financial markets have nowadays become fully electronic. In these markets,
liquidity is self-organized, in the sense that any agent can choose, at any instant of time,
to either provide liquidity or consume liquidity. The liquidity of the market is partially
characterized by the bid-ask spread S, which sets the cost of an instantaneous round-trip
of one share (a buy instantaneously followed by a sell, or vice versa). A question of both
theoretical and practical crucial importance is to know what fixes the magnitude of the
spread in the self-organized set-up of electronic markets. In our work we have theoretically
established that on electronic markets, profitable high frequency a linear relation between
the bid-ask spread S and the average impact of market orders. This, in turn justifies
a simple, but hitherto unnoticed, proportionality relation between the spread and the
volatility per trade, which we have tested in detail on empirical market data. Our result
shows that in a competitive electronic market the bid-ask spread in fact mostly comes from
“adverse selection”, provided one extends this notion to account for the fact that trades
can be uninformed but still impact the price. What is relevant here is that any unexpected
component of the market order flow, whether it is truly informed or just random, impacts
the price and creates a cost for limit orders, which must be compensated by the spread
[34].

The problem of the interest curve is also very interesting from a theoretical point of view.
The simplest field theoretical description of the multivariate statistics of forward rate vari-
ations over time and maturities, involves a quadratic action containing a gradient squared
rigidity term. However, this choice leads to a spurious kink (infinite curvature) of the
normalized correlation function for coinciding maturities. Motivated by empirical results,
we have considered an extended action that contains a squared Laplacian term, which de-
scribes the bending stiffness of the Forward Rate Curve [35]. With the extra ingredient of
a ‘psychological’ future time, describing how the perceived time between events depends
on the time in the future, our theory accounts extremely well for the phenomenology of
interest rate dynamics.
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We have also devised a general method to detect and extract from a finite time sample
statistically meaningful correlations between input and output variables of large dimen-
sionality. Our central result is derived from the theory of Free Random Matrices, and gives
an explicit expression for the interval where singular values are expected in the absence
of any true correlations between the variables under study. Our result can be seen as the
natural generalization of the Marčenko-Pastur distribution for the case of rectangular cor-
relation matrices. We have illustrated the interest of our method on a set of macroeconomic
time series.

Finally, we have studied the statistics of the largest eigenvalue λmax of real symmetric N×N
random matrices with iid elements Mij , with a power-law tail cumulative distribution
decaying as M−μ for large M [36]. This is important for financial applications where
correlation matrices are built from fat-tailed elements (the stock returns). Whenever μ > 2
and for E[M2

ij ] = 1/N , the density of eigenvalues is given by the Wigner semi-circle when
λ ∈ [−2, 2]. When μ > 4, λmax tends to 2 for large N , and N2/3(λmax − 2) has a Tracy-
Widom distribution as in the GOE case (albeit with large finite N corrections). For 2 <
μ < 4, λmax diverges as N2/μ−1/2 and has a Fréchet distribution of index μ. For μ = 4, λmax

stays finite; its distribution has a delta peak at λmax = 2 of weight < 1, plus a transformed
Fréchet distribution of index μ = 2. We have compared these results with the ground state
energy statistics of a directed polymer in a power-law disordered environment. In this case,
the Tracy-Widom distribution is recovered for μ > 5, whereas a new distribution emerges
for μ < 5, which we characterize numerically.

4.6.2 Ecological systems

Marc Antoine Dubois

See Refs [37, 38, 39, 40, 41]

The long term dynamics of the tropical forests during the past 10000 years (the late
Holocene) remains to be fully understood. It is a major challenge for ecology since tropical
ecosystems are among the main carbon dioxide recycling pathways. Yet they are under
threat of significant anthropogenic perturbations and therefore it is crucial to learn the
lessons from the past, and to understand their dynamics in order to optimise their man-
agement.

We have continued our work on forest - savanna dynamics, and understood how the co-
existence of forest and savanna was possible only as a mosaic in humid regions, while a
continuum of savanna to forest ecosystem was possible in drier regions. The phase dia-
gram, with fire frequency and rainfall as control parameters is similar to a van den Waals
diagram.

We have also investigated the primary - secondary forest ecotone dynamics, basing our
work on field research in Khao Yai National Park in Thailand. On the same experimental
station, we have started to build a model of the dynamics of biodiversity in primary forest
with animal seed dispersion (deer and gibbons). The different paths and foraging methods
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of these seeds dispersers allows pioneer trees to maintain a presence in primary forest, while
sciaphil (shade loving) trees can be dispersed in recently established forest even without
parent trees in the vicinity. The model developed is based on a grid lattice using generalised
cellular automatas.

We are also progressing on neural network analysis of high resolution LAI transects: Koho-
nen maps allow us to classify transects by types, and using a simple synthetic forest model
to generate an unlimited number of reference forest structure, we are able to reconstruct
structural forest parameters from the high resolution transects obtained using the LAI (leaf
area meter) which we have developed. This will provide an efficient tool to characterise
the impact of logging on tropical forest, and to check that the exploitation respecting the
durable management policies required.

Finally, also using the LAI meter, a long term (four years) monitoring of the seasonality of
LAI has been performed, and has shown an unexpected find, namely that the maximum of
leaf production takes place at the beginning of the dry season. This result, corroborated
independently by a study based on satellite measurements, has important impacts on the
biosphere component of climate prediction models.

4.6.3 Epidemiology

Marc Antoine Dubois

See Refs [42, 43, 44, 45, 46]

The ongoing collaboration with the department of Biomathematics at the Ecole Nationale
Vétérinaire de Lyon on multiscale models in epidemiology resulted in three papers published
on scrapie dynamics at the landscape scale, using a hierarchised model. We then worked
within the same lines of complex system approaches in epidemiology, in a collaboration
including the Ecole Nationale Vétérinaire de Lyon, the Senegalese Ministry of Agriculture,
the CNES, and the French army, on the epidemiology of the Rift valley fever: this emerging
disease is affecting a large part of Africa, and became endemic in sub-sahelian regions where
no wild fauna virus “reservoir” is available. We have been able to show that a spatialised
model including “distant links” due to herd seasonal migration, combined with vertical
transmission of the virus in the eggs of the vector (Aedes vexans) explains this endemicity.
We worked on other arboviral diseases, and specifically on dengue epidemiology, and found
out that taking space into account is essential to reproduce the dynamics of epidemics. This
work was founded by a GICC program (Gestion des Impacts du Changement Climatique)
by the French minister of Environnment, and more recently by an ANR program (EPI-
DENGUE), which involves physicists, but also entomologists, virologists, meteorologists,
medical doctors, geographs and sociologists to analyse quantitatively the dynamics of the
disease in Bolivia, Peru, Cameroon and Thailand in order to build realistic models. Since
the end of 2006, the results of this program give the detailed prediction of risk zones in
Peru at least one month in advance, thus allowing the deployment of preventive measure
to eradicate the vector in the villages designated at risk. The ministry of Health in Peru
is beginning to use these results in its policy. Present work in this field is aiming in two
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directions: improving the elaboration of a mechanistic model of Dengue (also applicable
to other arboviral diseases such as Chikungunya etc.) based on GIS data and efficient for
prediction and assistance to health policy decisions, and on the other end, toward a more
theoretical approach of emerging diseases, where we try to define the conditions for the
establishment of endemicity in a finite size environment.

4.7 Mathematical Physics

Face aux équations différentielles non-linéaires qui régissent la plupart des phénomènes
physiques, nous avons développé des méthodes non-perturbatives évitant de séparer le
problème en linéaire+perturbation. Leur domaine d’application est indifféremment le
champ intégrable ou le champ non-intégrable.

4.7.1 Handbook of nonperturbative methods

Robert Conte

La monographie “The Painlevé handbook” [47], principalement destinée aux physiciens,
est une introduction aux méthodes non-perturbatives (connues sous le nom d’analyse de
Painlevé) qui construisent des solutions analytiques explicites d’équations différentielles
non-linéaires (ordinaires, aux dérivés partielles ou encore discrètes). Elles sont toutes
fondées sur l’étude des singularités qui dépendent des conditions initiales.

4.7.2 Hamiltonians of the Hénon and Heiles type

Robert Conte

Les hamiltoniens classiques à deux degrés de liberté du type somme de l’énergie cinétique
et d’une énergie potentielle indépendante du temps, qui de plus ont leur solution générale
function uniforme du temps, sont au nombre de sept. Connus sous le nom de Hénon-
Heiles, leur solution explicite restait inconnue dans trois cas. Nous l’avons obtenue sous
forme compacte, et elle est hyperelliptique [48, 49, 50, 51, 52].

4.7.3 Electrodiffusion of ions

Robert Conte

Un modèle de Nernst et Planck de membranes biologiques est décrit par l’électrodiffusion
d’ions en nombre et type quelconques. En une dimension, les seuls régimes stationnaires
ayant leur solution uniforme en temps concernent au plus quatre ions, et nous les avons
tous intégrés par la deuxième fonction de Painlevé ou par celle de Weierstrass [53].
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4.7.4 Kinks, pulses, breathers in nonlinear Schrödinger equations

Robert Conte

En optique non-linéaire ou dans la condensation de Bose-Einstein, l’équation de Schrödinger
non-linéaire (NLS) est le point de départ obligé. Nous avons obtenu de nouvelles solu-
tions, toutes elliptiques ou trigonométriques, pour plusieurs équations issues de NLS : sa
discrétisée intégrable d’Ablowitz et Ladik [54], sa discrétisée à l’ordre supérieur [55] quand
les effets du troisième ordre ne sont plus négligeables, l’équation discrète et continue de
NLS “saturable” la plus simple [56], celle dont la nonlinéarité N(I) sature avec l’intensité
I comme I/(1 + sI). Cela permet de mieux décrire les “solitons brillants” et les “solitons
sombres” dans les systèmes discrets. Une solution inattendue est un poumon (“breather”)
discret localisé en temps et périodique en espace (contrairement à un autre poumon 2, lo-
calisé en espace et périodique en temps). Les applications du résultat de [56] concernent
l’holographie.

4.7.5 Results on integrable sytems

Robert Conte

1. Dans le système des trois ondes résonantes de Zakharov et Manakov, nous avons
explicitement intégré dans le cas général, avec la sixième fonction de Painlevé [57, 58],
sa réduction maximale à un système différentiel ordinaire.

2. Dans le modèle de Lorenz de circulation atmosphérique, qui est génériquement chao-
tique, nous avons exhibé le dernier cas intégrable possible et nous l’avons intégré avec
la troisième fonction de Painlevé [59].

3. La paire de Lax matricielle de Jimbo et Miwa pour l’équation mâıtresse P6 de Painlevé
possède une restriction qui gêne la résolution des problèmes de monodromie rencontrés
en physique. Nous avons levé cette restriction [60], toutefois au prix d’un certain
alourdissement de l’expression de la paire de Lax. Nous avons alors suggéré, mais pas
encore mis en œuvre, un moyen de pallier cet inconvénient.

4. Dans le modèle cosmologique de Bianchi IX dans le vide, une seule solution uniforme
reste inconnue 3. Par l’étude d’un système dynamique équivalent, nous avons trouvé
une solution en termes de la troisième fonction de Painlevé [61] qui devrait aider à
trouver cette solution manquante de ce modèle fondamental en cosmologie 4.

5. Les équations d’associativité introduites par Witten, Dijkgraaf, H. et E. Verlinde,
dans le cas le plus simple de la dimension trois, se réduisent à une seule équation
aux dérivées partielles. Par les symétries de Lie, nous en avons obtenu des solutions

2Cai, Bishop, and Grønbech-Jensen, Phys. Rev. E 52 (1995) R5784–R5787
3Latifi, Musette, Conte, Phys. Letters A 194 (1994) 83–92
4Landau et Lifchitz, Théorie des champs, Mir.
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exactes [62], qui pourraient permettre d’en déduire de nouvelles solutions algébriques
de la sixième équation de Painlevé.

4.7.6 Study of partially integrable systems

Robert Conte

1. Nous avons entrepris (avec Ng, de Hong Kong University) de “marier” les méthodes de
Painlevé (fondées sur les singularités) et celles de Nevanlinna (fondées sur la croissance
à l’infini) en vue de trouver de nouvelles solutions d’équations différentielles non-
linéaires issues de la physique. Dans cette approche, les solutions nouvelles attendues
sont nécessairement particulières et elliptiques (ce qui inclut fronts, impulsions, etc).

2. Dans l’équation de Kuramoto-Sivashinsky, un défi est de trouver analytiquement la
solution hétérocline observée. Après avoir expliqué les difficultés [63, 64, 65], nous
avons essayé des fonctions elliptiques déformées sans encore réussir.

4.7.7 Cellular Automata Theory

N. Boccara

(i) Number-conserving (or conservative) cellular automata (CA) have been used in several
contexts, in particular traffic models, where it is natural to think about them as systems
of interacting particles. In collaboration with A. Moreira and E. Goles we considered sev-
eral issues concerning one-dimensional cellular automata which are conservative, monotone
(specially “non-increasing”), or that allow a weaker kind of conservative dynamics. We
introduce a formalism of “particle automata”, and discuss several properties that they may
exhibit, some of which, like anticipation and momentum preservation, happen to be intrin-
sic to the conservative CA they represent. For monotone CA we give a characterization,
and then show that they too are equivalent to the corresponding class of particle automata.
Finally, we show how to determine, for a given CA and a given integer b, whether its states
admit a b-neighborhood-dependent relabelling whose sum is conserved by the CA iteration;
this can be used to uncover conservative principles and particle-like behavior underlying
the dynamics of some CA [66].

Although it is undecidable whether a one-dimensional CA obeys a given conservation law
over its limit set, it is however possible to obtain sufficient conditions to be satisfied by a
one-dimensional CA to be eventually number-conserving. We have presented a preliminary
study of two-input one-dimensional CA rules called eventually number-conserving cellular
automaton rules whose limit sets, reached after a number of time steps of the order of the
CA size, consist of states having a constant number of active sites. In particular, we show
how to find rules having given limit sets satisfying a conservation rule. Viewed as models
of systems of interacting particles, these rules obey a kind of Darwinian principle by either
annihilating unnecessary particles or creating necessary ones [67].
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Generalizing the motion representation we introduced with H. Fukś for number-conserving
rules, we have given a systematic way to construct a generalized motion representation
valid for non-conservative rules using the expression of the current, which appears in the
discrete version of the continuity equation, completed by the discrete analogue of the source
term. This new representation is general, but not unique, and can be used to represent, in
a more visual way, any one-dimensional CA rule [68], [69].

(ii) In Ref. [70], we define and study a few properties of a class of random automata
networks. While regular finite one-dimensional CA are defined on periodic lattices, these
automata networks, called randomized cellular automata, are defined on random directed
graphs with constant out-degrees and evolve according to cellular automaton rules. For
some families of rules, a few typical a priori unexpected results are presented.

4.8 Non-linear Optics

Robert Conte

The four-wave mixing model for photorefractive materials

Dans un matériau photoréfringent, l’indice de réfraction varie avec l’excitation lumineuse.
Le modèle de mélange des quatre ondes décrit l’évolution spatiale des ondes Aj et l’évolution
temporelle du réseau optique (grating δε) ainsi créé,{

∂zA1 = −iδεA2, ∂zA2 = iδεA1, ∂zA3 = −iδεA4, ∂zA4 = iδεA3,

(τ∂t + 1) δε =
γ

I0

(
A1A2 + A3A4

)
.

L’holographie dynamique est la principale des nombreuses applications industrielles. Au-
cune solution autre que stationnaire n’était connue. Une des solutions que nous avons
trouvées [71, 72] concorde précisément avec la solution stable issue des simulations numéri-
ques, elle servira donc à optimiser les schémas existants d’holographie dynamique.

4.9 Strongly-Correlated Fermions

Michel Roger

4.9.1 Ring Echange in strongly correlated electron systems

The concept of a generalised “Heisenberg” Hamiltonian for strongly-correlated localised
spin-1/2 fermions has been laid down by Dirac in 19295: H = −

∑
P∈S JP (−1)pP σ, where

P σ is a permutation operator of parity p acting on spin variables and the sum is over all
5P.A.M Dirac, Proc. Roy. Soc. 123 (1929) 714.
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permutations P σ of the symmetric group S. However the “pure-Heisenberg” lowest-order
term involving spin-pair transpositions has long been believed to be the only relevant. Only
in the eighties, higher order terms — mainly four-spin cycling permutations — have ap-
peared to be essential in understanding the magnetic order of nuclear spins in solid 3He.
The importance of four-spin interactions has also been stressed in the Wigner solid6 and
in the CuO2 planes of Cuprate high-Tc superconductors7. In collaboration with the Uni-
versity of Liverpool and within a european Research Training Network a crucial study of
spin correlations through diffuse scattering of polarised neutron has definitively proved the
presence of four-spin interactions in La2CuO4 [73]. An International Workshop, funded by
this european contract has been organised in april 2004 at Cargèse, gathering 50 exper-
imentalists and theorists from both communities working on nuclear magnetism in solid
3He and on highly correlated electron systems where four-spin interactions are important
(cuprates, spin ladders, Wigner solid, ...). An invited talk on Ring-Exchange has been given
at the Ninth International Symposium on Quantum Condensed Systems (Kashiwa-Shiba,
Japan)[74].

4.9.2 Cobaltates

Cobaltates, AxCoO2, are formed from CoO2 cobalt-oxyde layers, where cobalt atoms, sit-
ting at the nodes of a triangular lattice, are surrounded by two oxygen layers. Between two
successive CoO2 layers, a tunable number 0 ≤ x ≤ 1 of alcaline ions (A=Li+, Na+ ...) can
be intercalated. The compound with maximum x, ACoO2, is insulating, with all cobalts in
a Co3+ spin-0 non-magnetic state with a t2g band filled with 6 electrons. The removal of
(1−x) A+ ions in AxCoO2 induces the creation of (1−x) spin-1/2 holes in the t2g band of
the Co layers, which become conducting. For more than ten years, Cobaltates have given
rise to intense research activities for many reasons: i) the possibility to tune x electrochem-
ically has promoted LixCoO2 as a good cathode materials for Lithium cells; ii) the sodium
compound NaxCoO2 is (at x ≈ 0.8) among the best p-type thermoelectric material with a
figure of merit close to 0.5 at 400K; iii) by intercalating water molecules between sodium
and oxygen planes, Na0.3CoO21.3H2O exhibits superconductivity at T < 5K, — a modest
temperature — but the phenomenon is theoretically striking due to similarities with the
physics of high Tc superconducting cuprates.

Just like in the CuO2 planes of the Cuprates, the density of mobile carriers in the Co
planes is varied by adjusting a number x of counterions inbetween the planes. However
an important new phenomenon is happening in NaxCoO2: the Na+ counterions order
according to a nanometer-sized superstructure. This conclusion is the result of a tight
collaboration between SPEC, Liverpool University and Hahn-Meitner Institute in Berlin
[75, 76, 77]. The sodium ordering deduced from neutron diffraction on single crystals at
ISIS Rutherford Laboratory (Oxon, Didcot, UK) and HMI (Berlin) is illustrated in the left
part of Fig. 4.2 for x = 4/5 — similar patterns are observed at other simple fractional x —.
This ordering is interpreted within a theoretical model involving topological constraints for

6M. Roger, Phys. Rev. B 30 (1984) 6432.
7M. Roger and J.M. Delrieu, Phys.Rev. B 39 (1989) 2299.
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Figure 4.2: Na4/5CoO2. The golden triangular lattice emphasises the background brown Co ions.
The blue spheres represent oxygen ions. The foreground sodium atoms can occupy two different
sites between the oxygen ions, depending if they project on a Co site (red Na) or in between (green
Na). In NaCoO2, all Na ions are close-packed in green position. Here, with 1/5 of missing Na,
the “vacancies” arrange into clusters (three vacancies are spread out at the boarder of each red
triangle). The figure at the right illustrates the modulation of the Coulomb potential induced, in
the Co planes by this Na superstructure. The six red regions corresponds to unfavorable positions
for the mobile holes. Three of them (marqued with a T) correspond to the red triangles in the
left figure. The three others correspond to centrosymetric position of red triangles in the (not
represented) Na layer beneath the background Co layer. Three mobile holes are confined in the
yellow bottom wells. The conductivity is ensured through valence fluctuations Co3+ ↔ Co4+ at the
10 corresponding Co sites, while the remaining sites at the red tops of the wells keep valence +3.

non-overlapping of ions cores and long-range Coulomb potential. The vacancies group into
clusters involving three vacancies as explained in the figure caption. At room temperature
those clusters order long range with a commensurate unit cell depending on x.

The modulation of the Coulomb potential exerted by the sodium ions on the Co sites, of or-
der 200 meV is much larger than the hopping energy for a hole: t ≈ 10 meV. As illustrated
in the right part of the figure, the mobile holes are confined to restricted regions of the
plane. This enhances their interactions and might explain their anomalously high effective
mass (of order of heavy fermion masses!). This scenario is in perfect agrement with the
results of previous NMR experiments at LPS (Orsay Paris-Sud University) in collaboration
with the experimental group “Strongly correlated oxide system” (cf. section6.2) of SPEC
and Léon Brillouin Laboratory. Non-conducting Co3+ sites are observed in coexistence
with valence fluctuating Co3+–Co4+ giving rise to conductivity with some average valence
of order 3.5.

Calculations concerning the influence of this strong potential on Fermi-Surface topology,
effective mass of carriers, transport and magnetic properties are in progress. Finally the
trivacancy clusters form “cages” in which some sodium atoms can move more freely, dis-
rupting phonon propagation and decreasing thermal conductibility without affecting the
electric conductivity — a necessary condition to incrase the figure of merit of these promis-
ing thermoelectric materials — [78]. The collaboration is going on, with the project of
studying NaxCoO2 layers deposited on cobalt oxide surfaces.
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[32] S05/063 C. Godrèche, E. Levine, and D. Mukamel, Condensation and coexistence in a two-
species driven model, J. Phys. A 38 (2005), L523–L529 (Lett., arXiv:cond-mat/0412201).
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5.1 Structure of beta Casein in solution

Mohamed Daoud

Beta casein is a protein, made of 209 amino acids, that is naturally partially denatured. Its
structure was studied by Small Angle Neutron Scattering (SANS) in dilute buffer solutions.
Two parameters were considered, namely temperature and concentration C in a denaturing
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agent, GdmCl. At room temperature, it forms micelles. The aggregation number of the
latter decreases as temperature is lowered or when C is increased. At low temperatures
or high C, isolated molecules only are present. This is interpreted by assuming that the
quality of solvent of water changes as either of these parameters is varied. In both cases,
the solvent becomes “better” as T decreases or C increases. This is sufficient to explain
the progressive disappearance of the micelles. One may use variations that are very well
known for synthetic polymers — or copolymers — as quality of solvent is changed, and
predict the variations of the aggregation number and radius of the beta casein micelles. A
fair agreement is found with the experimental observations.

5.2 Amphiphilic copolymers

Alexei Polotsky, Mohamed Daoud, O. Borisov.

Micelles of amphiphilic block copolymers attract a lot of attention in recent years because of
their potential use in practice including emulsion stabilization, viscosity regulation, biomed-
ical applications, and nanotechnology. In particular, one of the most interesting and actual
fields of application of amphiphilic block copolymers is their use for controlled drug delivery.
(AB)n block copolymers forming in solution the so called unimolecular micelles are good
candidates for the noncovalent encapsulation of guest molecules because of their stability
and the prescribed “aggregation number” of AB-arms.

5.2.1 Amphiphilic AB core-shell star copolymer in a selective solvent

A star composed by AB diblock copolymer arms with hydrophobic B and polyelectrolyte
A block jointed by ends of their B-blocks and immersed into polar solvent was considered.
Upon these circumstances, the star forms the so called unimolecular micelles with a dense
collapsed B-core surrounded by a swollen A-corona. From the corona side, therefore, there
is a stretching force acting on the collapsed core that can unfold it.

The goal was to study the conditions leading to core unfolding upon the change in the
effective interaction in the A-corona and B-core. This transition corresponds to the drug
release stage in the work of a drug-delivery system and plays, therefore, a crucial role for
the proper functioning of the latter.

It was shown that a strong effective repulsion in the swollen corona is necessary to unfold
the collapsed core; this can be reached in highly ionisable coronas at low salt concentrations.
Unfolding occurs continuously with the change of the salinity or the degree of ionization of
polyelectrolyte A-chains.

5.2.2 Theory of deformation of polymer globule.

Motivated by the necessity of proper description for the deformed core we reconsidered the
classical problem of stretching of a single polymer chain immersed into a poor solvent. It
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is well known from the previous studies, that when the globule is deformed in the so called
constant extension ensemble, i.e. the distance between chain ends is fixed, at moderate
extensions it acquires the “tadpole” conformation with the coexisting spherical globule and
the stretched “tail” and reaction force in this “tadpole” regime slightly decreases with the
stretching (can be approximately considered as being constant), there is only the redistri-
bution of polymer “material” between the globule and the “tail”, up to the point where all
the polymer will be in the “tail”. A simple quantitative theory describing the “tadpole”
regime and “tadpole”-stretched chain transition was developed. It was shown that the tran-
sition is first order phase transition: when the critical extension is attained, the “tadpole”
structure becomes unstable and unfolfs completely, the reaction force drops down with a
finite jump and then increases with the following extension. The value of the jump tends to
zero with an infinite growth of the chain length N. The size of the globule in the transition
point increases with N. The model were solved numerically but analytical expressions for
all the characteristics of the tadpole (monomer distribution between globule and the “tail”
and the force-extension relation) and in the transition point (critical extension, reaction
force, globule size) were also obtained.

This theory can be easily extended to the case of a polymer star with p arms equally
deformed in radial direction. Effectively, this change results in renormalisation of the
interfacial tension coefficient by p1/3 (ν to ν/p1/3 ) in the analytical expressions this leads
to change of N by Np, the total mass of the star. Correspondingly, the unfolding transition
smoothens for multi-arm stars.

5.2.3 Amphiphilic AB core-shell comblike copolymer in a selective sol-
vent.

Collaborations: M. Charlaganov, F. Leermakers (University of Wageningen)

Similarly to the starlike case we have considered a “bottle brush” consisting of amphiphilic
AB diblock copolymer arms densely grafted onto rigid main chain. The core block B was
assumed to be hydrophobic, whereas A block hydrophilic, the system being immersed into
polar solvent. The aim of this part of the project was to study in detail the equilibrium
geometry and longitudal instability of the core-shell bottle brush. The two-gradient self-
consistent field Scheutjens-Fleer (SCF-SF) approach was employed to unravel the physical
mechanism of conformational transition which occurs in molecular bottle-brushes upon a
decrease in the solvent strength for the inner block from theta- to poor solvent conditions.
It is found that at moderately poor solvent strength the solvophobic blocks collapse giving
rise to cylindrical core of unimolecular micelles whereas swollen terminal blocks form the
bottle-brush like corona. Further decrease in the solvent strength for the core block leads to
instability in the cylindrical micelle structure and appearance of longitudinal undulations
of its shape.

To understand what plays the main role in the formation of the modulated (pearl necklace)
structure, a bottle brush without coronal A block was considered. It was found that at the
same conditions for the core B block the structure is formed with approximately the same
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radial size but somewhat larger period.

It was demonstrated that the length of the corona chains has a very minor influence on the
parameter of the pearl-necklace structure in the AB-core-shell bottle brush: an increase of
the A-chain length causes no change in the structure period, almost no change in the shape
of the collapsed core but only leads to smearing of the A/B interface and the delocalization
of the A-B junction points. The density profile for A-monomers can be divided into two
parts: close to the A/B interface the A chains are stretched in spherical (elliptic) regime
whereas far from the interface they do not “feel” the core and behave as in the cylindrical
bottle-brush.

This result of our SCF modelling is in excellent agreement with experimental observations
on core shell brushes formed by PAA-block-PnBA chains with inner PAA block collapsed
due to complexation with Cd2+ ions and with earlier Monte Carlo simulations.

5.2.4 Polymer adsorption onto random heterogeneous surface

Collaboration: Y. Wang (University of Memphis))

The critical adsorption point (CAP) of a single polymer chain modelled by self-avoiding
walks interacting with a planar surface with surface disorder or sequence disorder has been
studied using Monte Carlo simulation. In particular, it was shown that the CAP for a
homopolymer adsorbing onto a quenched random surface is excellently described by the
analytical expression obtained in the annealed approximation.

5.3 Modeling of tumour dissemination related processes :
enzyme-catalyzed gel degradation.

Jean-Pierre Carton, Gilbert Zalczer

Collaborations: D. Lairez (LLB), J. Pelta (Univ. of Cergy-Pontoise)

5.3.1 Overview

The extracellular matrix is a gel made of various macromolecules, mainly proteins such
as collagen, that isolates organs. In tumor dissemination, invasive cells liquefy this gel
by producing proteolytic enzymes 1. The biochemistry of these proteinases has been well
studied but not the physical aspects of their actual role in cell invasion: proteinases, by
hydrolyzing peptide bonds between gel crosslinks, catalyze a phase transition from a solid
gel to a liquid. Our aim is to use concepts from soft-matter physics such as percolation
and gelation in order to help understanding the physical mechanism of this transition 2.

1M.J. Bissell and D. Radisky, Nature Reviews Cancer 1 (2001), 46
2H. Berry, J. Pelta, D. Lairez, and V. larreta-Garde, Biochem. Biophys. Arch. 1524 (2000), 110.
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Figure 5.1: Experimental setup for determination of the gel-sol transition time tc: while the sample
is still a solid gel, the red ball stays at the top of the tube (tubes 1, 4-6 from the left in the inset);
at tc the ball falls down (tube 3).

We undertook to measure the gel degradation kinetics at different gel (gelatin)and enzyme
(thermolysin) concentrations, and different solvent viscosities (addition of glycerol). We
obtained a direct evidence that the degradation kinetics is diffusion limited. The exper-
imental results obey a scaling relationship with non-trivial exponents using appropriate
reduced variables, consistent with a self-attracting enzyme random walk (RW). This RW
leads to a continuum percolation model for the gel degradation (“Swiss Cheese”) that has
important features towards the understanding of the motion of invasive cells [1].

5.3.2 Experiment

The solutions were put in watertight tubes containing each a 2mm diameter polyacetal
ball (density 1.4), then cooled to 4◦C for 1 h to obtain rapidly a strong gel . Once the gel
formed, the tube was inverted and placed at T=14◦C and photographed at regular time
intervals (Fig. 5.1). We take the time at which the ball begins to fall as the degradation
time tc . Our method allows the simultaneous study of many samples (good statistics) over
times as long as 40 days (no evaporation). Over 1000 distinct samples were involved in this
study.

5.3.3 Results

In Fig. 5.2, the mean degradation time is plotted as a function of [E] for different φgel (up
to 10 samples were studied at each concentration). For each φgel, tc follows a power law
dependence on [E]: tc([E]) = tc(1) · [E]−1/b. In Fig. 5.3, the best-fit values for tc(1) and
1/b are plotted as a function of φgel.

Similar measurements were performed after increasing the solvent viscosity through the
addition of glycerol. We observed an increase in tc by a factor that was independent of
both [E] and φgel. Actually, whatever φgel, the data can be superimposed to those obtained
without glycerol by taking into account both the decrease of the enzyme activity, Ar, and
the increase of the solvent viscosity, ηr, and plotting tc/ηr as a function of [E]Ar as shown in
Fig. 5.4 for φgel = 7.5%. Similar results were obtained for the other φgel values of Fig. 5.2.
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Figure 5.2: Mean degradation time, tc, vs. thermolysin concentration, [E], for different gel volume
fractions φgel. Lines are best fits tc = tc(1)[E]−1/b.

Figure 5.3: Result of the power law fits to the data: tc([E]) = tc(1) · [E]−1/b vs. φgel. The solid line
and the horizontal doted line correspond to (tc/h) = (48±4)×(φgel/%)2.50±0.05([E]/nM)−1.46±0.07.
The non-horizontal dashed line is a guide for the eyes.

Figure 5.4: The effect of glycerol on tc for φgel = 7.5%. Bottom: tr vs. [E]r. Top: tr × [E]1/b vs.
[E]r. tr is either tc or tc/ηr, depending on symbols, with ηr the relative solvent viscosity. [E]r is
either [E] or [E]Ar, depending on symbols, with Ar the relative enzyme activity.
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Figure 5.5: Same data as in Fig. 5.2 using reduced variables

This gives an evidence that the gel-degradation kinetics is diffusion-limited. The results
can be summarized as follows:

tc ∝ ηr × φ2.50±0.05
gel × [E]−1.46±0.07 (5.1)

5.3.4 Scaling and modeling

If we model the gel as a semi-dilute solution, only one length, the mesh size ξ0 = aφ
−νF /(3νF−1)
gel

is pertinent3. The evidence for a diffusion-driven kinetics allows us to define an elementary
time as that of diffusion over this length: τ0 = ξ2

0/D0, with D0 the diffusion coefficent of
the enzyme in the solution. In Fig. 5.5, the kinetics measurements are plotted using these
reduced variables: the data collapse onto one curve, obtained over four orders of magnitude
in time, with νF = 1/2, the ideal-chain value. The simplest model consists in randomly
walking enzymes cutting bonds at random in the gel, the transition occuring at a given
percolation threshold. This would lead to a time varying linearly with the enzyme concen-
tration. A more complex model where the enzyme breaks all the bonds along its trajectory
would lead to the same law4. We must therefore invoke a biased, self attractive RW :
The enzyme is confined in the volume it has already degraded and enlarges it by destrying
bonds here and there at its surface. Simulations 5 have shown that if the probability that
an enzyme adds an elementary volume to the accessible volume is below a threshold, the
shape of this zone remains roughly spherical. The system behaves as a “Swiss cheese” with
bubbles growing and coalescing and degrading the gel after

tc ∝ [E]5/3 (5.2)

and a closer look at the simulations reveal that this exponent holds for low enzyme to gel
ratios and is bigger when this ratio is high, in qualitative agreement with the dashed line
of Fig. 5.3.

3P.G de Gennes, Scaling concepts in polymer Physics (Cornell Univ. Press, 1996)
4T. Abete, A. de Candia, D. Lairez, and A. Coniglio, Phys. Rev. Lett. 93 (2004), 228301.
5A. Ordemann, G. Berkolaiko, S. Havlin, and A. Bunde, Phys. Rev. E 61 (2000), R1005.
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5.3.5 Conclusion.

These results are puzzling for two reasons : First enzymatic reactions are seldom diffusion-
limited and only in case of fast and efficient reactions (which is not the case). Then the
enzyme is much smaller than the gel mesh size and should diffuse freely. Our conclusions call
for additionnal crosschecking experiments. They might however be of biological relevance :
the proteases produced by an invading cell are more efficient if they stay in the vicinity of
this cell rather than diffusing away. From a more general point of view, it is also interesting
to note that a macroscopic experiment can bring insight on local processes.

5.4 Heterogeneous systems in biophysics and soft-condensed
matter

Alan Braslau

Even a hasty consideration of the arrangements present in living cells is suf-
ficient to bring conviction that the physical and chemical systems concerned
operate under conditions very different from those of reactions taking place be-
tween substances in true solution. We become aware of the fact that there are
numerous constituents of the cell which do not mix with one another. In other
words, the cell system is one of many “phases” to use the expression introduced
by Willard Gibbs.6

5.4.1 Structure and fluctuations of a single floating lipid bilayer

Collaborations: Jean Daillant (DSM/DRECAM/SCM), Thierry Charitat (Institut Charles
Sadron, Strasbourg), François Graner (Spectrométrie Physique, Grenoble) and Giovana
Fragneto (Institut Laue-Langevin, Grenoble).

A single lipid molecular bilayer of 17 or 18 carbon chain phosphocholines, floating in water
near a flat wall, is prepared in the bilayer gel phase and then heated to the fluid phase.
Its structure (electron density profile) and height fluctuations are determined by using X-
ray reflectivity and nonspecular scattering [2]. By fitting the off-specular signal to that
calculated for a two-dimensional membrane using a Helfrich Hamiltonian, we determine
the three main physical quantities that govern the bilayer height fluctuations: The wall
attraction potential is unexpectedly low; the surface tension, roughly independent on chain
length and temperature, is moderate (≈ 5 × 10−4 Jm−2) but large enough to dominate
the intermediate range of the fluctuation spectrum; and the bending modulus abruptly
decreases by an order-of-magnitude from 10−18 J to 10−19 J at the bilayer gel-to-fluid
transition [3].

6W.M. Bayliss, “The physiological importance of phase boundaries”, Science 42 (1915) 509-518.
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Figure 5.6: a) AFM image of a near-perfect, amine-functionalized dense-monolayer grafted to a
Si(111) single-crystal surface. The regular step structure of the crystalline substrate is preserved.
b) Cartoon of the adsorption of double-stranded DNA on the positively-charged, functionalized,
surface as determined by synchrotron X-ray reflectivity. The soft covalently-bonded monolayer is
distorted by the adsorbed dsDNA.

5.4.2 DNA adsorption on solid surfaces

Collaborations: Carine Douarche (DSV/DBJC/SBGM and École Polytechnique, now at
The Rockefeller University, NY), Robert Cortès (École Polytechnique), Steve Roser (Uni-
versity of Bath, England) and Jean-Louis Sikorav (DSM/SPhT)

The adsorption of DNA on chemically homogeneous organic layers, covalently bonded on
single-crystal Si(111) surfaces is studied by atomic force microscopy and by X-ray reflec-
tivity [4]. The adsorption of double-stranded DNA 294 base-pair fragments is observed
on positively-charged etylenediamine functionalized ethyl undecylenate monolayers under
conditions of low ionic strength (see Fig. 5.6). The very dense yet soft organic surface
monolayer is deformed by DNA adsorption which is found to be irreversible under high
added salt concentrations suggesting a partial dehydration of the double-stranded DNA.
These results are important towards the understanding of the design and operation of
biotechnological devices such as hybridization biochips.

5.4.3 A theoretical construction of the genetic material

Collaborations: Jean-Louis Sikorav (DSM/SPhT), Arach Goldar (DSV/iBiTec-S/SBIGeM)

We describe a rational construction of a structure for the genetic material [5]. This con-
struction relies on a list of requirements derived from a limited number of phenomena which
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are universal among all living organisms. We obtain a unique, ideal structure, characterized
by specific symmetry and asymmetry elements. A comparison of this structure with the
structure of the DNA double-helix leads to a better understanding of its logical, geometrical
and physical-chemical properties.

5.4.4 DNA and chromosomes: physical and biological approaches

Summer school (http://www-dna2006.cea.fr/) organized by A. Braslau, M.-C. Marsolier-
Kergoat and J. Van Noort.

Collaborations: Marie-Claude Marsolier-Kergoat (DSV/DBJC/SBGM) and John Van Noort
(University of Leiden, Leiden Institute of Physics); Olivier Hyrien (Génétique Moléculaire,
École Normale Superieur), Françoise Livolant (Laboratoire de Physique des Solides, Orsay),
Theo Odijk (TU Delft and Universitiat Leiden) and Jean-Louis Sikorav (DSV/DBJC/SBGM)

A complete understanding of the structure and functions of DNA and chromosomes re-
quires a multi-disciplinary approach. This is particularly true in the post-genomic era.
Historically, the use of methods and concepts from physics has led to fundamental progress
in biology in general, and towards the structure and function of genetic material in par-
ticular. Outstanding problems in biology also often lead to fundamental questions of a
physical nature. Thus, new and original concepts often arise from such interdisciplinary
approaches. For example, techniques invented to study the physical properties of single
molecules, in particular DNA, (elasticity, forces, dynamics, ...) have led to the understand-
ing of interactions with enzymes (topoisomerases, helicases, polymerases, ...) and unveiled
new, intermediate reactions. It has also been shown that DNA and RNA polymerases
are extremely powerful motors. The three-dimensional structure and the molecular com-
position of replication, transcription and repair sites is also better understood, thanks to
novel microscopy and diffraction techniques. The complete sequencing of genomes and
the exploitation of databases of genomic expression also require the development of new
mathematical and informational methods. The aim of this summer school is to favor the
development of a multidisciplinary approach to the study of DNA and chromosomes. The
school will contribute to the exchange of ideas, techniques and researchers between the
different communities which will lead to the emergence and development of new collabora-
tions.

5.4.5 Microphase segregation and the structure of mesophases

Book under completion: “ La diffraction des rayons X par les mésophases : une image de
leur organisation ”

Collaborations: Patrick Davidson and Anne-Marie Levelut (CNRS, Laboratoire de Physique
des Solides, Orsay)

http://www-dna2006.cea.fr/
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The notion of condensed phases introduced by Gibbs was expanded after the discovery by
Friedrich Reinitzer in 1888 of a new fluid phase exhibiting some properties associated with
crystalline order, described as “flowing-crystals” by Otto Lehmann in 1889. Georges Friedel
introduced the term of mesophase to describe the liquid-crystal state, and the number of
known, distinct mesophases is now quite large. All the liquid-crystalline mesophases show
important molecular disorder, yet range from quite fluid nematic and cholesteric phases,
to the 1D, 2D and 3D smectic mesophases which are numerous and vary according to
the symmetries involved. Different columnar mesophases have been identified, perhaps
the best known was the wet fiber that led to the solution of the structure of the DNA
double-helix. Crystals made of films or a regular array of lamellar interfaces yield cubic
mesophases. Finally, the twisted-grain boundries (TGB) and so-called “blue phases” are
now understood to be composed of a regular network of defects with an underlying smectic
organization of chiral molecules.

X-ray diffraction has allowed a detailed description of these many different mesophases:
of their molecular structure and symmetry as well as of their inherent disorder. The
microscopic segregation of polar and apolar (hydrophilic and hydrophobic) molecules or
molecular regions is the driving force behind this very rich polymorphism found both in
thermotropic (generally single-component with a complex molecular-architecture) and ly-
otropic (multi-component: generally oil, water and surfactant) systems.

5.5 Confinement of nano-objects within surfactant bilayer
films

Jean-Jacques Benattar

Ph.D.: C. Sultanem (2001-2004), C. Liz Costa-Carvalhas (2001-2004) (Coll. Nestlé), G.
Andreatta (2005-2008), R. Petkova (2006-2007)

Post Doc. and Visitors: V. Petkova (2003-2005) (Coll. Nestlé), Fuk Key Lee (2005-2006)
Pr. M. Nedyalkov (Sofia University, Bulgaria)

Collaborations: B. Pucci (Avignon University), J.L. Popot (IBPC, Paris), F. Pilard
(Amiens University), Nestec (contracts Nestlé-Lausanne, Switzerland), L-T Lee (LLB),
O. Tsui and T. Penger (Hong Kong UST), DRECAM–SPAM.

5.5.1 Freestanding films.

The soap films and more generally the surfactant films (black films) have a high degree
of self-organization; these last years we used this ability of surfactants to form assemblies
of nano-objects based on physical processes previously shown on proteins. A black film
is the final stage of the thinning of a film when drawn from a surfactant solution. The
film is so thin that visible light reflected at each of the interfaces interferes destructively
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and the nearly complete lack of reflection gives a black appearance. Depending on the
surfactant solution composition, two different types of black films exist: common black
films (CBF) and Newton black films (NBF). CBF have a rather large equilibrium thickness,
well described by the colloid stability theory. The NBF thickness is much thinner and
its equilibrium is governed by microscopic interactions at short distances. Using X-ray
reflectivity, we determined the ultimate structure of the NBF showing that it is composed
of two opposite molecular walls whose central core does not contain any liquid water but
an ultra-thin hydration layer of the polar heads and exhibits a weak roughness related to
capillary waves7.

Confinement process of the water soluble proteins within bilayer films.

We have reported in previous works8,9 the basis of a generally applicable protein confine-
ment method, leading to the close-packed protein single layer formation within a freestand-
ing surfactant bilayer in a controlled manner, simply by adjusting the protein chemical
potential of the protein in the solution. Using X-ray reflectivity, we observed a time de-
pendent insertion of the proteins leading to a stable equilibrium state in which the BSA
proteins (Bovine Serum Albumin) form a single and close-packed layer between the two-
surfactant layers. The neutral surfactant molecules stabilize the native form of the protein
as fatty acids at the air-water interface. This physical diffusion process has been explained
using the different chemical potentials of the proteins in the bulk, at the Gibbs interface
and in the NBF; this process is general and can be applied to numerous soluble particles.

2D confinement of membrane proteins.

The membrane hydrophobic (and insoluble) proteins play a important role in the biolog-
ical cell; thus their structure determination is of fundamental importance. They can be
extracted in a very small amount from cells, moreover the 3D crystallization is very tedious;
thus the 2D crystallization appears to be an alternative method . The initial aim of this
study was to enclose membrane protein within bilayer film in order to encapsulate molecules
with high hydrophobicity within the films. The membrane proteins were first solubilized
using hydrocarbon surfactant (C8E4), and then the films were drawn from aqueous solu-
tions made of fluorinated surfactants. The protein is the outer membrane protein A from
Escherichia coli. The immiscibility of the fluorinated and hydrocarbon surfactants pre-
vents their competition for adsorption at the surface. Thus, the film surfaces were covered
by the adsorbed fluorinated surfactants due to their higher surface affinity. Two different
mechanisms of protein insertion into the film were realized [6]: one involves electrostatic

7O. Bélorgey, J.J. Benattar, structural properties of soap black films investigated by X-ray reflectivity, Phys.
Rev. Lett. 66 (1991), 313-316.

8 J. J. Benattar, M. Nedyalkov, J. Prost, A. Tiss, R. Verger, C. Guilbert, Insertion Process of a Protein
Single Layer within a Newton Black Film, Phys. Rev. Lett. 82 (1999), 5297.

9 V. Petkova, J. J. Benattar, M. Nedyalkov,How to Control the Molecular Architecture of a Monolayer of
Proteins Supported by a Lipid Bilayer, Biophys. J. 82 (2002), 541.
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interactions of the protein molecules to the functionalized polar groups of fluorinated sur-
factant; and the second is the previously observed process of insertion by diffusion of the
protein-micelle complexes into a film stabilized by nonionic fluorinated surfactants. The
formation of such arrays of membrane proteins opens a real new way for 2D crystallization.

5.5.2 Adhesion of free-standing surfactant bilayers onto a solid sub-
strate.

If now we are able to finely tune and control the complex composition of the NBF, their
fragile free-standing form remains a strong limitation to provide practical applications;
thus it is necessary to find ways of depositing NBF on a solid substrate. Here, we show
for the first time the transfer of a NBF to a solid substrate by bringing the substrate in
contact with a black bubble. Very large area of a few centimeters square of the film can
be transferred. The bubble is made from an aqueous solution of neutral surfactant, and
the substrate is hydrophobized silicon. Results from X-ray reflectivity and atomic force
microscopy (AFM) show a high degree of molecular organization in the deposited film
[7, 8] (see also [9, 10, 11, 12, 13]).

Experimental cell for the film transfer.

Figure 5.7:

The apparatus (patent [14]) that we have developed is shown in Figure 5.7. The main
component is an air-tight glass chamber and a porous plate that is used to control the
bubble drainage and limits the top level of the solution. The experimental details are given
in ref.8,9.

How is the structure of a bilayer film after its transfer on a silicon wafer?

X-ray measurements can only provide information on the structure along the film normal.
Atomic force microscopy is complementary and gives the in-plane structure ordering at the
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film surface as well as a more complete picture of the film morphology. Figure 5.8a shows
the AFM topographic image taken from a C12E6 film of 4x4 nm2 prepared by the method
described in the experimental section. As seen, despite of the different scan conditions
employed for the imaging, all three images consistently show noticeable parallel stripes
along different directions with a periodicity of ≈ 6 Å, close to the shortest distance between
nearest neighbor molecules. We relate the stripes to the terminal groups of surfactant chains
tilted away from the film normal and the stripe direction indicates the tilt direction. The
consistent periodicity of ≈ 6 Å observed in the AFM images scanned in different size of
area corresponds to inter-chain distances between the surfactant molecules of the top layer.
Therefore we believe that the illustration of Figure 5.8-a provides a reliable reflection of the
in-plane structure of the C12E6 film. The C12E6 molecules inside the film are arranged in
chains of single molecules. The AFM topographical image of our film is shown in Figure
5.8-b as a laterally homogeneous surface without any aggregations. In conclusion X-ray
reflectivity and AFM measurements indicate that the molecular structure of the black film
is basically preserved with a high degree of molecular organization. It is a great advance
for the study of black film in terms of structure characterization.

5.5.3 A general method for the 2D confinement of nanoparticles

Over the past two decades, the development of nano-technological devices has resulted
in a huge demand of new “smart materials”. Studies on self-assemblies of nanoparticles
have shown that such systems could provide and/or enhance properties that cannot be
obtained at the elementary level. Active and tunable ultra-thin films are of great interest
for nanoelectronic, chemical and biological sensors, but only a few proposals could provide
the basic requirement for those applications: that is, a reliable, cheap, large scale and
non-specific process to control their 2D organization. Our general method consists in the
use of surfactants films to confine nanoparticles and in the deposition of resulting dense

Figure 5.8: (a): AFM image showing the molecular structure of the deposited film. (b): AFM
image of the C12E6 film deposited on silicon showing a continuous and flat film. The several bright
spots in the image are some contamination from ambient atmosphere adhered to the film surface.
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2D architectures onto solid hydrophobic substrates. In order to prove the validity of the
physical processes previously reported on proteins on a wide class of nanoparticles we have
studied the main parameters: the choice of the different surfactants and their chemical
nature which govern the confinement process of nanoparticles (diffusion or electrostatic
interaction), the bulk concentration of nanoparticles and the degree of water drainage
before deposition. A schematic drawing of our method is represented below as well as the
multilayer deposition. Note that it is also possible in some cases to remove the surfactants
either with a solvent or after burning.

5.5.4 First results of film deposition including nanoparticles

To achieve and apply the method, different kinds of nanoparticles have already been inves-
tigated. Indeed we have realized some 2D model systems including metallic nanoparticles
(gold and silver), as well as some dedicated systems of silicon nanocrystals for photolu-
minescence investigations, and finally some others (fullerenes, carbon nanotubes etc.) are
still under study. Silicon nanocrystals (Collaboration with SPAM) are very attractive
nano-objects due to their size-dependent, intense photoluminescence induced by quantum
confinement. Because silicon is an indirect-gap semiconductor, this quantum effect is much
more spectacular than in a direct gap semiconductor (since bulk silicon is optically inactive,
while silicon nanocrystals can exhibit a photoluminescence quantum yield near one). In
the present work, our objective was to prepare films containing silicon nanocrystals with
controlled density and organization and to study the photoluminescence properties as a
function of the organization and hosting medium. We could control the nanoparticle den-
sity on the surface and create well spaced organization in order to study the individual
particle properties. Preliminary results seem to indicate that the density of nanoparticles
in the deposition is a linear function of the concentration in the solution. Therefore, we
have found a simple way to obtain films with well known silicon nanocrystals density very
useful for absolute measurement of photoluminescence. These films will be carefully char-
acterized by AFM, X-ray reflectivity and UV-visible absorption. Our objectives are to form
films with very different concentrations: from low enough to consider that nanoparticles
are isolated to high enough to become a compact organized network of nanocrystals.

In Figure 5.9 we have reported an AFM image of a system of gold nanoparticles closely
packed in a matrix of a fluorinated surfactant deposited on a silanized glass substrate. The
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Figure 5.9: AFM observation of inserted gold nanoparticles

whole sample consists in islands made of a dense packing of nanoparticles. These first results
are encouraging for the development of our confinement method. Some improvements are
in progress in different ways: the film geometry, the treatment of the substrate as well as
the surfactants used for the nanoparticle interactions.

5.5.5 Role of water in superhydrophilicity of a titanium dioxide film
induced by ultra-violet irradiation

The ultra-violet (UV) irradiation of a titanium dioxide (TiO2) film surface gives rise to two
simultaneous phenomena: photocatalysis and superhydrophilicity. Photocatalysis has been
thoroughly studied, but the mechanism governing superhydrophilicity remains controver-
sial. Understanding the origin of superhydrophilicity is crucial for self-cleaning applications
based on TiO2. Two effects induced by UV irradiation are responsible for the so-called
self-cleaning phenomenon: photocatalysis and superhydrophilicity. Unlike the well-studied
photocatalysis, the mechanism for superhydrophilicity remains controversial. Two hypothe-
ses have been proposed since the discovery of superhydrophilicity by R. Wang et al. One
hypothesis is that wetting is induced by surface modification and the other is that wet-
ting is induced by photocatalysis. In this background, we monitor the surface evolution
of a titanium dioxide thin film in order to determine the mechanism responsible for this
superhydrophilicity. We combined systematic investigation of surface modification under
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different conditions in X-Ray reflectivity experiments and observations of sample wettabil-
ity. X-ray reflectivity provides a highly sensitive tool for probing subatomic structure of
films and surfaces along the layer normal, giving the electron density profile from which
we have deduced the layer thickness and interfacial roughness. Our investigations have
clearly shown the effects induced by UV irradiation on the water adsorption and desorp-
tion on the TiO2 surface. Our observations [15] prove that superhydrophilicity cannot be
solely induced by the removal of organic contamination via photocatalysis, but is associated
with water adsorption most probably due to the appearance of hydroxyl groups on surface
defects.

5.5.6 Collaboration with Nestlé (Nestec-Lausanne) and other works

This successful collaboration has concerned an important part of our activity during three
years in the framework of two contracts. One is related to a PhD thesis (C. Liz Costa-
Carvalhas) and the other to a postdoc (V. Petkova). The results of this activity are reported
in Ref [16, 17, 18]. Moreover we will not describe all other investigations realized these last
four years; they are reported in [19, 20, 21].
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6 Strongly correlated oxide
systems
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6.1 High-Tc cuprates

Florence Albenque, Dorothée Colson.

Cuprates all share a layered structure made up of one or more copper-oxygen CuO2 planes.
High Tc superconductivity is achieved upon doping charge carriers (electron or holes) into
the CuO2 planes, in most cases by chemical substitution or changing oxygen composition.
Hole doped cuprates display the generic phase diagram shown in 6.1- left(upper): the par-
ent compound is an antiferromagnetic Mott insulator; upon doping antiferromagnetism is
rapidly suppressed and superconducting order sets in at 4-6% doping. The superconduct-
ing Tc monotonically raises with doping in the underdoped region, reaching a maximum at
about 16% doping after which Tc decreases to zero in the overdoped region, displaying the
characteristic superconducting dome. On the underdoped side, the metallic state above
Tc has been referred to as the pseudogap phase as an energy gap appears in some proper-
ties, corresponding to a partial suppression of spin and charge excitations. The origin of
the pseudogap and its relation to superconductivity remains a key issue in understanding
superconductivity in high-Tc cuprates.
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In the past few years, we have brought some contributions to this issue by using different
approaches. On the one hand, synthesis of high quality single crystals of the mercury
compound HgBa2CuO4+δ with different doping levels has allowed one to explore the cuprate
phase diagram and tackle the energy scales revealed both in the superconducting and
pseudo gap phases (Raman experiments performed by the group of A. Sacuto, ESPCI).
On the other hand measurements of the Nernst effect and of the magnetoresistance under
high magnetic fields have been carried out on single crystals of underdoped YBa2Cu3O7−δ

either pure or with reduced Tc down to 3.5K by electron irradiation1 in order to study the
influence of disorder on the temperature range of superconducting fluctuations.

6.1.1 Two energy scales in the underdoped regimes of HgBa2CuO4+δ

single crystals

Publications [1, 2, 3, 4]

To explore the cuprate phase diagram and to tackle the energy scales involved both in the
superconducting and pseudo gap phases, we have chosen to concentrate our efforts on one
of the most simple system: the cuprate Hg-1201 constituted with only one CuO2 plane.

Discovered in 1992, the first member of the series very fast appeared as the reference
compound by its structural simplicity and its high critical temperature (95 K). Furthermore,
while the techniques of elaboration had allowed obtaining only mercury cuprates under
polycrystalline shape our group synthesized in 1994 the first single crystals of Hg-1223 and
Hg-1201 which was an important stage for the study of the physical properties of cuprates 2.
Since, progress in the synthesis allowed to increase the size but also to improve the quality
of the surfaces of these crystals. We were so able to determine in the ternary diagram
HgO-BaO-CuO, a region favourable to the elaboration of the Hg-1201 compound by a
flux growth technique. By means of an adapted treatment and of a technique of settling,
we obtain numerous black platelets between 500 and 1000 microns aside and between 20
and 100 microns in thickness with crystallographic directions perfectly defined and with
excellent states of surface which is a crucial factor for optical measurements (Figure 6.1-
left). Furthermore, our capacity to synthesize big single crystals with various contents in
oxygen allows to cover the completeness of the diagram of phase, and to probe the dynamics
of the carriers by electronic Raman spectroscopy (A. Sacuto et al. at ESPCI-Paris). More
precisely, Raman measurements allow to investigate the dynamics of the carriers in the
superconducting state in various regions of the reciprocal space, via selection rule by playing
with the in coming and out going polarized lights. It is then possible to probe independently
the charge fluctuations in the “Nodal” and “Anti-Nodal” regions where the amplitude of
the superconductive gap is respectively zero and maximal.

The electronic Raman measurements revealed the existence of a second energy scale in the
superconducting state of the underdoped regime which follows Tc . Raman measurements

1The electron irradiation is performed at the Laboratoire des Solides Irradiés, Ecole Polytechnique.
2D. Colson, et al. Physica C 233, (1994) 231 and A.Bertinotti, et al. Studies of High Temperature Super-
conductors vol. 23 1997 – Ed. By Narlikar – Nova Science Publishers (New York).
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Figure 6.1: (left-upper) Phase diagram of cuprates. Ov.: overdoped; Opt.: optimally doped; Und.:
underdoped., (left) Hg-1201 single crystals in an alumina crucible (SEM). (Right) Raman responses
in the nodal (B2g) and antinodal (B1g) regions as a function of doping. The arrows indicate the
position of the superconducting peak maxima. We clearly distinguish two energy scales that depend
on doping in opposite directions.

allowed us to detect two energy scale in the superconducting state and localize them in
the reciprocal space: the first one is associated with the anti-nodal regions, where the gap
vanishes, whereas the second one , which follows Tc, is visible only in nodal regions, where
the gap is maximum (Figure 6.1-right). It is important to clarify that these two scales
of energies are detectable in the whole of the families of cuprates. Since publication of
these results two energy scales have been evidenced by ARPES and STM in Bi2212 3.
The fundamental question is to identify the nature of these energy scales, and their role in
the establishment of the superconductivity. It seems natural, contrary to what made until
now, to associate the energy scale detected in nodal regions, and which follows Tc, to the
superconducting gap. The other energy is then no longer related to the superconducting
phase but could be associated to the opening of the pseudogap. The antagonistic behaviour
of both scales of energies detected in the Raman measurements tends to support the scenario
where superconducting and pseudogap states are in competition.

6.1.2 Superconducting fluctuations and influence of disorder

Publications [5, 6, 7, 8]

In conventional superconductors Tc is considered as being altogether the onset of amplitude
and phase coherence of the superconducting order parameter. In underdoped cuprates with

3K. Tanaka et al., Science 314 ( 2006), 1910-1913. K.K. Gomes et al., Nature 447 (2007), 569-572.
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low superfluid density, Emery and Kivelson4 have proposed that the phase coherence is
broken at Tc while the condensate amplitude remains finite. The occurrence of a large
Nernst effect in the normal state of underdoped cuprates has been interpreted as evidence
for significant “preformed pairs” surviving up to much higher temperatures than Tc, which
has been connected to the pseudogap state5. This makes the Nernst effect a very sensitive
test to probe superconducting fluctuations in samples in which Tc has been depressed by
disorder. On the other hand we will show that resistivity measurements can also be used
to determine the (H, T ) domain where superconductivity is experimentally detectable, at
least as fluctuations.

Nernst effect and disorder in the normal state of optimally and under-doped
YBCO

The Nernst signal Ey is the transverse electrical response to a thermal gradient ∇xT ‖ x
in the presence of a perpendicular magnetic field B ‖ z. The Nernst coefficient ν =
Ey/(−∇xT )B = [αxy/σ − S tan θ] /B is the contribution of two terms: αxy/σ, where αxy is
the off-diagonal Peltier conductivity, and S tan θ where S is the thermopower and θ = σxy/σ
is the Hall angle. The parameter of interest is αxy which is determined by measuring Ey,
S and θ separately on the same sample. The effect of electron irradiation is recalled in
Fig. 6.2-left(a) where the resistivity curves ρ(T ) are plotted for the pure and two irradiated
samples of YBCO6.6. It is important to notice that the curves are shifted parallel to
each others, which indicates that the hole doping and the pseudogap temperature T ∗ are
not significantly modified by the introduction of disorder. The onset temperatures T ν of
the Nernst signal which mark the temperatures up to which superconducting fluctuations
survive are indicated by the arrows in Fig. 6.2-left(b) for the different samples. Two
important results can be deduced from this plot. First it is clearly seen that T ν does not
exceed 25K in pure YBCO6.6, showing that the fluctuation regime is quite narrow (∼ 25K)
in this compound despite the fact that T ∗ is =300K. Second we find that T ν remains nearly
constant while Tc has been decreased down to 5K by irradiation.

In Fig. 6.2-right where results obtained on YBCO7 and YBCO6.6 are compared, we observe
that, in both compounds, the Nernst signal extends in a larger temperature range when
decreasing Tc by disorder. As T ν can be considered as the characteristic temperature below
which local pairing remains significant, this result fits very well into a scenario where short
range pairing correlations survive in the normal state of irradiated samples without long
range phase coherence. This is in agreement with our observation of a quasi linear decrease
of Tc with defect concentration which cannot be explained solely by pair-breaking theories
and rather points to a significant role of phase fluctuations of the order parameter [5].
The temperature extensions of the Nernst signal of our irradiated samples are compared in
Fig. 6.2-right with those obtained in the Bi2Sr2−yLayCuO6 family for two different dopings
(optimal y=0.4 with Tc ∼ 36K and underdoped y=0.5 with Tc ∼ 29K). The quite good
agreement between the ranges of vortex Nernst signals found in these different samples

4V.J. Emery and S.A. Kivelson, Nature 374 (1995), 434.
5see for instance Y. Wang et al, Phys. Rev. B 64 (2001), 224519.
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Figure 6.2: Left: Temperature evolution for the pure and two irradiated underdoped YBCO6.6

crystals of (a) the resistivity and (b)αxy/σ determined as explained in the text.The arrows in (b)
indicate the onset temperature of the vortex Nernst contribution. Right:T ν versus Tc for YBCO7

(empty symbols) and YBCO6.6 (closed symbols). The data are compared to the temperature ranges
of the Nernst signal measured in pure single crystals of Bi2Sr2−yLayCuO6 with y=0.4 and y=0.5.

indicates that the “intrinsic” disorder in Bi2Sr2−yLayCuO6 which is thought to be at the
origin of the low Tc of these compounds could also be responsible for the enhanced Nernst
signal. It is thus natural to conclude that the “anomalously” high values of T ν with respect
to Tc found in La-dopped Bi2201 are indicative of the values of Tc that these materials
should display if they were grown without local inhomogeneities. Such a conclusion might
as well apply to other cuprate families.

Total suppression of superconductivity by high magnetic fields

In the hole doped cuprates, the determination of the upper critical field Hc2 remains a con-
troversial issue. The vortex Nernst effect has been recently used to determine the magnetic
field Hc2 as the field at which the Nernst signal reaches zero. We propose a relatively simple
method, based on an analysis of the transverse magnetoresistance (MR) to determine the T
dependence of the magnetic field H

′
c at which the normal state transport is fully restored6.

The resistivity increase δρ = ρ(H, T )−ρ(0, T ) induced by the magnetic field H is displayed
in Fig. 6.3-left for a pure YBCO6.6 crystal for 60K < T < 150K. At high temperature
in the normal state, δρ increases as H2 as usually observed for the classical transverse
magnetoresistance in low magnetid field. As T decreases but still remains higher than Tc,
the variation of δρ progressively deviates from the H2 dependence and the normal state

6The experiments have been performed with pulsed magnetic fields up to 60T at the NHMFL in Los Alamos
and in the LNCMP in Toulouse.
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Figure 6.3: Left: The magnetoresistance above Tc is plotted versus H (a) and H2 (b) for a pure
YBCO6.6 crystal. Right:Variation of H ′

c versus T for YBCO6.6 samples: pure (diamonds) and
irradiated ones with respective Tc of 25 (circles), 6.8 ( squares and 3.5K (triangles). The solid lines
represent the quadratic fits given in the text, which define T ′

c. The inset shows T ′
c and T ν versus

Tc for various samples.

H2 dependence of δρ remains clearly defined only above a field value H
′
c which increases

steadily as T decreases. This is for us the indication that H
′
c is the field at which the

superconducting contribution to the conductivity is suppressed.

In pure YBCO6.6, H
′
c increases steeply with decreasing T and becomes unmeasurable below

60K with available fields limited to ∼ 60T. In order to get insight into the shape of the H
′
c

line below Tc, we have then performed similar measurements on samples in which Tc and
H

′
c have been decreased with low T electron irradiation. The T dependences of H

′
c deduced

from the analysis of MR are reported in Fig. 6.3-right. For all the irradiated samples studied,
the H

′
c line is well fitted by a simple quadratic formula H

′
c(T ) = H

′
c(0)

[
1 − (T/T

′
c)

2
]
.

This legitimates the use of such a fit for the pure sample for which low T data were
not accessible. The experimental observation of a H

′
c(T ) line which terminates at T

′
c well

above Tc is strikingly similar to that expected for the mean field crossover above the 2D
Kosterlitz-Thouless (KT) transition7. In such an approach the phase coherence is destroyed
at Tc by a proliferation or thermal vortices while H

′
c(T ) represents the line above which

local superconducting pairing vanishes. So our results share a lot of similarities with those
deduced from the anomalous Nernst effect. As already observed by Nernst measurements
for T ν , the introduction of defects considerably expands the range of superconducting
fluctuations since Tc decreases whereas we find that T ′

c, T ν (see inset of Fig. 6.3-right) and
H

′
c are only slightly depressed.

In conclusion the decrease of the phase stiffness induced by the defects naturally yields
the subsequent depression of the KT transition temperature that is of Tc. Furthermore H

′
c

(Hc2), T
′
c and T ν which are related to pair formation are depressed, although moderately,

by the defects, in contrast to the pseudogap T ∗ which has been found insensitive to disorder.

7S. Doniach and B.A. Huberman, Phys. Rev. Lett. 42 (1979), 1169.
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So all our experimental evidences obtained so far in YBCO indicate that T ∗ is not directly
related to the pairing energy scale.

6.2 Cobaltates

Florence Albenque, Dorothée Colson.

Publications [9, 10]

The originality of the NaxCoO2 compounds lies not only in their very strong thermoelectric
power with potential applications and the recently discovered superconductivity but also
in the triangular structure of the cobalt oxygen layers and their doping by varying the
sodium content. This rich variety of properties results from the two possible Co electronic
configurations (Co3+, S=0; Co4+, S=1/2) in the high trigonal crystal field of the CoO2 layer.
Recently, the sodium ordering in NaxCoO2 has been measured using neutron scattering
and a model based on ionic shell and Coulomb interactions between sodium ions has been
proposed by M. Roger et al. [11] to explain the ordered sodium lattice which influences
the transport and magnetic properties (see section 4.9.2). The challenge is to be able to
synthesize and isolate clean phases from each others in order to get a better understanding of
the physics of these compounds through joint studies of structural, electronic and magnetic

Figure 6.4: (left): the [Nax-Co-O2] lattice. Two types of stacking are observed in these compounds,
the ‘rhombohedral’ and the ‘hexagonal’ modification. (right) NaxCoO2 phase diagram determined
by X-rays diffraction on powders. The dotted regions indicate restricted homogeneity domains
centered at well specific Na contents.
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Figure 6.5: T dependence of (a) the susceptibility and (b) the thermoelectric power for NaxCoO2

samples with x ranging from 0.67 and 0.75.

properties.

NaxCoO2 compounds are quite complex, with many phases in competition, often out of
equilibrium and sensitive to preparation routes and moisture. We have evidenced two types
of stacking in these compounds, the ‘rhombohedral’ modification with large composition
gaps and the ‘hexagonal’ modification (Figure 6.4-left). Given the superionic-conductor
behaviour, we have found that the phase diagram is discontinuous. Using X-rays diffraction,
we have determined the stable configurations that correspond to restricted homogeneity
domains, each with a specific Na ordering leading to characteristic additional diffraction:
incommensurate satellites or superstructure commensurate reflexions. In-between one finds
a mixture (short or long range) of these stable configurations (Figure 6.4-right).

Susceptibility χ and thermoelectric power (TEP) S measurements have been performed on
well characterized four different phases in the range 0.67 � x � 0.75 (see Fig. 6.5). As x
increases, the T variations of χ are quite similar for T > 100K with a unique Curie-Weiss
(T + Θ) variation but differ markedly below 100K, the low T enhancement of χ(T ) being
progressively reduced for increasing x. As for the TEP, we observe a nearly linear increase
with x at high T . This is compatible with the suggestion that orbital/spin degeneracy might
be at the origine of the large TEP in this composition range. However at low temperature,
the TEP appears to reveal more specific properties of the different samples, as for instance
a strong anomaly is clearly seen at 22K, the antiferromagnetic transition in the x = 0.75
sample. NMR measurements on the same samples have shown that charge order has a
subtle incidence on the low T energy scales and transverse magnetic couplings8. Further
studies are in progress to understand the interplay between electronic correlations and
transport and thermoelectric properties of these compounds.

8I.R. Mukhamedshin et al., cond-mat/0703561.
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6.3 Multiferröıcs

Delphine Lebeugle, Dorothée Colson, Pierre Bonville, Gwenaëlle LeBras-Jasmin, Michel
Viret

Publications [12, 13, 14, 15]

Figure 6.6: Left: (a) SEM image of a BiFeO3 single crystal platelet grown by slow cooling from
a Bi2O3/Fe2O3 flux. The crystal size is about 1.4x1.6x0.04 mm3. (b) a photograph of one part of
a BiFeO3 single crystal examined under a polarizing microscope with a polychromatic light. The
contrast between bright and dark regions is due to different orientations of the spontaneous polar-
ization. (c) a photograph of another BiFeO3 single crystal examined under a polarizing microscope
with a polychromatic light. Only one single ferroelectric domain is visible. Right: Drawing of the
hexagonally distorted perovskite-type BiFeO3 cell. Oxygen octahedra are top-connected and oppo-
sitely rotated around the threefold axis. All the atomic displacements responsible for the appearance
of a dipolar moment occur along the threefold axis

Recently, the perovskite-type oxides, which display ferroelectric and magnetic properties,
have been the object of a renewed interest as a significant interplay between the two orders
would open potential applications in spintronic devices9. It has been shown that BiFeO3

crystallizes in the space group R3c, which allows the existence of both antiferromagnetic and
ferroelectric orders with very high transition temperatures. BiFeO3 is antiferromagnetic
below the Néel temperature TN=643K (neutron powder diffraction10) with a long range
cycloidal spiral incommensurate with the lattice11; it is also ferroelectric below Tc = 1143K.
From an experimental point of view, room temperature ferroelectricity in BiFeO3 is raising
many questions. Electric measurements made a long time ago on solid-solutions of BiFeO3

with Pb(Ti,Zr)O3 indicate that a spontaneous electric polarization exists in BiFeO3 below
the Curie temperature Tc = 1143K. Yet in most reported works, the synthesized samples
are too conductive at room temperature to get a clear polarization loop in the bulk without

9W. Eerenstein, N.D. Mathur and J.F. Scott, Nature, 442 (2006), 759.
10M. Moreau, C. Michel, R. Gerson and W.J. James, J. Phys. Chem. Solids 32 (1971), 1315.
11I. Sosnowska, T. Peterlin-Neumaier and E. Steichele, J. Phys. C: Solid State Phys. 15 (1982), 4835.
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Figure 6.7: (left) PFM images (6x6 μm2 area) of the thinnest region of a BiFeO3 polished single
crystal.(a): Topography. Polishing scratches are visible. (b): Out-of-plane PFM phase image after
writing “up” and “down” stripes (size: 4x0,5 μm2). The out-of-plane polarization induced by
negative voltage has the same direction as the spontaneous one.(right) First full P-E hysteresis loop
of the single crystal of BiFeO3 at room temperature. The remnant polarization P[0,−1, 2] is 60
μC.cm−2 and the coercive field is 12 kV/cm. The inferred full saturation polarization along the
[001]hex direction is close to 100 μC.cm−2. In insert: Raw I(V) data.

any effects of extrinsic physical or chemical parameters. Surprisingly, up to now there has
been no report of a P(E) (polarization versus electric field) loop at room temperature on
single crystals of BiFeO3.

We have developed a procedure to synthesize ceramics and to grow good quality sizeable
single crystals by a flux method (Figure 6.6- left). Four-circle X-ray diffraction data were
collected at room temperature on a single crystal and confirm the space group R3c with
six formula units in the unit cell (Figure 6.6-right). Furthermore, this setup allows us to
orient the crystal correctly for magnetic and electric measurements. The largest side of the
crystal corresponds to the (0-12)hex plane (the (001)cub plane). The axis perpendicular to
this plane makes an angle of 54◦44’ with the c-axis on which the ferroelectric polarization
lies. Using these high quality crystals, we have demonstrated that BiFeO3 is indeed fer-
roelectric at room-temperature as measured by Piezoresponse Force Microscopy and P(E)
loops (Figure 6.7-left). The room temperature polarization is found to be large, around
100 μC/cm2, a value that has only been reached in thin films (Figure 6.7- right). Magnetic
measurements using a SQUID magnetometer and Mössbauer spectroscopy have also been
performed. The latter confirms previous results of NMR measurements concerning the
anisotropy of the hyperfine field attributed to the magnetic cycloidal structure. In order to
determine the influence of an electric field on the cycloid period, neutron diffraction mea-
surements under an electric field have been performed at the LLB-Saclay. Our preliminary
results indicate that the cycloid forms in a direction perpendicular to the polarization axis
and preferentially perpendicular to the internal electric field. The crystals are found to be
single (polarization) domain in their virgin state. Once the polarization is reversed, four
energetically equivalent domains can be generated. The field evolution of their associated
cycloids are under study.
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6.4 Geometrically frustrated systems

Pierre Bonville, Gwenaëlle LeBras-Jasmin, Dorothée Colson.

Typical geometrically frustrated magnetic systems are the kagomé bidimensional triangular
lattice or the pyrochlore tridimensional arrangement of tetrahedra. In these lattices, an
antiferromagnetic (AF) standard Néel long range ordering (LRO) of the magnetic moments
cannot take place. This is precluded by the very geometry of the ionic bonds. Furthermore,
the building blocks of these lattices (triangles or tetrahedra) are “loosely bound”, which
leads to a great number of possible minimum energy spin configurations, and thus to a
large degeneracy of these states. These two features make it possible for unconventional
magnetic ground states to occur, including no long range ordering at all, i.e. a spin liquid
behaviour down to the lowest temperature. For several years, we have been undertaking
very low temperature (in the 0.01K range) investigations of these materials, by different
techniques: Mössbauer spectroscopy and magnetic measurements at SPEC, and specific
heat, neutron diffraction, muon rotation spectroscopy in collaboration.

In the Gd gallium garnet Gd3Ga5O12, the magnetic Gd3+ ions are located on a non-coplanar
triangular lattice akin to the kagomé lattice, and are thus prone to frustration. Indeed,
no LRO is observed down to about 0.1K. Our Mössbauer spectroscopy measurements
on the isotope 155Gd confirmed this picture, and allowed the fluctuation rate ν of the
Gd moments to be directly measured [16]. We found a T 2 dependence for ν, which has
not yet received a theoretical interpretation. In the pyrochlore stannates Gd2Sn2O7 and
Tb2Sn2O7, which show a clear λ anomaly in the specific heat at respectively 1K and
0.87K, indicative of a transition to a LRO, the problem was to determine the magnetic
structure. In Gd2Sn2O7, which is very close to a Heisenberg (isotropic) AF material [17],
the dipole-dipole interaction is expected to lift the ground state degeneracy and to lead
to a LRO state with a particular q=0 AF magnetic structure12. We performed a neutron
diffraction experiment at the ILL below 1K, in collaboration with A. Wills, using a 160Gd
enriched sample. This study revealed that the magnetic structure in Gd2Sn2O7 is exactly
that predicted by theory [18]. This material is, up to now, the only known realisation
of this particular structure. By contrast, Tb2Sn2O7 is expected to be an example of Ising
behaviour, because the non-Kramers Tb3+ ion has a ground state with Ising characteristics.
In that case, frustration arises when the exchange/dipole interactions have a ferromagnetic
character (the “spin ice”13) and LRO can occur in the presence of a finite crystal field
anisotropy. Our neutron diffraction investigation at ILL and LLB, in collaboration with
I. Mirebeau, showed unexpectedly that the spin arrangement in Tb2Sn2O7 is that of a spin
ice, but with a long range structure [19]. The thermal variation of the spontaneous moment
(Fig. 6.8-left) shows a saturation value of about 5.8(1)μB/Tb. The specific heat was also
measured in Tb2Sn2O7, down to 0.15K, in collaboration with V.N. Glazkoz from CEA,
C.E. Grenoble. Apart from the peak at 0.87K marking the onset of magnetic LRO, one
observes a strong nuclear Schottky anomaly below 0.4K due to the presence of a magnetic

12S. E. Palmer and J. T. Chalker, Phys. Rev. B 62 (2000), 488.
13M. J. Harris et al, Phys. Rev. Lett. 79 (1997), 2554
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Figure 6.8: In Tb2Sn2O7: Left: Thermal variation of the spontaneous Tb3+ moment from the
neutron diffraction data. Right: Specific heat measured in the temperature range 0.15 −4 K. Note
the log-log scale.

hyperfine field splitting the nuclear levels of the 159Tb isotope. The fitted hyperfine field
value, 180T, corresponds to a moment of 4.5μB/Tb, using the Tb hyperfine constant
of 40(4) T/μB

14. This smaller moment, with respect to 5.8μB obtained from the neutron
diffraction data, is intriguing and was interpreted in terms of Tb electronic spin fluctuations
in the LRO phase. We have shown, in a previous work15, that spin fluctuations can lead,
in certain conditions, to a strong reduction of the nuclear Schottky specific heat. Then, the
hyperfine field on the 159Tb nucleus is reduced when measured using the Schottky upturn,
and so is the spontaneous moment. These fluctuations of the correlated moments seem to
be a characteristic feature of frustrated systems, and they have been indirectly observed in
other similar compounds by Mössbauer spectroscopy and muon spin relaxation [20, 21, 22].

Frustration can also be operative in metallic heavy electron systems, if the lattice kind
allows it: we have observed a reduced nuclear specific heat in the kagomé-like heavy electron
material YbAgGe, together with an incommensurate modulated magnetic structure at 0.1K
[23].

We have also investigated the kagomé lattice H3OFe3(SO4)2(OH)6, also called H3O-jarosite
[24]. This material has frustrated AF interactions between Fe3+ ions, leading to an absence
of LRO and, surprisingly, it shows a spin-glass behaviour. We have characterised the latter
behaviour by evidencing a dynamic scaling of the freezing temperature as a function of
frequency, and the 57Fe Mössbauer data suggest that H3O-jarosite is an XY-Heisenberg
antiferromagnet, with Fe moments in the kagomé planes.

The question of the spin fluctuations in the LRO phase of pyrochlore systems can be in-
vestigated by an alternative approach, based on the presence of a sizeable magneto-electric

14B. D. Dunlap, in “Mössbauer effect methodology” 7 (1971), 123
15E. Bertin et al, Eur. Phys. J. B 27 (2002), 347
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Figure 6.9: In a single crystal platelet of Tb2Ti2O7 cut perpendicular to the (111) plane: Left:
Thermal variation of the dielectric constant with fields of 0 and 8 T; Right: Relative variation of
the dielectric constant and m2(T ), where m(T ) is measured with a field of 8 T.

coupling in the titanates (cf. the archetypical ferroelectric BaTiO3)16. By measuring the
temperature and frequency dependence of the dielectric constant, one expects to observe
effects linked with the fluctuations of the magnetic moments. We have started an experi-
mental setup which enables to measure the capacitance of single crystals or sintered pellets,
in a first step down to 1.4K, then in a 3He-4He dilution refrigerator. The first experiments
have been performed in Tb2Ti2O7 where we could evidence the magneto-electric coupling
by detecting a rather strong field dependence of the dielectric constant (see Fig. 6.9-right).
The dielectric constant ε(H, T ) can be developed in terms of the pair correlation function
of the Tb moments: ε(T, H) = ε0(T ) (1 + α〈mi.mj〉H), so that in the paramagnetic phase,
Δε(H = 8T, T )/ε should be proportional to m2(T ) measured at a field of 8T. The thermal
variation of both these quantities is shown in Fig. 6.9-left, where m(T ) has been measured
in the SPEC VSM magnetometer. The departure of m2(T ) from Δε/ε below 60K is in-
dicative of the onset of exchange spin correlations in Tb2Ti2O7, in agreement with neutron
scattering data17. The next step will be to extend these measurements to the 0.1K range
and to check whether stannates, for which only sintered powders are available, also present
a sizeable magneto-dielectric coupling.

See other results on frustrated systems in Chapter 3, section 3.5.

6.5 Atomic tunneling in a crystalline solid

Pierre Bonville

Tunneling is a well known effect in quantum mechanics, but the great majority of examples

16T. Katsufuji, H. Takagi, Phys. Rev. B 69 (2004), 064442
17J. S. Gardner et al, Phys. Rev. Lett. 82 (1999), 1012
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Figure 6.10: Left: 151Eu Mössbauer absorption spectrum at 32 mK in the clathrate Eu8Ga16Ge30;
the blue subspectrum corresponds to Eu(2a) and the red subspectrum to Eu(6d). Right: right:
Thermal variation of the hyperfine field measured on the Eu(2a) subspectrum; left: thermal variation
of the fluctuation frequency measured on the Eu(6d) subspectrum.

comes from electrons, in the normal or superconducting state, tunneling through a barrier.
As to tunneling of atoms, the well known example is NH3, where the N atom can tunnel
across the H3 plane. In collaboration with R. Hermann, from Liège University, we have
investigated a Eu based clathrate compound, Eu8Ga16Ge30, where the Eu atom occupies
two crystallographic positions, 2a and 6d, within “cages”. From neutron diffraction, it was
known that Eu(6d), which lies in the larger cage, has 4 equivalent crystallographic positions
0.4 Å from the center of the cage18. The compound is ferromagnetic with TC=32 K. The
151Eu Mössbauer study was performed down to very low temperature [25] (see Fig. 6.10-
left). The 32mK spectrum is made of two subspectra, one showing a split magnetic hyper-
fine structure, attributable to Eu(2a), and the other presenting a single broad non-resolved
line, attributable to Eu(6d). This finding is very surprising because a broadened line means
that the magnetic hyperfine field, responsible for the split spectrum of Eu(2a), is fluctuat-
ing at the Eu(6d) site, whereas all fluctuations are expected to be frozen out at such a low
temperature. We interpreted this as an evidence of tunneling of the Eu(6d) atom between
its 4 off-center positions. The tunneling frequency was fitted on the Eu(6d) subspectrum
using an appropriate stochastic relaxational lineshape19 and keeping the magnitude of the
hyperfine field at that measured for Eu(2a) (see Fig. 6.10-right-right). The assumption of a
tunneling effect is confirmed by the fact that the fluctuation frequency does not depend on
temperature (see Fig. 6.10-right-left). Its value is 480(30) MHz, which matches well with
the frequency of the microwave absorption maximum, corresponding to the tunnel splitting
[25]. Finally, by approximating the Eu(6d) tunneling by a 2-well harmonic oscillator, with
frequency ω, the tunnel barrier is: U = 1

2mω2a2, where m is the Eu mass and a = 0.275 Å

18B. C. Sales et al, Phys. Rev. B 63 (2001), 245113
19S. Dattagupta, M. Blume, Phys. Rev. B 10 (1974), 4540
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is the half separation between off-center sites, and the tunnel splitting is:

Δ =
2√
π

√
2U�ω exp (−2U

�ω
). (6.1)

The characteristic frequency ω could be estimated from the specific heat, which is domi-
nated by the rattling of Eu(6d) in its cage and is very close to that of an Einstein oscillator
with �ωE=30 K 20. The tunnel splitting is then estimated at: Δ � 800MHz, which is close
to the measured value 480(30)MHz of the fluctuation frequency.

Mössbauer spectroscopy on 57Fe is used in the laboratory for various characterisation works
on nanoparticles (mainly in collaboration with the ICMM of Madrid, Spain) [26, 27, 28, 29,
30, 31, 32, 33, 34] and on catalysts (in collaboration with J.M.M.Millet, from the Institut
de Catalyse, Lyon, France) [35, 36].
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7 Cryogenic developments

Permanent staff, physicists: Patrick Pari

Permanent staff, technicians: Philippe Forget, Matthieu de Combarieu

Collaborations: Jerôme Losco, Julien Paris

7.1 Cryogenics in the framework of Edelweiss Collaboration.

The first stage: 1 kg (three detectors of 320 g) has been accomplished in the cryostat Edel-
weiss I. The data have been collected up to July 2003. To cover largely the validity range
of theoretical models predicting the existence of “Weakly Interacting Massive Particles”
(WIMPS), it was necessary to gain at least two orders of magnitude on the measure of
the cross-section of WIMPS interaction with cores. Improving the statistics requires an
increase in the mass of the detector. Edelweiss II is a 50 l dilution refrigerator designed
to cool 100 detectors of 320 g. The contribution of the laboratory has concerned several
steps:

• During 2004, a part of the design and implementation of the dilution-stage necessary
for the operation of the refrigerator was realized by the laboratory.

• In 2005 we contributed to the the assembly of the experiment at the Undergroud
Laboratory in Modane.

• In 2006 and 2007 we took part in the development of the cryostat, in particular with
the automation of the control sequences. We had to make many improvements in
order to guarantee a stable operation of the refrigerator

Within the framework of this same experiment we conceived and produced a small inverted
dilution refrigerator in collaboration with the Institute of Nuclear physics of Lyon (IPNL)
— see Fig. 7.1 —. The cryostat, with a useful volume of 7 l, allows to cool about 10
detectors. This cryostat will be assigned to specific tasks:
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• Test of a new generation of readout electronics for Edelweiss II, designed at Néel
Institute in Grenoble.

• Study of the response of these detectors for the ionisation and heat signals and in
particular the problem asociated with the charge collection at very low temperature.

• R&D on cryogenic detectors.

• R&D on cold (4K) electronics for the future Dark Matter Project EURECA. The
ease of access to a large experimental volume and the fast turnover capabilities of
this cryostat design are well suited for the requirement of this experimental program.

Figure 7.1:

This work is described in several publications [1, 2, 3, 4, 5, 6, 7, 8].

7.2 Magneto-optic cryostat (collaboration with Ecole Poly-
technique).

In collaboration with Ecole Polytechnique, we developed a very compact cryostat for
magneto-optic experiments in the range 1.2K - 10K. This cryostat (see picture 7.2) does
not generate any parasitic vibrations. Its operation is based on pumping by adsorption
helium gas on active carbon at low temperature. A 5 hour autonomy is guaranteed. The
complexity of the apparatus consists in its very small size.
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Figure 7.2:

7.3 Free dilution (without liquid He). The new apparatus
for the Quantronics Laboratory.

.

Figure 7.3: Dilution stage (left picture) and overall view of the cryostat (right picture).

Mesoscopic physics requires very low temperature and imposes stringent constraints:

• Large available space for experiment.

• Absence of thermal-insulation vacuum at 4.2 K, facilitating wiring.
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• Large useful power at 4.2 K

• Easy implementation

For this purpose a dilution refrigerator without liquid helium1 was designed in 2006. He
is now under development and perfectioning. Its completely automatic operation requires
very little manpower. The cooling time from room temperature down to 30 mK is of the
order of 10 hours. Its main characteristics is to transmit very few vibrations produced in
the pulsed tube. The two stages of the device are immersed in the tube of pumping of the
dilution refrigerator. No mechanical contact is necessary to ensure the thermal transfer
between these two stages and the cryostat. The He3 gas pumped from the distiller ensures
the thermal transfer. The apparatus will be operational at the end of 2007.

7.4 Technology transfers to CRYOCONCEPT: implication
of our laboratory

The Laboratory of Cryogenics at SPEC is partner of company CRYOCONCEPT which
sells under licences CEA6SPEC several models of dilution refrigerators (licences L 5607
and L 6183). During the year 2007, the company has sold ten apparatuses for a sales
turnover of about 1 MEuros. The range consists of dilution refrigerators functioning in
a traditional way by using Dewar vases filled with liquid helium. A new range will soon
appear: “dilution free” without liquid helium. A special effort as been devoted this year
on the training of new technical staff and on expertise on various projects.
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8.1 Introduction and outline

The field of Quantronics belongs to mesoscopic physics, with a particular aim at quantum
effects. Our goal is to perform experiments that demonstrate quantum effects in electronic
circuits, at all possible scales. These scales range from the microscopic scale at which
electrons behave fully quantum mechanically, up to the scale of the global circuit. At
this latter scale, electrons form collective variables, described by the macroscopic concepts
of voltages and currents, that can also behave quantum mechanically. The interest of
quantronics is to combine the intrinsic quantum properties of the microscopic world with
the design flexibility offered by circuit fabrication.

At the microscopic level, we have pursued the investigation of energy exchange between
electrons in diffusive conductors, in the normal state ( i.e. non superconducting) state [1, 2].
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Using tunneling spectroscopy and Coulomb blockade, we have probed quantitatively the
energy exchange mechanism mediated by electron scattering on Kondo impurities, recently
proposed in 2001 by Kaminski and Glazman. We achieved a quantitative comparison
with theory by using samples in which a controlled amount of magnetic impurities was
added [3]. These results allow now to present an almost complete picture of electron-
electron interactions in diffusive conductors at low temperature [3, 4] .

At the mesoscopic scale, we have mainly investigated mesoscopic superconductivity, a do-
main that has greatly benefited from the previous advances in mesoscopic physics.

In superconducting atomic size contacts, we have investigated the Josephson effects [5, 2],
for which the theory now provides a comprehensive picture in terms of Andreev bound
states localised at the contact. We have probed in particular the current-phase relation
(D.C. Josephson effect) [6], and demonstrated how the Shapiro steps of the A.C. Josephson
effect are affected by its non-harmonic character [7]. We can now provide a comprehensive
picture of the merging of the dissipative current carried by Multiple Andreev Reflection
(MAR) processes at finite voltage, and of the non-dissipative Josephson supercurrent at
zero voltage [8].

In order to probe the local density of states (LDoS) in metallic nanostructures, in partic-
ular mesoscopic superconducting structures, we have built an AFM/STM machine able to
locate the conducting parts of a structure, and to perform the spatially resolved measure-
ment of the electronic density of states [9]. As a first application, we investigated prox-
imity effect superconductivity by measuring the local density of states in mesoscopic SNS
(superconducting-normal-superconducting) structures [10]. The results obtained on this
basic structure already demonstrate the usefulness of the machine for mesoscopic physics.

In the domain of quantum circuits [11], where the quantum behavior occurs at the scale
of the whole circuit, we have further developed the quantronium qubit circuit [12]. This
qubit was the first circuit implementing a strategy for reducing decoherence, which allowed
to perform many qubit manipulations. We have demonstrated arbitrary qubit manipula-
tions [13], improved their robustness, and developed a general framework for understand-
ing and characterizing the decoherence processes acting on the qubit [14]. We have also
further investigated the readout of the quantronium [15], and attemped to implement a
Quantum-Non-Demolition readout of the qubit [16] and a 2-qubit gate, with moderate
success up to now. Recently, we have also fabricated qubits coupled to high-Q supercon-
ducting resonators, which offer a promising direction for qubit research as demonstrated
by other groups. We have also exploited the quantum properties of the quantronium cir-
cuit to achieve the conversion of a current into a frequency through the relation I = 2ef
first proposed by Likharev and his collaborators in 1985 in the context of small Josephson
junctions [17].

The results obtained during the period 2004-2007 are described in the following sections of
this report. Last but not least, new projects are introduced in the last section.
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8.2 Towards a full picture of electron-electron interactions
in diffusive conductors

Daniel Estève, Hugues Pothier

In diffusive conductors, electron decoherence processes are dominated, at temperatures be-
low 1 K, by Coulomb interaction and by scattering on residual magnetic impurities. Taking
into account these mechanisms, we could account quantitatively of electronic decoherence
in the metallic wires fabricated and measured in our laboratory [18]. On the opposite,
the picture of the energy exchange between electrons in the same low temperature regime
required new experiments on better controlled samples.

A quantitative experiment for probing Kondo Impurity Mediated interactions
between electrons

In diffusive conductors, a new and efficient mechanism mediating energy exchange between
electrons had been proposed in 2001 by Kaminsky and Glazman1, who pointed out that a
second order scattering process of two electrons on a same magnetic impurity yields an effi-
cient energy exchange mechanism, called the Kondo impurity mediated (KIM) mechanism.
More precisely, the Kondo renormalisation of the scattering cross-section of electrons by a
magnetic impurity contains a large inelastic part, associated to energy exchange. Although
the quantitative theory of the KIM mechanism, established by Göppert et al.2 , made
predictions in agreement with our findings on the magnetic field dependence of the energy
exchange rate3[1], a quantitative test of the KIM theory was still lacking because the nature
and the amount of magnetic impurities present in our samples were not controlled. In or-
der to overcome this limitation, we have performed a comparative experiment in which we
probe the specific effect of the addition of 0.7 ppm (parts per million) of Mn atoms on the
energy exchange between electrons [3]. This addition was performed by ion implantation
at the IRMA ion implanter (CSNSM Orsay) in Ag samples made with the purest available
silver (99.9999%). In order to access the electron-electron interactions in a complementary
way, the temperature dependence of the phase coherence time τϕ was obtained on the same
samples from the magnetoresistance, fitted with the standard theory of weak localization.
These coherence time measurements, shown in Fig. 8.1, are in good agreement with the
estimated residual and added content of magnetic impurities in the silver samples.

We have then measured on the same two wires the energy exchange rate between electrons
and its dependence on magnetic field B. The principle of the experiment is to drive electrons
out-of-equilibrium with a bias voltage U � kBT/e. The distribution function f(E) of the
electrons in the middle of the wire depends crucially on energy exchange between electrons.
Since our usual method4 based on tunneling spectroscopy with an NS junction could not

1A. Kaminski and L. Glazman, Phys. Rev. Lett. 86 (2001), 2400.
2G. Göppert, Y. Galperin, B. Altshuler, and H. Grabert, Phys. Rev. B 66 (2002), 195328.
3A. Anthore, F. Pierre, H. Pothier,and D. Esteve, Phys. Rev. Lett. 90 (2003), 076806.
4H. Pothier, S. Guéron, N.O. Birge, D.Estève, M.H. Devoret, Phys. Rev. Lett. 79 (1997), 3490.
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Figure 8.1: Symbols: measured phase coherence times in bare and implanted wires as a function of
temperature [3]. Solid lines: best fits to weak-localization theory obtained with cb = 0.1 ± 0.01 ppm
(bare wire) and cb = 0.95 ± 0.1 ppm (implanted wire). Inset: layout of the circuit. The switch
is open for magnetoresistance measurements, closed for energy exchange measurements with the
tunneling probe contacted in the middle of the wire.

be performed in presence of a magnetic field, we have exploited another phenomenon, the
so-called zero-bias anomaly of the conductance due to dynamical Coulomb blockade of
tunneling. The differential conductance dI/dV (V ) of the tunnel junction between the wire
and the probe electrode (see inset of Fig. 8.1) is simply a convolution product of f(E) with
a function q(E) describing inelastic tunneling in presence of dynamical Coulomb blockade:

RT
dI

dV
(V ) = 1 −

∫
f(E)q(eV − E)dE (8.1)

where RT is the resistance of the tunnel junction. The experiment is performed at B ≥
0.3 T , and the aluminum probe electrode is in its normal state. At U = 0, electrons are
at equilibrium and dI/dV (V ) displays a sharp minimum at zero voltage due to dynamical
Coulomb blockade of tunneling. The environmental impedance responsible for Coulomb
blockade is the resistance RN of the normal aluminum probe electrode, which was designed
as a long, thin and narrow wire. Fits of dI/dV (V ) with the theory of Coulomb blockade
give the resistance of the environment, the capacitance of the tunnel junction, and the
tunnel resistance. When electrons are driven out-of equilibrium (U �= 0), f(E) is not a
Fermi function any longer. In the absence of interactions, f(E) presents two steps (at
E = −eU and E = 0), resulting in a splitting of the dip in dI/dV (V ) into two dips.
In the opposite limit of very strong interactions, f(E) approaches a Fermi function at a
temperature T ≈

√
3

2π
eU
kB

, and dI/dV (V ) presents a broad dip.

The Fig. 8.2 shows with symbols the measured dI/dV (V ) characteristics of the tunnel
junctions on the bare and implanted wires, for different applied voltages and fields. At
B = 0.3 T, the measurements on the bare sample show a clear double-dip at V = 0 and
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Figure 8.2: Differential conductance dI/dV (V ) of the tunnel junction (see inset of Fig. 8.1) for
the bare (left) and implanted (right) wires, for U = 0.1 mV, 0.2 mV and 0.3 mV (top to bottom
panels), and for B = 0.3 to 2.1 T by steps of 0.3 T (bottom to top in each panel). The curves were
shifted vertically for clarity. Symbols: experiment; solid lines: calculations using cb = 0.1 ppm,
ci = 0.95 ppm and the Coulomb interaction constant κee = 0.05 ns−1meV−1/2.

V = U , whereas the measurements on the implanted sample show a single, broad dip
around V = U/2. The addition of 0.85 ppm of Mn has therefore significantly increased the
energy exchange rate between electrons, resulting in a strong energy redistribution during
the diffusion time τD = 56 ns. At B = 2.1 T, the broad dip found in the implanted sample
has split into two dips for U = 0.1 and 0.2 mV, indicating that the effect of energy exchange
due to the impurities has been significantly reduced.

Comparison with KIM theory

In order to compare quantitatively the measurements with theory, we have solved the
Boltzmann equation for f(E), taking into account Coulomb interaction, electron-phonon
interaction and the effect of magnetic impurities following KIM theory. The concentration
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of magnetic impurities was fixed at the values determined from the fit of τϕ(T ) using the
Kondo temperature TK = 40 mK for the Mn imp¡urities in Ag and g = 2.0 for the electrons.
The intensity of the electron-phonon coupling and of Coulomb interaction was derived from
τϕ(T ). The intensity of Coulomb interactions was used as a free parameter, common to
both samples since they were fabricated simultaneously and had the same dimensions. The
differential conductance dI/dV (V ) was computed using Eq. (8.1). The resulting curves are
displayed as solid lines in Fig. 8.2. A good overall agreement is found for both data sets, but
some discrepancy appears for the implanted sample at U = 0.3 mV, possibly due to the use
of a spin-1/2 theory, whereas the spin of Mn is 5/2. At the largest values of U , it becomes
possible to excite all the spin states of the impurity, and the spin-1/2 approximation might
not be good enough. The best agreement is obtained for ci = 0.9 ± 0.3 ppm, in good
agreement with the value 0.95 ppm deduced from the data of Fig. 8.1.

A yet unsatisfactory picture for electron-electron interactions

Figure 8.3: Comparison of the measured value of κ with the theoretical prediction, for several co-
herence time (Weak Localization) experiments (squares) and energy exchange experiments (circles)
on different wires [2]. If one assumes that a small amount of magnetic impurities can be present
in the metal, this extra fit parameter can allow to lower the fit values of κ down to the bottom
of the lines below the symbols, but does not resolve the discrepancy. The bold circle without line
represents the sample investigated in Fig. 8.2, with very little uncertainty on the magnetic impurity
content.

A first important conclusion of our results [3] is that the extension of the Kondo effect
to treat energy exchange between electrons accounts quantitatively for the experimental
results. Our results on energy exchange suggest a simple solution to the controversy 5 on
the low-temperature saturation of the coherence time observed by many groups in various

5P. Mohanty, E. Jariwala, and R. Webb, Phys. Rev. Lett. 78 (1997), 3366.
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systems: it could simply be attributed to undetected Kondo impurities, and not to a flaw
in the Altshuler-Aronov-Khmelnitskii (AAK) theory of electrons in diffusive conductors.

Second, all the fits were performed with a value κee = 0.05 ns−1meV−1/2 of the Coulomb
interaction constant larger than that predicted by the AAK theory, as repeatedly found in
our experiments [4]. Indeed, this theory predicts

κ =
(
π
√

2D�
3/2νF Se

)−1
(8.2)

where νF is the density of states for both spin directions and Se is the cross-section of the
wire, which yields κAAK

ee = 0.016 ns−1meV−1/2. Since the value of κ can be obtained in our
experiments from coherence time and from energy exchange measurements, we could com-
pare the two determinations, as shown in Fig. 8.3. It is noticeable that the κ values deduced
from weak localization experiments are much closer to the theoretical values than those
deduced from energy exchange experiments. We have furthermore demonstrated experi-
mentally that the failure of the AAK theory to explain out-of-thermodynamic-equilibrium
Fermi liquids does not solve the puzzle [4]. At this point, no satisfactory answer exists
about the disagreement on the actual intensity of Coulomb interactions between electrons.

8.3 Construction of a low temperature AFM/STM for mea-
suring the spatially resolved electronic density of states
in nanostructures

Philippe Joyez.

Interest of tunneling spectroscopy in mesoscopic physics

Understanding the electronic order present in nanostructures combining materials with
different electronic properties( N or S, diffusive/ballistic, 1D/2D,...) or in out of equilibrium
situations is a major challenge which cannot be solved solely by transport measurements:
local probing of the electronic ordering is necessary. Many of our past experiments probed
mesoscopic circuits by tunneling spectroscopy or Coulomb blockade, using nanofabricated
tunnel junctions, with at most two or three tunneling probes at different locations in a
given circuit. Recently, we have performed a text-book experiment [19] on the depairing
induced in a small superconducting wire by a current or by an applied magnetic field using
tunneling spectroscopy. As demonstrated by the density of states in the wire, both depairing
effects affect superconductivity similarly, as predicted. In order to achieve versatile spatially
resolved tunneling spectroscopy, a dual mode AFM/STM system operated in a dilution
refrigerator was developed, with the AFM mode used to locate the conducting parts of the
structure where tunneling spectroscopy can be performed in the STM mode [9]. Using a
normal metal tip in which the density of states is structureless, the differential conductance
of the tunneling contact between the tip and the sample gives direct access to the local
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Figure 8.4: Tunneling spectroscopy with a normal metal tip. The differential conductance, which
is the derivative of current with respect to applied voltage, gives direct access to the local density of
states in the sample, with a maximal resolution given by the sharpness of the Fermi-Dirac function,
involving solely the electronic temperature T in the tip.

Figure 8.5: a): Picture of the combined AFM-STM probe, attached to the end of a piezoelectric
scanning tube. A sharp tip (inset) is glued at the end of the lower arm of the tuning fork. The fork
senses the interaction between tip and sample, which allows to image topography with a precision
mainly limited by the shape of the tip apex. The tip is electrically connected by a thin wire to
a filtered measuring line for performing tunneling spectroscopy. b): Picture of the microscope
mounted and wired on the top plate of a dilution refrigerator. c): Ensemble view of the inverted
dilution refrigerator, model SIONLUDI designed at CRTBT (Grenoble).
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Figure 8.6: Left: Picturer of a microfabricated filter chip. Center: exploded view of a single filter
case equipped with SMC coaxial connectors. Right: transmission of an assembled filter with DC
resistance 77 Ω and capacitance80 pF. Above 4.5 GHz, the noise floor of the analyser is reached.
The inset shows the effect of a coaxial design compared to an unscreened meander.

density of available states in the sample, the so-called LDOS (see Fig. 8.4), which is a
fundamental quantity amenable to detailed calculations.

New technical developments

A compact AFM/STM system was fabricated, based on a high Q quartz tuning fork res-
onator6 fitted with a tunneling tip, as shown in Fig. 8.5. Large scale and small scale
displacements in all three directions are performed with piezoelectric actuators based on
stick-slip motion, supplemented with position sensors. The system was installed in an in-
verted dilution refrigerator made by Air Liquide following the design developed at CRTBT
by Alain Benôıt. This type of refrigerator is convenient because it has no cryostat, and
a single vacuum can with room temperature feedthroughs. However, fabrication mistakes
necessitated important and long modifications, and an excessive vibration level is still
present.

In order to reach an energy resolution solely limited by thermal fluctuations at the sample
temperature, a careful filtering of all lines is mandatory. A new type of filters based on
microfabricated fully coaxial RC transmission lines was developed [21]. These filters operate
from bf up to THz frequencies and are in good thermal contact with their metallic case
(see Fig. 8.6). A significant improvement over standard STM electronics was also obtained
by using a tunnel current preamplier with very little back action on the tunnel contact.
In this setup, the bias voltage is defined respectively to the so called “cold ground” at
the sample location, which suppresses the voltage noise added when the bias voltage is

6Such a force sensor was also used for detailed measurements in atomic contacts, in collaboration with the
Madrid group [20]
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defined respectively to the cryostat ground. A careful design of the voltage biasing and
current amplifying circuit allowed to reach a voltage noise of 2 μVrms for a 14 MV/A
transimpedance and a 22 kHz bandwidth [22]. The combination of the above filters at
T = 4.2 K and at T = 30 mK and of the custom preamplifier yielded an effective tunneling
temperature of T � 45 mK, which is the best STM tunneling temperature ever recorded,
and a value of T � 50 − 60 mK is routinely obtained.

8.4 Mesoscopic superconductivity: Proximity effect in SNS
structures

Daniel Estève, Philippe Joyez, Hugues Pothier, Cristian Urbina.

Figure 8.7: SNS structures with N silver wires of different lengths were fabricated, as shown
in the AFM picture. The flux through the loop controls the phase difference. Top panel shows
conductance curves taken at 40mK on a structure with a 300 nm long silver wire, at the different
positions shown in the AFM picture, and with zero phase difference between both ends of the N
wire. Data are normalized to the high voltage conductance, and shifted for clarity. Black lines are
theoretical predictions obtained by solving Usadel equations. A uniform minigap is observed, in
agreement with theory. Bottom panel shows the measured variations of the conductance with the
phase difference (left side), and the predicted ones (right side).
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8.4.1 Probing proximity effect superconductivity using tunneling spec-
troscopy

The AFM/STM machine discussed above is an ideal tool to investigate proximity effect SNS
structures. In particular, a normal wire connected at its ends to superconducting electrodes
with different phases provides a simple model system. It is predicted in particular that the
DOS varies periodically with the phase difference, with an energy minigap independent of
position. In order to test these predictions, Al-Ag-Al samples with the geometry shown in
Fig. were fabricated and their local DOS was measured at low temperature [10, 9]. The
geometry is such that the phase difference between the two S contacts is directly given by
the magnetic flux through the loop.

8.4.2 Local DOS measurements in SNS structures

Local DOS measurements on a 300 nm-long silver wire at different positions and for different
phase differences are shown in Fig. 8.7 and compared to theoretical predictions. The local
DOS was calculated using a recently developed parametrization of Usadel equations7, using
a 1D model, assuming high transparency NS interfaces. The conclusion of these experiments
and of those performed on other wires is that the theory accounts well for all the data, in
particular the evolution of the minigap. This first experiment demonstrates the interest of
the AFM/STM developed for mesoscopic physics, and some other interesting experimental
situations are now envisioned.

The AFM/STM machine discussed above is an ideal tool to investigate proximity effect
in SNS structures. Among them, a normal wire connected at its ends to superconducting
electrodes with different phases constitutes a model system. It is predicted in particular that
the DOS varies periodically with the phase difference, with an energy minigap independent
of position. In order to test these predictions, Al-Ag-Al samples with the geometry shown
in Fig. 8.7 were fabricated and their local DOS measured at low temperature [10, 9]. The
geometry is such that the phase difference between the two S contacts is directly given by
the magnetic flux through the loop.

8.5 The Josephson effect in atomic size contacts

Daniel Estève, Hugues Pothier, Cristian Urbina.

A thorough and unifying picture of superconducting electrical transport has emerged re-
cently for structures in which the transport in the normal state proceeds through quantum
coherent channels. This picture is based on the concept of Andreev reflection, which cou-
ples the dynamics of electrons and holes, as depicted in Fig. 8.8 left. Atomic size contacts
are ideal systems to probe the predictions of this theory since the set of channel transmis-
sions, which constitutes the PIN-code of the contact, can be obtained from the analysis

7J.C. Hammer, J.C. Cuevas, F.S. Bergeret, and W. Belzig, cond-mat 0704.2358
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Figure 8.8: Left: Andreev reflection at a short superconducting contact creates a single pair of
Andreev Bound states which are quasiparticle states localized at the contact; right: Energy of these
Andreev bound states as a function of the phase difference. The energy difference vanishes at phase
difference π for a perfectly transmitted contact.

of the Multiple-Andreev-Reflection (MAR) current at finite bias-voltage8. We have per-
formed in these contacts an ensemble of experiments on the Josephson effect, both DC
and AC, and on the crossover between supercurrents and quasiparticle currents when the
voltage is increased [5, 7, 8, 6]. The obtained results firmly establish the mesoscopic theory
of the Josephson effect, based on coupling between two superconductors through Andreev
bound states, and which provides a comprehensive picture of DC and AC transport in short
coherent superconducting weak-links.

8.5.1 Current-phase relation in superconducting atomic contacts

The Josephson coupling between two superconducting electrodes connected through a sin-
gle conduction channel with transmission probability τ , shorter than the superconducting
coherence length, is established by a single pair of “Andreev bound states”. These states
are described as resonant electron-hole quasiparticles states spreading in both electrodes,
with energies (see Fig. 8.8 right) E±(δ, τ) = ±Δ

√
1 − τ sin2(δ/2), Δ being the supercon-

ducting gap, and δ the phase difference between the order parameters on both sides. These
states carry opposite supercurrents I±τ (δ) = 2πφ−1

0 ∂E±(δ, τ)/∂δ, where φ0 = h/2e is the
magnetic flux quantum. At zero temperature only the lower state is occupied, and the
current-phase relation for the weak link is simply I−τ (δ). The critical current of a channel
I0
τ = max {I−τ (δ)} is the maximum supercurrent that can be sustained in absence of any

voltage at zero temperature. Beyond this value, a voltage develops across the system, i.e.
transport becomes dissipative, and proceeds through multiple Andreev reflection (MAR)
processes whose strong dependence on τ allows to determine the set of transmission coef-
ficients {τi} of a contact when the number of open channels is not too large. The global
current-phase relation I{τi}(δ) of a contact is simply the sum of the contributions of its

8E. Scheer, P. Joyez, D. Esteve, C. Urbina, and M. H. Devoret, Phys. Rev. Lett. 78 (1997), 3535.
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Figure 8.9: (a) Simplified experimental setup: SQUID formed by an atomic contact and a Joseph-
son tunnel junction in its on-chip electromagnetic environment. The bias current Ib is governed by
the room temperature voltage source U in series with a discrete macroscopic resistor at the base
temperature (20 mK) of a dilution refrigerator refrigerator. (b) Scanning electron microscope image
of the SQUID. The tunnel junction is fabricated using a double-angle evaporation of aluminum
through a suspended mask. This results in two suspended bridges, which is of no importance as
only one leads to an atomic contact after both are broken. The brighter regions on the left corners
correspond to gold thin films that connect the superconducting loop to the rest of the circuit, and
provide the top plate of the capacitor.

channels. The principle of our experimental setup is shown schematically in Fig. 8.9a, and
is designed to allow for both voltage and phase bias of the samples, giving this way inde-
pendent access to the channels transmission coefficients and to the current-phase relation
respectively [5]. The sample consists of an atomic contact (phase δ) and a Josephson tunnel
junction (phase γ) embedded in parallel in a small superconducting loop, hence forming an
asymmetric SQUID, as shown in the scanning electron microscope image of Fig. 8.9b. The
atomic contact is obtained using a break junction microfabricated on a metallic substrate,
and the junction has a larger critical current I0. On the one hand this setup allows to obtain
the MAR current-voltage characteristic of the contact I{τi}(V ) = ISQUID(V ) − IJ(V ), as
the difference between the one measured for the complete SQUID ISQUID(V ) and the one
of just the tunnel junction alone IJ(V ) in order to determine the transmission probabilities
{τi}. On the other hand, on the supercurrent branch of the SQUID, it is possible to impose
a phase difference on the contact using both the external flux and the current bias as control
knobs, and to use the tunnel junction as a threshold detector to measure the current flowing
in the loop. Indeed, the two phases are linked by the magnetic flux φ threading the loop,
according to ϕ = 2πφ/φ0 = δ−γ and therefore Ib = I0 sin γ+I{τi}(γ+ϕ). When the critical
current Ic of the SQUID is largely dominated by I0, the critical current, reached at zero
temperature, is expected to be vary with the external flux as Ic (ϕ) ∼ I0 + I{τi}(ϕ + π/2),
and thus to provide a quite direct measurement of the current-phase relation of the atomic
contact [5, 2]. Experimentally, what is measured at finite temperature is the reduced bias
current s∗(ϕ) = IB/I0 for a given value of the switching rate. The curves measured in this
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Figure 8.10: Symbols: measured reduced switching current as function of the applied flux φ/φ0, for
three different contacts. In each case the corresponding switching current s0 of the tunnel junction
alone has been substracted from the raw data (curves AC1 and AC3 shifted up and down by 50
nA for clarity). Dashed line: predicted current I−{τi}(δ) in the ground state. Full line: predictions
of a resistively shunted SQUID model at finite temperature based on the channel transmissions
determined from the MAR current. The non-harmonic character of the current-phase relation is
quantitatively accounted by the model.

way for three contacts are shown in Fig. 8.10. A qualitative agreement is obtained with
the current-phase relation of the Andreev lowest energy state I{τi}(ϕ+π/2) (dashed lines).
Taking into account thermal fluctuations of the phase yields a quantitative agreement (full
lines) [6]. The non-sinusoidal character of the current-phase relation predicted at large
transmission is thus now clearly established, and the theory of mesoscopic superconduc-
tivity accounts quantitatively for the Josephson effect in superconducting short channel
contacts.

8.5.2 Superconducting atomic contacts under microwave irradiation:
AC Josephson effects

Evidence for fractional Shapiro resonances

The non-sinusoidal character of the current-phase relation is also expected to affect the
AC Josephson in presence of a microwave irradiation at frequency f : extra Shapiro steps
are predicted to occur at voltages commensurate with the Josephson voltage VJ = φ0 f .
We have performed experiments [23, 7] that provide evidence for these “fractional” steps,
as shown in Fig. 8.11. However, they could not be measured accurately because they are
more sensitive to thermal rounding than integer Shapiro steps, as shown by a simple phase
diffusion model [7].
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Figure 8.11: Solid lines: I(V )s measured under microwave excitation for two different con-
tacts, refrigerator temperature T0 = 20 mK. Bottom axis: voltage in Josephson voltage units
(VJ = ϕ0ω). Upper axis: voltage in μV. Upper panel: contact with a highly transmitted channel,
PIN {0.992, 0.279, 0.278}, irradiated at ω/2π = 9.3156 GHz. Small Shapiro resonances are visible
at V/VJ = 1/3, 1/2. Grayed lines, predictions of a simple phase diffusion model with an effec-
tive temperature Te = 200 mK. Lower curve: Sample without highly transmitted channel, PIN
{0.573, 0.233, 0.037}, irradiated at ω/2π = 4.892 GHz. No fractional resonances are visible. Grayed
line, phase diffusion model.

Observation of Photon Assisted Multiple Andreev Reflection (PAMAR)

At voltages comparable to the gap voltage, photon-assisted MAR processes were also ob-
served [7]. This experiment provided for the first time a quantitative test of the PAMAR
theory. As shown in Fig. 8.12, a good agreement with the calculation of the Fourier de-
composition of the current I(V, τ, t) =

∑
m

Im(V, τ)eimωJ t was obtained with no adjustable

parameter.

8.5.3 Crossover from super to quasiparticle currents

An interesting situation occurs in well transmitted contacts in which MAR processes are
possible at arbitrarily small voltages, and coexist with pair transfer processes. At finite
voltage, they correspond to different dissipation mechanisms of the energy delivered by the
source: In MAR processes, quasiparticles are created in the electrodes whereas, in pair
transfers, electromagnetic excitations of the environment are created. As the voltage in-
creases, a continuous transformation occurs from the Josephson regime to the MAR regime.
In order to shed light on this crossover, we have measured the current-voltage relation of
superconducting atomic contacts embedded in a controlled electromagnetic environment in
which the electromagnetic dissipation is amenable to calculations [8]. We have found that
the Josephson and MAR currents do not add up independently, but combine to build up
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Figure 8.12: Solid lines: differential conductance of contact with PIN {0.696, 0.270, 0.076} and
Δ = 177.6 μeV. Upper curve: no microwaves. Lower curve: under microwave irradiation with
α = 0.70, ω/2π = 8.2935 GHz. Grayed lines: predictions of PAMAR theory, with no adjustable
parameters. The extra rounding of the observed structure is due to thermal fluctuations not taken
into account by the model.

Figure 8.13: Sub-gap current-voltage characteristic for Al atomic contact with measured {τi} =
{0.677, 0.391, 0.201, 0.2, 0.2}. Imax({τi}) = 41.8 nA is the critical current of contact. Symbols:
Experimental data measured at temperature T0 = 20 mK. Full line: Self-consistent calculation
for these transmissions. The only adjustable parameter is the effective noise temperature Teff =
125 mK.
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the global current, and we have developed a simple self-consistent model which accounts
for the data. We expect a similar crossover effect with a sub-additivity of the Josephson
and MAR currents to occur in other superconducting weak-links, such as the novel hy-
brid Josephson structures obtained with quantum dots, carbon nanotubes, graphene, or
semiconductor wires strongly connected to superconducting leads.

8.5.4 Towards the manipulation of Andreev states

Up to now, all performed experiments have mainly probed the Andreev ground states
associated to the transmission channels. Although a clear evidence of the occupation of the
Andreev excited states was obtained from the critical current of some SQUID samples, their
properties have not yet been probed. We now aim to investigate these states by performing
the microwave spectroscopy of Andreev resonances, which should be accessible in highly-
transmitted channels with a phase close to π. If the Andreev lines are narrow enough, we
will manipulate Andreev states as achieved for many for two-level systems. What is their
coherence time? What are the phenomena which limit their quantum coherence? What
is their relaxation mechanism? Apart from providing an interesting example of solid-state
quantum system, Andreev states give an interesting hand on quasiparticle states, which
are still poorly understood.

8.6 Quantum circuits

Patrice Bertet, Daniel Estève, Philippe Joyez, Hugues Pothier, Cristian Urbina, Denis
Vion

With the quantronium 9, we have previously demonstrated that operating a qubit circuit at
an “optimal working point” where the qubit transition frequency is stationary respectively
to fluctuations of the control parameters improves coherence significantly. Following this
first result, we have first developed the full manipulation of the qubit quantum state and
investigated decoherence processes acting on it [12].

8.6.1 The quantronium qubit circuit

The quantronium circuit, described in Fig. 8.14, is derived from the Cooper pair box. It
consists of a superconducting loop interrupted by two adjacent tunnel junctions, which
define an island, and by a third junction with a larger Josephson energy, used for qubit
readout. The circuit parameters are the reduced gate charge Ng (in 2e units), and the phase
difference across the small junctions, controlled by the applied flux and by the bias current.
The system has discrete levels, the two lowest energy ones defining a qubit. The transition
frequency of a quantronium, see Fig. 8.14, presents optimal points at which it is stationary
respectively to variations of the control parameters, which makes the quantronium rather

9D. Vion et al., Science 296 (2002), 886.
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Figure 8.14: (a) Circuit diagram of the quantronium. The Hamiltonian of this circuit is controlled
by the gate charge Ng ∝ U coupled to the island between the two small Josephson junctions and by
the phase δ across their series combination. This phase is determined by the flux φ imposed through
the loop by an external coil, and by the bias current Ib. The two lowest-energy eigenstates form a
quantum bit whose state is read out by inducing the switching of the larger readout junction to a
finite voltage V with a bias-current pulse Ib(t) approaching its critical current. (b) Qubit transition
frequency ν01 as a function of δ and Ng. The saddle point P0 indicated by the arrow is optimal for
a coherent manipulation of the qubit. (c) Bloch sphere representation in the rotating frame. The
quantum state is manipulated by applying resonant microwave gate pulses Ng(t) at frequency ν01.

immune to dephasing, as previously demonstrated. Qubit readout can be performed by
measuring the switching current of the readout junction, or by measuring its microwave
inductance, as demonstrated later by M. Devoret at Yale University. In the switching
current method, the loop current of the qubit adds to the bias current, which discriminates
the two qubit states, but with imperfect fidelity. Note that, in this method, the working
point is displaced away from the optimal working point during the bias-current pulse used
for readout (see pictogram in Fig. 8.14).

8.6.2 Implementation of robust single qubit gates

Achieving arbitrary single qubit rotations is a first step towards the demonstration of a
universal set of qubit gates able to implement quantum algorithms. An arbitrary qubit
rotation can be performed by combining three rotations around two orthogonal axes of the
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Figure 8.15: Demonstration of the robustness of a composite pulse with respect to frequency
detuning: Switching probability after a CORPSE π(X) sequence (disks), and after a single π(X)
pulse (circles). The dashed line is the prediction for the CORPSE, and the arrow indicates the
qubit transition frequency. The CORPSE sequence works over a larger frequency range. The Rabi
frequency was 92 MHz. Inset: oscillations of the switching probability after a single pulse θ(−X)
followed (disks) or not (circles) by a CORPSE π(X) pulse. The patterns are phase shifted by π as
predicted. This result proves that the CORPSE sequence is effective for all initial states.

Bloch sphere. As depicted in Fig. 8.14c , resonant microwave pulses perform rotations of
the quantum state around an axis in the equatorial plane, at an angle given by the phase
of the microwave pulse in respect to the microwave carrier. Rotations around the Z axis
can be performed by displacing adiabatically the working point during a short time (see
bias current pulse prior to readout pulse on the pictogram in Fig. 8.14b), which yields an
extra phase for the qubit. We have demonstrated both types of rotations, and checked that
rotations combine as calculated [24, 13]. We estimate that the error performed during a
single pulse rotation is, in the case of a π rotation, of the order of 1% for the projection of the
quantum state on the desired one. Note that this state-of-the art error rate is significantly
larger than the required threshold value 10−4 estimated for quantum processors. We have
also improved the rotation robustness using the composite pulse method developed in NMR.
We have demonstrated that (see Fig. 8.15), in the case of a π rotation around the X axis
corresponding to a NOT operation on the qubit, the composite CORPSE (Compensation
for Off-Resonance with a Pulse Sequence) π(X) = {7π/3(X), 5π/3(−X), π/3(X)} which
performs the same π rotation is significantly more robust against qubit frequency shifts [13],
with an error at fourth order in detuning.

8.6.3 Characterization of decoherence

We have investigated decoherence processes in the quantronium [25, 26, 14, 27, 12, 28],
and, together with our Karlsruhe collaborators in the European project SQUBIT, we have
developed a general theoretical framework for describing them. This framework, described
in ref. [14], can be applied to any qubit circuit.
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Figure 8.16: Spin echoes (bold lines) obtained at the optimal point with a detuning Δν � 50 MHz.
Pictograms illustrate the experimental protocol: the delay Δt3 between the π pulse and the last
π/2 pulse is kept constant while altering the timing of the first π/2 pulse. Each panel corresponds
to a different Δt3. Vertical arrows indicate the sequence duration Δt = 2Δt3 for which the echo
amplitude is expected to be maximal and where p = pE is minimum. For the sake of comparison,
the corresponding Ramsey signal (thin lines) is shown in all panels.

Like any other quantum object, the quantronium qubit is subject to decoherence due to its
interaction with uncontrolled degrees of freedom in its environment, including those in the
device itself. These degrees of freedom appear as noise induced in the parameters entering
the qubit Hamiltonian i.e., the Josephson energy of the junctions, the gate charge Ng, or
the superconducting phase difference δ. Each noise source, λ = Ng or δ, is conveniently
described by its quantum spectral density Sλ(ω) ≡ 1/(2π)

∫
dt〈δ̂λ(0)δ̂λ(t)〉e−iωt, where δ̂λ

is regarded here as an operator acting on environmental variables. Decoherence of the qubit
is described in terms of energy exchange with a noise source on one hand, and in terms of
random dephasing between states |0〉 and |1〉 due to adiabatic variations of the transition
frequency on the other hand.

Using this theory, we have determined the spectral density of the charge and phase noises
in a quantronium sample on which a comprehensive series of measurements could be per-
formed: lineshape, 2-pulse Ramsey , and 3-pulse Echo experiments (see Fig. 8.16). A new
method, in which a displacement of the working point is performed during the waiting time
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Figure 8.17: Echo times TE (open circles) and coherence times T2 measured from the resonance
linewidth (solid dots), from the decay of Ramsey signals (triangles), and from the detuning pulse
method (squares), at Ng = 1/2 as a function of δ (left panel) and at δ = 0 as a function of Ng (right
panel). The full and dashed lines are best fits of TE and T2 times, respectively, leading to the phase
and charge noise spectral densities depicted at the bottom.

of a 2-pulse Ramsey sequence, was also developed. All these complementary experiments
probe different ranges of coherence times, and are sensitive to different parts of the spec-
tral densities of the noise processes affecting the control parameters of the qubit. At the
end, all these data allowed to roughly determine the spectral density of the charge and
phase noises at low frequency, as shown in Fig. 8.17. We find that dephasing dominates
decoherence, and that the low frequency spectral density of the noise Scλ(ω ≈ 0) plays an
essential role. The main noise source acting on Ng is the background charge noise (BCN)
due to microscopic charged two-level fluctuators (TLFs). Although the whole collection of
TLFs produces a noise whose spectral density approximately follows a 1/f law, telegraph
noise due to some well-coupled TLFs can be observed as well. The impedance in the gate
line is a second contribution, which extents over a wide frequency range. The noise sources
acting on the phase δ arise from the magnetic flux noise due to moving vortices in the
superconductors, and to the current noise due to the admittance of the readout circuit and
to the external current source.
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8.6.4 A preliminary two-qubit gate

In order to obtain a universal set of gates for a quantum processor, we have operated
a two-qubit circuit that performs a swapping operation. Two quantronium circuits with
capacitively coupled islands and fitted with independent switching readouts have been
fabricated and measured. For resonant qubits, the coupling lifts the degeneracy between
states |01〉 and|10〉, and induces periodic swapping. After 1/4 of period, the evolution yields
the universal gate (Iswap)1/2 The interest of this gate is its simplicity, but its operation
requires either to place the two qubits on and off resonance, which implies moving them
away from their optimal working point, or to use recoupling methods inspired from NMR.
Although the experiments performed were plagued by a small readout fidelity and by a
short qubit relaxation time, the coherent swapping induced by the interaction could be
demonstrated, as shown in Fig. 8.18. A full characterization of the entanglement and of
the gate fidelity could not be performed. New experiments with in particular a different
fabrication process are in progress.

Figure 8.18: Demonstration of swapping between two capacitively coupled quantroniums. Left:
schematic circuit, and picture of a sample. The bright electrodes are Au quasiparticle traps. Top
right: off-resonance levels (left), and on-resonance levels (right). The energy splitting gives the
swapping frequency. Bottom right: qubit readouts versus the coupled evolution time, starting from
state |10〉. The oscillations with opposite phases demonstrate the coherent swapping.
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8.6.5 Quantum-non-demolition readout of the quantronium

The switching readout method first used for readout of the quantronium has a major draw-
back: it destroys the qubit state. An ideal projective readout would simply leave the qubit
in the state corresponding to the measurement outcome. Although not mandatory, such
Quantum-Non-Demolition (QND) readouts would be highly desirable in quantum proces-
sors. More precisely, a QND measurement is defined as a projective measurement where
the output state of the measured quantum object is unaffected by subsequent measure-
ments. We have implemented a tentative QND readout method using the the Josephson
Bifurcation Amplifier developed by M. Devoret and his group at Yale [29]. In this read-
out method, a microwave pulse at a frequency slightly below the plasma resonance of the
readout junction is sent to the quantronium circuit, and the phase of the reflected pulse
is measured. Its operating principle relies on the fact that the dynamics of the phase γ
across the readout junction depends on the total inductance of the circuit, itself dependent
on the qubit state contribution L0,1. When the pulse power is well adjusted, the resonator
switches from a small amplitude to a large amplitude state, these two dynamical states
having different phases φ of oscillation. This bifurcation phenomenon, which can discrim-
inate the two qubit states, is used for qubit readout. It is detected from the phase φ of
the reflected pulse, measured using homodyne demodulation. With this method, we have
obtained a readout fidelity of 50%, which is still imperfect. In order to characterize the
QND character, we have performed subsequent readouts of the two qubit states [16]. The
statistical analysis, described in Fig. 8.19, yields a QND fraction close to 100% for state
|0〉, and of 34% only for state |1〉. Although the JBA measurement is expected to be a

Figure 8.19: Readout outputs and qubit state evolution in a measurement by a single readout
pulse. The kets |ψ = 0, 1〉 indicate the qubit state before (left) and after (right) the measurement.
The arrows and their associated probabilities, assuming the readout pulse does not excite the qubit,
correspond to the different possible qubit evolutions. The QND fractions are indicated in bold.
The different readout responses for each different scenario are indicated on the right with their
probabilities.
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QND process, other environmental degrees of freedom interact with the system and cause
it to relax during readout.

8.7 Towards the closing of the quantum metrology triangle:
Current to frequency conversion in the quantronium.

Patrice Bertet, Daniel Estève, Philippe Joyez, Hugues Pothier, Cristian Urbina, Denis
Vion

Exploiting the quantum properties of a current-biased Josephson junction to make a current
standard suitable for metrology was proposed by Likharev et al. in 1985. It was predicted
in particular that the voltage across a current-biased Josephson junction oscillates at the
frequency fB = I/2e, in close analogy with the phenomenon of Bloch oscillations of a
particle in a periodic potential, submitted to a constant force. The observation of such
oscillations would be of fundamental interest for electrical metrology since it would allow
to check the consistency of the triangle of quantum metrology. This triangle relates the
time, current and voltage units. The compatibility of the relation fB = I/2e with the AC
Josephson effect and with the Quantum Hall effect at the 10−8 level is presently a major
goal in metrology because, in conjunction with a metrological realization of the mass unit
by a Watt-balance experiment, it would provide a very serious basis for a redetermination
of the SI unit system in terms of electrical units involving only fundamental constants.

The originally proposed experiment could however not be performed because current-
biasing a junction requires to embed it in a circuit with a high impedance over a wide
frequency range. With the quantronium circuit, we have performed a related experiment
that demonstrates the predicted oscillation phenomenon [30, 17]. The experiment per-
formed, sketched in Fig. 8.20, consists in imposing linear variations of the gate-charge Ng,
in order to induce a periodic evolution of its quantum state along the first Bloch band
ε0(Ng, δ), at the Bloch frequency fB = dNg/dt = I/2e. The associated variations of the
inductance of the whole circuit, and thus of its microwave reflection factor, are exploited
to detect the oscillations at the Bloch frequency. We apply in fact a triangular modulation
of the gate signal centered on Ng = Noff , with peak to peak amplitude ΔN , and with
frequency fg corresponding to dNg/dt = ±I/2e. Due to the symmetry properties of the
quantum states with respect to Ng, the inductance varies as for a linear sweep provided that
the extremal values of Ng are integer or half-integer. The corresponding Bloch frequency
is then fB = 2ΔNfg.

When a small microwave signal at frequency f0 is sent on the measuring line, the periodic
modulation of the reflection factor yields sidebands in the spectrum of the reflected signal,
call Bloch lines, and shifted from the carrier by multiples of fB. Such Bloch lines were
produced and measured up to a Bloch frequency fB = 408 MHz, corresponding to a current
I = 130 pA [17]. This current range would be perfectly suited to metrology, provided one
could perform the experiment with a DC current.

The challenge is to measure the Bloch frequency with a true DC current injected in the
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Figure 8.20: Current to frequency conversion in the quantronium. a) Schematic circuit: a cw
microwave signal resonant with the plasma frequency of the readout junction is reflected on the
quantronium. b) A triangular waveform gate signal, with frequency f and peak-to-peak amplitude
Δ N , induces a periodic modulation of the circuit inductance and of the microwave reflection
factor. c)The spectrum of the reflected signal contains narrow Bloch lines, shifted from the carrier
by multiples of the Bloch frequency fB = 2ΔNfg fB = I/2e. The Bloch frequency is here 408 MHz.
Extra satellite lines are attributed to imperfections of the gate signal.

quantronium island by the means of a suitable high impedance current source that preserves
single Cooper pair effects, and has temporal fluctuations small enough to yield Bloch lines
narrow enough to allow for a precise frequency measurement.



152 Quantronics

8.8 New research projects

8.8.1 A new method for the characterization of current fluctuations in
mesoscopic devices

The investigation of current fluctuations in mesoscopic devices, which reveal the correla-
tions between electrons, provide a useful insight on their dynamics. Till recently, only the
variance of current fluctuations was measured from the power spectrum of current fluc-
tuations, or calculated. During the last ten years, the full counting statistics of electrons
passing across a phase coherent device was calculated for many different physical situations,
and a departure from Gaussian statistics was predicted10. On the experimental side, B.
Reulet et al. first developed microwave methods for measuring the third cumulant of cur-
rent fluctuations11. This third cumulant, which is the skewness of the current fluctuations,
is the main signature of non-gaussian statistics. Inspired by the suggestion of Tobiska and
Nazarov12, we have used the switching of a Josephson junction for the detection of current
fluctuations [31]. For that purpose, we have biased a junction by a current source, and
by a fluctuating current source produced by a NS tunnel junction voltage biased above
its gap, as described in Fig. 8.21. The switching rate of the Josephson junction is mea-
sured for opposite values of the average bias current Ib through the junction, giving access
to the asymmetry of the current fluctuations. Despite positive results, the investigations
are pursued because some of the data are not explained by theory, which might signal an
artefact. An important difficulty in this experiment is to avoid any even extremely small
leakage between the voltage sources and the detector junction. We also wonder how to
obtain useful informations on mesoscopic systems with this method. In order to check the
theoretical predictions, we have also performed numerical simulations [31] of the escape
process in presence of the predicted Poisson noise for uncorrelated tunnel events.

8.8.2 LDOS measurements on mesoscopic nanostructures

The ability to combine in a given nanostructure materials with different electronic prop-
erties such as normal metal conductors, magnetic or superconducting electrodes, reduced
dimensionality conductors (2d or 1d), single molecules,. . . have opened new perspectives
in mesoscopic physics. We are presently envisioning experiments for which our AFM/STM
machine [9] would be best adapted.

Proximity effect in ballistic 1D conductors

This case, simpler than proximity effect in diffusive systems, has been demonstrated through
the supercurrent in Carbon nanotubes or metallic whiskers connected to S electrodes. The
measurement of the LDOS along the N wire would probe the predictions much more in

10see L.S. Levitov in Quantum noise in Mesoscopic physics, Yuli V. Nazarov Ed., Kluwer (2003)
11B. Reulet in Nanophysics: coherence and transport, H. Bouchiat, Y. Gefen, S. Guéron, G. Montambaux and

J. Dalibard (Eds), p. 361-382, Elsevier (2005).
12J. Tobiska and Yu. V. Nazarov, Phys. Rev. Lett. 93 (2004), 106801.
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Figure 8.21: Scheme of the experiment. The fluctuations δIm of a mesoscopic conductor (an NIS
tunnel junction in our experiment) are forced to pass through a Josephson junction. A bias line
sends current pulses Ib(t) on top of the fluctuations δIm in the junction. The switching probability
of the junction during one pulse can be related to the current fluctuations.

depth. The striking prediction of specular Andreev reflection recently performed for bal-
listic graphene might also be probed if samples with a long enough mean-free path are
obtained.

Spin injection and relaxation in superconductors

When a current flows at the interface between a ferromagnet and a singlet-type supercon-
ductor, spin-polarized quasi-particles accumulate at the interface, and spin flipping pro-
cesses are necessary prior to their recombination. The investigation of these poorly known
processes would greatly benefit from a local tunneling probe.

Energy relaxation in quasi-ballistic thin films

As already discussed, energy exchanges between electrons in diffusive conductors are dom-
inated at sub-Kelvin temperatures by Coulomb interactions and by scattering on Kondo
impurities. How is this picture modified in quasi-ballistic metallic thin films, in which
electron transport is dominated by the lowest energy transverse sub-band? We propose to
determine the energy exchange rates in such materials from the measurement of the energy
distribution function in a wire connected to reservoirs at different potentials, following the
method used for diffusive wires. We have already developed the fabrication of structures
carved in epitaxially grown films of refractory metals, which would be suitable for this type
of experiments.

8.8.3 Coupling qubits to high-Q resonators

The recent experiments at Yale on Cooper pair boxes coupled to high Q resonators has
demonstrated the interest of these circuits for implementing cavity-Quantum Electrody-
namics. But these circuits are interesting in many respects, as listed below.
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Figure 8.22: Left: picture of a microfabricated coplanar wave-guide resonator with interdigitated
coupling capacitors and a SQUID embedded in the central conductor. Right: variations of the
resonance frequency with the applied flux and theoretical fit.

Coupling elements for quantroniums

First, a high Q resonator can be used as a coupling element between two qubits with
different transition frequencies. For that purpose, we have developed tunable coupling
elements by including SQUIDs in coplanar wave-guide resonators, as shown in Fig. 8.22.

Scalable readout?

By including quantroniums in resonators with different resonance frequencies, one could
read different qubits with a single line following the microwave readout method discussed
in subsection 8.6.5.

Information storage

Encoding a qubit state with the presence/absence of a single photon in a cavity has also
been proposed for storing quantum information. Indeed, no qubit is expected to have a
life-time longer than that of a photon in a cavity.

Quantum limited parametric amplifiers

The combination of high Q resonators with non linear Josephson elements naturally yields
Josephson parametric amplifiers, following the work pioneered by B. Yurke13. The progress
brought up by qubit research has triggered a revival of this domain, with the aim of
achieving quantum-limited amplifiers in the microwave range, where the best conventional
amplifiers have a noise temperature of a few K.

13R. Movshovich et al., Phys. Rev. Lett. 65 (1990), 1419 and refs. therein.
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9.1 Introduction

The Nanoelectronics group mainly studies the Fundamental laws of conduction in Quantum
conductors. In addition, recent input has been made to exploit the cleanest and simple
electronic systems for the study of quantum information problems. Experimental systems
are 2D, 1D and eventually 0D quantum conductors realized in semiconductor heterostruc-
ture, electrons confined on liquid Helium and 3He quantum fluids. Original measurements
techniques such as cross-correlation current noise and high frequency quantum transport
have been developped to probe the intimate conduction mechanisms or to reveal electron
correlations. In this section, recent experimental results are presented as well as theoretical
results concerning essentially the many body quantum problem (quantum melting of solids,
possible supersolidity, linear quantum transport) and spintronics.
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9.2 Quantum shot-noise

Christian Glattli, Fabien Portier, Patrice Roche

We first present the experimental activity devoted to the study of Quantum Shot Noise and
to the use of Quantum Shot Noise to investigate the Physics of low-dimensional quantum
ballistic conductors. The system investigated are made of ultra-pure 2D electron systems
(2DES) realized in GaAl/GaAsAl heterojunctions in collaboration with the LPN CNRS
Marcoussis. By applying a magnetic field this system enters the regime of Quantum Hall
Effect which is interesting for two main raisons here: 1) interactions leading to fractional
states and, mostly, 2) the formation of edge states which provides very clean 1D chiral
transport and is useful for realizing an electronic analog of quantum optics experiments.
Implementing gates on top of the heterojunction, 100nm above the 2DES, defines Quantum
Point Contacts (QPC), a local constriction comparable to the electron wavelength which
allows selective transmission of electronic modes. The QPC is a very useful tool to study
fundamental aspects of quantum transport and noise. The group has developed during the
last thirteen years very sensitive current noise measurements, including current correlations
and has extended recently these techniques from the kHz range to the microwave regime.

9.2.1 Shot noise and interactions

The quantum electronic shot noise gives information not accessible in transport measure-
ments and is useful to probe interactions. While the Fermi sea is noiseless, even in the
presence of interactions in clean ballistic systems, inserting a controllable artificial scatter,
a QPC, on the quasi-particle path leads to a current noise. The noise is proportional to
the carrier charge and therefore can reveal the fractionalization which occurs in the Frac-
tional Quantum Hall Effect (FQHE). The noise also originates from the partitioning of the
quasi-particles among different modes and can probe their degeneracy.

Shot Noise in the chiral Luttinger liquid regime: In the FQHE regime, where previous
experiments have shown the existence of fractional charges1 and the transition from a
fractional to an integer charge2, we have clarified this transition in the frame of Luttinger
Liquid theory. This work has been done in collaboration with theoreticians [1]. We have
shown that an experimentally relevant regime of parameters exists where the noise coincides
with the partition noise of independent Laughlin quasiparticles. This regime extends the
asymptotic weak backscattering regime (large QPC transmission) for which e/3 fractional
particles are expected. However, outside of this regime, this independent particle picture
breaks down and the inclusion of interaction effects is essential to understand the shot noise
and to recover integer charge in the regime of small QPC transmission.

Probing interaction lifted spin degeneracy using shot noise: In collaboration with Cam-
bridge (UK), we have probed the electron-electron interaction effect which sets in in zero

1L. Saminadayar, D. C. Glattli, Y. Jin, and B. Etienne, Phys. Rev. Lett. 79 (1997), 2526.
2D. C. Glattli, V. Rodriguez, H. Perrin, P. Roche, Y. Jin, and B. Etienne, Physica E (Amsterdam) 6 (2000),
22.
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Figure 9.1: (a) the conductance versus gate voltage shows a 0.7 conductance anomaly in B = 0
which evolves to 0.5 in large parallel magnetic field. (b) the Fano factor of the shot noise clearly
shows a lifting of the mode degeneracy even at zero magnetic field.

magnetic field for long QPCs and lead to an anomalous quantization at 0.7 × 2e2/h. An
important question was the spin degeneracy of the transmitted mode. Extensive differential
conductance measurements, in which QPC transmissions and drain-source voltages were
varied in presence of Zeeman energy in parallel magnetic field, have suggested a lifting of
the spin degeneracy in zero field. However no direct proof was available. By combining con-
ductance measurements ∝ Dup +Ddown and shot noise ∝ Dup(1−Dup)+Ddown(1−Ddown)
we have been able to unambiguously demonstrate that interactions do lift spin degeneracy
[2]. This is best reveal through the Fano factor, the ratio of shot noise to Poissonian Schot-
tky noise F = Dup(1−Dup)+Ddown(1−Ddown)

Dup+Ddown
as shown in Figure 9.1. Our measurements have

been later confirmed by another group.

9.2.2 High frequency shot noise and photon statistics

In the scattering approach for mesoscopic conduction, the current is carried by fermionic
electron quasi-particles. This is valid for a zero impedance measuring circuit. However
at high frequencies, the current in a circuit with finite characteristic impedance Zc must
be described as bosonic T.E.M. photons modes. To understand the interplay between
both representations is a very hot subject of mesoscopic physics. Our activity in this field
focussed on the statistics of photons emitted by quantum conductors. A recent prediction
suggests that the statistics of electromagnetic modes quanta excited by the electrical shot
noise of a QPC may inherit of the sub-Poissonian characteristics of the electron statistics.
The conditions are: a single electronic mode partially transmitted and photon frequencies
ν in the range of eVds/2 < hν < eVds

3. The flux of emitted photons for a bandwidth dν
is related to the noise power SI(ν) by dP = N(ν)hνdν = |S|2ZcSI(ν)dν/4 where N(ν)
is the population of the photon modes propagating away from the conductor and |S|2 is

3C.W.J. Beenakker and H. Schomerus, Phys. Rev. Lett 93 (2004), 096801.
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a coupling factor. Characterizing the photon statistics requires measurements of the low
frequency photon noise ΔN(ν)2 or better of the photon correlations. Note that photon
noise is a fourth moment of the current making a link with Full Counting Statistics.

We have made two fundamental steps toward the observation of sub-poissonian noise. We
have first shown that the photon statistics emitted by a conductor at GHz frequencies
can be determined with an original detection analogous to the optical Hanbury-Brown and
Twiss experiment [3]. Then, we have built a new ultra low temperature high frequency
shot noise measurement system and have characterized the shot noise SI(ν) of a QPC at
4-8 GHz frequencies at 60mK, i.e. for photon energy quantum larger or comparable to
voltage or temperature [4].

The GHz Hanbury-Brown Twiss Photon correlation experiment:

How to measure the photon statistics at cell phone frequencies? In quantum optics, this
is done with Hanbury-Brown Twiss (H-BT) photon correlations, see Figure 9.2. A beam
splitter divides the photon source beam to be analyzed into transmitted and reflected beams
which are send to two photo-detectors converting photons into electrons. The mean elec-
trical current and the low frequency auto- and cross-correlation of current fluctuations give
respectively the photon flux and its variance. For thermal photons, the cross-correlation
is positive and proportional to the average photon population square: the statistics is
super-Poissonian. For photons emitted by a coherent source, a Laser, the cross-correlations
vanishes and the auto-correlation variance is proportional to the photon number: the statis-
tics is Poissonian. For non-classical photons, cross-correlations are negative. In the present

Figure 9.2: Schematics of an optical HBT experiment (a) and of the GHz beam splitter (b).
Amplification and detection chains used to measure of the mean photon flux and its fluctuations(c).
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Figure 9.3: Left: thermal source. The detected mean power shows a saturation when T < hν/2kB.
In the inset, the square root of the positive cross-correlations detected is found to vary linearly with
the temperature, a signature of super-Poissonian photon statistics. Right: coherent monochromatic
source. The cross-correlations vanish and the power fluctuations are linear with the mean power
according to a Poissonian statistics.

case, the photon source originates from the noise radiated by a conductor at low tempera-
ture.

The low energy of the photons makes experiments non-trivial. Frequencies are in the GHz
range (few cm wavelengths) as 100mK corresponds typically to 2 GHz. A first difficulty
is the absence of reliable ready-to-use detector in this frequency range, although recent
attempts to make on-chip mesoscopic photo-detectors are in progress. A second difficulty
is to satisfy the requirement of a “dark” environment. While drawing curtains is simple in
optics, microwave circuits requires careful filtering, all dissipative microwave components
being at the lowest temperature with kBT � hν.

We have succeeded to circumvent these difficulties by implementing an original H-BT pho-
ton detection in the frequency range 1-2 GHz in a 30mK low temperature dilution refriger-
ator. The analog of the semi-transparent mirror beam splitter is a commercially available
3dB strip-line splitter suitable for cryogenic use. Photon detection is realized by linear
phase insensitive amplification using low noise cryogenic amplifiers followed by room tem-
perature amplifiers and finally square-law detection, see Figure 9.2. The detector output
voltage is proportional to the photon flux and its fluctuations.

In this experiment, we have shown the following important results [3]: 1) “classical” am-
plifiers do not spoiled quantum effects, they simply introduced a photon noise which is
removed in the correlations and is present in the autocorrelations. The measurements
agree with a quantum modeling of amplification. 2) Photon statistics can be discrimi-
nated. This was done by using the thermal radiation emitted by a 50 Ohm resistor and a
monochromatic coherent source provided by a microwave synthesizer. In the first case a
super-Poissonian statistics and in the second case a Poissonian statistics was found. For
the later case we showed a Fano factor equal to F = 1+ kBTN

hν where kBTN is the amplifier
noise temperature. Results are shown in Figure 9.3. This experiment was done in collab-
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Figure 9.4: Left: Excess noise temperature, referred to the 50 Ω input impedance, as a function
of bias voltage, measured at 4.22 GHz (open circles) and 7.63 GHz (open triangles). The solid
and dashed lines represent the linear fits to the data in the [-80 μV,-50 μV] range for V , and in
[50μV,80 μV] range, from which the intercept V0 is deduced. Right: threshold shot noise voltage
versus frequency

oration with the Mesoscopic Physics group LPA ENS Paris. The dilution fridge used at
that time being now devoted to other high frequency experiments (see below), the H-BT
experiment has been re-implemented in a new dilution fridge in the Nanoelectronics Group
SPEC Saclay, with a detection set-up extended to higher frequencies as next described.

Photon suppression of electronic shot noise in a Quantum Point Contact:

We have measured the high frequency electronic shot noise power of a Quantum Point
Contact. The goal was twofold. First, the noise power detected is a measure of the mean
photon flux emitted by the QPC in the external circuit. This is the first step towards
a future observation of non-classical photons. Second, this experiment provides the first
clear-cut test of the high frequency quantum shot noise theory based on the Landauer-
Büttiker scattering approach, extending low frequency tests4. The QPC transmits one or
two electronic modes whose transmissions are accurately known via the dc conductance.
This allows for a comparison between theory and experiment without free parameters.
Previously, an experiment measuring the high frequency shot noise has been done using a
diffusive wire by the Yale group5. While the fundamental prediction of noise suppression
for frequencies above the voltage energy was observed, the experiment suffered from various
problems: the electron diffusion time was comparable to the measurement frequency, the
impedance of the external circuit was equal to that of the quantum wire, leading to back-
action on the conductor, and there was no way to change the electron transmission. The
new dilution fridge built for high frequency shot noise is equipped with a pair of 4 Kelvin
noise temperature 4-8 GHz cryogenic amplifiers. The photon quantum hν ranges from
200-400 mK ( or eV �20-40 μ eV ). The major difficulty is the huge impedance mismatch

4A. Kumar et al, Phys. Rev. Lett. 76 (1996), 2278.
5R. J. Schoelkopf et al., Phys. Rev. Lett. 78 (1997), 3370.
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|S|2 = 4RQPCZc/(RQPC +Zc)2 � 1 with RQPC � 25kΩ at transmission D = 0.5 and Zc =
50Ω. To circumvent this problem, a microwave analog of optical anti-reflective coating was
designed using broadband (one octave) λ/4 impedance transformer leading to an effective
200Ω circuit impedance.

Figure 9.4 shows the excess shot noise measured. According to predictions6, at T = 0
the emission noise is SI(ν) = 2D(1 − D)e2(eVds − hν) for hν < eVds and zero elsewhere.
The measurements reproduce well the theory including finite temperature effects for all
transmission D providing a quantitative check of the predictions. Having characterized
SI(ν), i.e. the photon flux, we are now implementing correlation techniques using fast
digital acquisition to study the photon noise statistics in this regime.

9.3 Electronic Mach-Zehnder Interferometer

Christian Glattli, Fabien Portier, Patrice Roche.

The electronic Mach-Zehnder Interferometer (MZI) allows to perform quantum optics ex-
periments with electrons. This is one of the key quantum bricks of an experimental setup
recently proposed to demonstrate electron entanglement and to perform Bell’s inequality
test7, a very hot topic. Experiments involve high magnetic field and very low temperature
(∼10 mK) facilities, ultra-noise measurements and Quantum Hall Effect expertise. Only
few laboratories in the world can combine this facilities. Up to now, only in the Weizman
institute was observed quantum interferences in a MZI with a high visibility, up to 63%8.
The experiment started in 2005 September in collaboration with the Laboratoire de Pho-
tonique et Nanostructures (LPN/CNRS, Marcoussis). After one year of efforts to seek for
a two-electrons Aharonov-Bohm effect — a signature of electron entanglement observable
in current noise correlations — we focussed back on the study of a single electron inter-
ferences in a single MZI. Our research and our results on single electron interference in a
MZI address several questions that we think crucial to answer for future quantum informa-
tion experiments. For instance, what is the dependence of the visibility of the interferences
with the energy? A recent publication9 has shown an “unexpected” lobe structure of the
interference visibility dependence with bias voltage. This results has been interpreted as
resonance effect between counter propagating edge states10, which may raise problems for
further experiments. Motivated by the lack of confirming experiment, we have shown that
there is indeed a lobe structure in the visibility. However, we have demonstrated that
this lobe structure can be attributed to a quadratic dependance of the phase noise with
the bias [5]. Regarding interference quality, our MZI is to date the only one to exhibit a
visibility comparable to that obtained in the Weizmann institute, giving a highly desired

6G.B. Lesovik, R. Loosen, JETP Lett. 65 (1997), 295; R. Aguado and L. P. Kouwenhoven, Phys. Rev. Lett.
84 (2000), 1986.

7P. Samuelsson, E. V. Sukhorukov, and M. Büttiker, Phys. Rev. Lett. 92 (2004), 026805.
8Y. Ji et al., Nature 422 (2003), 415.
9I. Neder et al., Phys. Rev. Lett. 96 (2006), 016804.

10E. V. Sukhorukov and V. V. Cheianov, arXiv:0609288 (2006)
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Figure 9.5: SEM view of the electronic Mach-Zehnder with a schematic representation of the edge
state. G0, G1, G2 are quantum point contacts which mimic beam splitters. The pairs of split
gates defining a QPC are electrically connected via a Au metallic bridge deposited on an insolator
(SU8). G0 allows a dilution of the impinging current, G1 and G2 are the two beam splitters of
the Mach-Zehnder interferometer. LG is a lateral gate which allows a variation of the length of the
lower path (b). Quantum interferences pattern are revealed when measuring dIT /dI0 and varying
either the length of (b) or the Aharonov Bohm flux through the surface defined by the two arms.

comparison.

The electronic analog of the optical MZI can be obtained using a high mobility 2D electron
gas (in GaAs/GaAlAs) under high magnetic field (several Tesla) in the Integer Quantum
Hall Effect. In this regime, the gapless excitations carrying current are localized on the
edge of the sample where the bent Landau levels cross the Fermi energy. To compensate
the confining electric field E with a mean Lorentz force, electrons drift along the edge with
a drift velocity equal to E/B. They define chiral modes whose number is equal to the
number of electrons per flux quanta ν = nSh/eB,i.e. the number of filled Landau level in
the bulk, nS being the electron density. These 1D chiral wires replace the photon beams in
a equivalent optical experiment. The beam splitters of the MZI are made using quantum
point contacts which couple counter propagating edge states and control the transmission
probability of electrons. An SEM view of our MZI is represented in Figure (9.5). The
two paths (a) and (b) are designed to have the same length such that interferences are not
limited by the coherence length of the source.

Fixing the transmission probability of the beam splitters to 1/2, quantum interferences
are revealed by measuring the transmission probability through the MZI as a function of
the Aharonov-Bohm flux or the length difference between the two arms (see Figure 9.6).
On this MZI, we have studied the visibility of the interferences as a function of the bias
voltage and shown that a quadratic dependence of the phase noise with the bias is able to
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Figure 9.6: a) dIT /dI0 as a function of the lateral gate voltage. b) dIT /dI0 as a function of the
magnetic field. The interferences period is 0.46 mT which corresponds to a surface defined by the
arms equal to 8.5 μm2, in good agreement with the designed geometry of the MZI (7.25 μm2).

explained the “unexpected” lobe structure [5]. This quadratic dependence has first been
obtained for a sample with low frequency phase noise which prevents any direct observation
of the interference pattern. It has also been observed in stable samples. This demonstrates
that the dephasing mechanism responsable for the visibility decrease is decoupled from
low-frequency phase noise mechanism.

Experiments are in progress to understand what the origin of the dephasing is. This
will give clues to change the sample geometry in order to achieve a good robustness of the
interferences. In the same time, we are improving our noise measurement sensitivity which,
although already quite high (a resolution of a few 10−30 A2/Hz), is still not yet enough
sensitive to observe 2-electron interferences11.

9.4 Measurements on Graphene in high magnetic field

Christian Glattli, Fabien Portier, Patrice Roche.

This is a new activity started in the last six months. Graphene is the ultimate 2D electron
system as electrons are confined in a single atomic layer of graphite. In addition, the hon-
eycomb Carbon lattice is responsible for a degeneracy of the band structure which makes
electrons obeying an ultra-relativistic Dirac equation. The corresponding SU(4) symmetry
has important consequences on the electronic properties giving rise to new quantum trans-
port effects. Practically, a graphene layer can be deposited on Si/SiO2 substrate by me-

11I. Neder et al., arXiv:0705.0173 (2007)
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chanical exfoliation of high quality natural graphite, following the discovery and the recipe
of the Manchester group. In collaboration with the Laboratoire National de Métrologie et
d’Essais we are interested in developping Quantum Hall Effect at low temperature, using
our 20 Tesla superconducting magnet equipped with a dilution refrigerator. Our goal is to
study the onset of critical current leading to the breakdown of the Quantum Hall Effect
and to estimate the merit of Graphene for QHE metrology and for universality tests of the
Hall resistance quantum. Working with high quality samples realized in the laboratory, our
long term goal is to observe interactions effects in the QHE regime, ideally fractionaliza-
tion. In our first measurements on few μm square contacted samples, we have been able to
check the Onsager symmetry relation for high magnetic field resistance and have observed
universal conductance fluctuations in high magnetic field showing that interference effects
are well displayed.

9.5 High frequency Quantum transport and Carbone Nan-
otube at ENS

Christian Glattli

With the joint group of Mesoscopic Physics of the Laboratoire Pierre Aigrain at ENS
Paris we have developped the study of high frequency quantum transport. This is an
important subject as there is a growing number of experiments looking for quantum effects
while manipulating electrons on short time-scales. However no test of the laws of quantum
transport at high frequency has ever been done before. Our recent experiment investigates
the simplest quantum circuit: a RC circuit realized in a 2D electron gas. The system is
formed by a quantum dot of submicron size connected to a single ohmic contact via a QPC
transmitting only one electronic mode. The dot, associated with a gate on top of it, realizes
a mesoscopic capacitor, while the QPC a mesoscopic resistor. When the whole system is
coherent, we showed that the RC time is strongly modified leading to a half quantization
of the resistance. This is an important result which shows that quantum coherence effects
makes even the simplest high frequency circuit non trivial. These results have checked a
prediction made by M. Büttiker fifteen years ago [6]. We have also showed the existence of a
non-negligible kinetic quantum inductance in magnetic field at GHz frequencies associated
in series with a QPC [7]. The mesoscopic capacitor was also used to make a coherent
on-demand single electron source, the electron analog of optical single photon source. We
showed that single electron emission in a quantum conductor at a given energy can can
be controlled accurately on a time-scale varying from 0.1 − 10ns [8]. We have also made
experiments on Single Wall Carbon Nanotubes grown in the Laboratory by CVD. In a
recent experiment we have shown the quantum suppression of electronic shot noise which
manifests in this very clean and ballistic system in a very similar way to that observed
in QPC. In particular, the Nanotube can be noiseless as we have been able to reach the
regime of unit electron transmission between contacts.
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9.6 Trapping and temperature measurements of a single elec-
tron.

Youri Mukharsky

This experimental activity of the group is devoted to quantum fluid or the use of quantum
fluid as a smooth substrate for few electron systems to realize qubits.

Microfabricated surface traps, designed to hold various microscopic objects near a surface
of a patterned chip have become popular recently. Since such traps can have considerable
surface density, they allow study of interaction of many objects, which are sufficiently
microscopic for the quantum aspects of their physics to be dominant. The trapped objects
are located in vacuum and therefore, as a rule, are better isolated from the environement
then their solid-state counterparts. Thus these systems are particularly suited for prototype
of quantum information processing units - qubits and quantum gates. Neutral atoms, ions
and macroscopic objects have been placed in microfabricated traps. All the demonstrated
microtraps, however, have dimensions of the order of tens of micrometers and more, with
the trapped object suspended at the distance between several microns and several tens of
microns from the electrodes by static or dynamic electromagnetic fields.

We work on trapping electrons in a microfabricated trap of a novel design of much smaller
size. The novel approach is to use a layer of liquid helium to close an electrostatic trap.
Large energy barrier for entering liquid helium exists for electrons but also for atoms with
almost free external electron such as atoms in high Rydberg state (Rydberg atoms) or
heavy alkaline atoms, such as Cs. The positive ions’ energy, on the other hand is lower
inside helium than in vacuum. Thus, they can be trapped in similar traps under the surface
of helium as well.

At temperatures below 1 K the vapour pressure of helium is essentially zero, thus the elec-
trons or atoms are trapped in vacuum. Unlike solids, liquid helium contains no impurities
or defects, its elementary excitations are well known, allowing relatively simple calcula-
tions of interactions between the object in the trap and the environment12,13. An excellent
review of physics of electrons on liquid helium can be found in14.

Trapping of electrons in an electrostatic trap has been developed in collaboration with
Royal Holloway, University of London and the first results were obtained in measurements
of our samples Ref. [9]. Recently we extended these measurements using modified samples
with stronger coupling to the electrons (Fig. 9.7).

The thick (∼0.25 μm) guard electrode supports, by surface tension, the helium film over
the reservoir and the trap ring. The rest of the sample is covered by thin (∼200-400 Å) van
der Waals film of Helium. The bottom of the reservoir is covered by two electrodes, made
out of thin Niobium. The island of the SET has pyramidal shape to increase coupling to
the electrons.

12M. I. Dykman, P. M. Platzman, and P. Seddighrad, Phys. Rev. B 67 (2003), 155402.
13M. J. Lea, P. G. Fraine, and Y. Mukharsky, Fortchr. Phys. 48 (2000), 1109-1124.
14E. Y. Andrei, Physica B 197 (1994), 335-339.
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Figure 9.7: Scanning Electron Microscope photograph of the whole sample (left) and the electron
trap (right).
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Figure 9.8: Left: Reduced charge on the SET island in terms of the potential of the right reservoir
electrode.
Right: The probability of the escape of a single electron from a trap, in terms of the amplitude of
the pulse applied to the reservoir.

At low temperature electrons over thin van der Waals film become localized, while electrons
over the reservoir and the trap, much further away from the solid substrate, remain mobile.

A gorge through the guard electrode connects the reservoir to the trap. When this electrode
is negatively biased relative to the SET, a potential barrier forms at this gorge, isolating
the trap from the reservoir.

The voltage across the SET depends periodically on the charge on its island, so when the
potential of one of the electrodes is swept, the voltage across the SET oscillates. The phase
of the oscillation is the charge, in fractions of e, induced on the SET island by free charges
in the system.

We control the electrons with potentials on the electrodes. Reducing potential on the
reservoir electrodes repeals the electrons and pushes them into the ring. Subsequent sweep
to positive values extracts them one by one (Fig. 9.8 (left)).

The schematic distributions of potentials at the moments of charging and discharging are
shown on the inset in Fig. 9.8 (left). The solid line represents the potential created by the
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electrodes along the center of symmetry of the sample, in the plane of the electrons, the
dotted line illustrates the energy of the electrons, which is higher, due to Coulomb repulsion.
The electrons exit as the barrier height decreases. Each electron leaving the trap is seen as
a sudden change in the phase of oscillations, shown in the top insert. The amplitude of the
jump ∼ 0.4e is not far from ∼ 0.5e expected from the numerical simulation. The positions
of the jumps depends on the Coulomb repulsion between the electrons and are quite stable.

We have further studied the escape of the electrons from the trap, by populating the trap
with 1 electron and then momentarily (for ∼ 0.1μs) lowering the barrier. We then examine
the SET signal to determine the presence of the electron. If it has escaped, we re-populate
the trap and repeat the measurement. After accumulating ∼ 1000 attempts, we plot the
resulting electron escape probability vs. the amplitude of the pulse opening the trap, as
shown in Fig. 9.8 (right).

After calculating the shape of the potential barrier numerically, we can extract the effective
temperature of the electron from the width of the escape curve. This temperature has been
measured as a function of the temperature of the cell and as a function of current via the
SET, the later producing stochastic electric field which heats up the electron.

We find that the temperature of the electron at zero current through the SET increases
slower the the temperature of the cell, becoming lower of the two at ∼ 270 mK. This
resembles cooling of a nanometric resonator by SET back-action15, but in our case the
SET was not operating at the quasiparticle peak, which is a prerequisite for such a cooling.

We have also tried to estimate the thermalisation time of the electron. After heating the
electron by ISET we turn off the current and, after a delay, apply the measuring pulse. We
determine the electron temperature as a function of the delay. We find that the temperature
always returns to a stationary value even for the shortest time delay that we could apply
of ∼ 0.5μs.

Both the anomalous behavior of the electron temperature and its short thermalisation time
indicate a rather strong coupling with the environment. We suspect that these features are
due to the strong coupling with the pyramidal SET and by the large pressing field acting
on the electrons.

The results have been published in Ref. [10], more publications are in preparation.

We now start experiments with new sample, having weaker coupling to the electrons. The
temperature and thermalization measurements will be repeated. We also plan to perform
spectroscopy on a single electron by applying microwave radiation during the measuring
pulse. The splitting of the electron’s energy levels changes during the pulse. Any resonance
with the applied microwaves (in tens of GHz range) will modify the escape curve. Finally,
we plan to study the position of the steps on the discharge curve at different temperatures.
These should depend on the structure of the electron cluster in the trap, and we hope in
this manner to observe and study melting of such a cluster.

15A. Naik et al., Nature 443 (2006), 193-196.
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9.7 Superfluid hydrodynamics and search for a supersolid
state

Olivier Avenel, Youri Mukharsky, Eric Varoquaux.

Four publications have appeared or have been written as follow-ups of the experimental
work on the hydrodynamic properties of superfluids.

The article mentionned in the previous report and reviewing the prospects of extremely
sensitive and stable superfluid gyros has appeared in the J. Low Temp. Phys. [11].

These gyros are based on the long-range coherence of the phase of the superfluid order
parameter. This property is a quantum feature and ensures inherent stability to the device.
No instability occurs due to phase diffusion or mode unlocking as in the more conventional
ring-laser or cold-atom gyros. Furthermore, for the superfluid 3He gyro demonstrated at
SPEC, which operates at 0.5 mK, no thermal drift is to be expected. A detailed analysis
of noise sources shows that the intrinsic limitation of superfluid gyros arises from thermal
noise. For the setup at SPEC, this limiting noise source amounts to a rotation velocity
resolution of 3 × 1010 rad s−1 Hz−1/2, that is 4 × 10−6 of the Earth rotation velocity per√

Hz. This sensitivity is on par with that of state-of-the-art atom gyros, with the benefit of
intrinsic quantum stability. Schemes can be devised to further enhance it by using multiple-
aperture weak links such as those used by the Berkeley team for the 4He gyro (the latter
being operated close to the λ transition temperature and prone to thermal drifts).

At the request of J. Villain, a review on the nucleation of quantised vortices has been
written for a “Dossier” of Comptes-Rendus de l’Académie des Sciences on the problems of
nucleation [12]. This review summarises the results obtained from the statistical analysis of
the vortex nucleation process in 4He, in both the thermal regime and the quantum regime.
Superfluid vortex nucleation provides a well-documented case of macroscopic quantum
tunnelling (MQT). In particular, a close scrutiny of the experimental data obtained on
ultra-pure 4He reveals the influence of damping on tunnelling, a rare occurrence where the
effect of the environment on MQT can be studied.

As an upshot of the rotation-sensing measurements reviewed in Ref. [11] and of the current-
phase relations of the Josephson effect in 3He-B described in the previous SPEC report16,
fundamental issues regarding the Sagnac effect in superfluids have been reconsidered [13].
This article comments on, and corrects, the account of superfluid interferometry given in
a recent review on the Sagnac effect17. The author of this review failed to recognise that
the phase of the superfluid order parameter possesses the same covariant properties as
that of a quantum particle in an atom interferometer. The point of view taken in Ref.[13]
is that Einstein’s prescription to synchronise clocks on a rotating platform offers a unified
explanation of the Sagnac effect for all systems in which this effect takes place, from atomic
clocks in Global Positionning Systems to Michelson-Sagnac optical interferometers, to atom
and superfluid interferometers.

16see Y. Mukharsky, O. Avenel, E. Varoquaux, Phys. Rev. Lett. 92 (2004), 210402.
17G.B. Malykin, Phys. Usp. 43 (2000), 1229.
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The experimental work on the very low temperature rig at SPEC has now turned to the
study of solid helium and the possible existence of supersolidity. The capability of this setup
to detect strains of ∼ 10−15 m while imposing very small stresses only has been put to use
to track the possible existence of slowly propagating modes in solid 4He at pressures ranging
from 25 to 30 bar and at temperatures extending to below 15 mK. Slow modes have indeed
been observed and studied, which could be interpreted as the signature of a supersolid
state. A preliminary account of these measurements is due for publication soon [14]. The
present state of supersolidity is too confused and too controversial to be summarised here,
but these measurements have given an early clue that the sample thermal history is of
primordial importance. A research proposal on this subject has been presented to ANR in
collaboration with Sébastien Balibar’s group at ENS (Paris), Jacques Bossy (Institut Néel
and ILL, Grenoble) and Alan Braslau from SPEC. Financial support for a post-doctoral
position is vital to the continuation of work at SPEC on this fast evolving new field.

9.8 Persistent currents in two dimensional electron systems

Jean-Louis Pichard.

In this section, recent theoretical results concerning essentially the many body quantum
problem (quantum melting of solids, possible supersolidity, linear quantum transport) and
spintronics are shortly reviewed.

For electrons in two dimensions, a theory taking into account the interplay between (i) the
quantum effects due to kinetic energy (ii) the interaction effects due to Coulomb repulsion
and (iii) the effects of a disordered substrate does not yet exist. For developing such a
theory, we have numerically studied the sensitivity of the ground state energy to a change
in the boundary conditions and the persistent currents I(φ) driven by an Aharonov-Bohm
flux φ. Since the works of Kohn (1964) and Thouless (1972), it is known that I(φ) gives
information on quantum transport. Notably, the study of the map of local currents can
be interesting in the presence of a disordered substrate. However, since I(φ) can be very
small, to obtain it requires very accurate numerical methods (in 2d exact diagonalizations
with Lanczos algorithm) and is only possible for a few electrons. In a first study18, it was
noticed that I(φ) exhibits three distinct regimes as the interaction strength U is increased
in strongly disordered clusters. Moreover, the intermediate regime occurs for Coulomb en-
ergy to kinetic energy ratios rs similar to those where low temperature metallic transport is
observed in 2d electron or hole systems of low density. This led us to study more carefully
the limit without disorder, thinking that this intermediate regime might be the mesoscopic
limit of an electron solid co-existing with delocalized quantum defects (defectons), the su-
persolid first proposed in 1969 by Andreev and Lifshitz. We have indeed shown19 that
variational wave-functions inspired by this concept can describe the ground state of three
or four electrons. Let us mention that: (i) we have discussed a possible supersolidity for

18G. Benenti, X. Waintal, J.-L Pichard, Phys. Rev. Lett. 83 (1999), 1826.
19Z. A. Nemeth and J.-L. Pichard, Europhys. Lett. 58 (2002), 744; Eur. Phys. J. B 31 (2003), 401 and 33

(2003), 87.
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electrons since 2002, two years before experiments in Helium 4 have drawn again the at-
tention upon a possible supersolidity; (ii) Very recently, electronic transport20 measured
on a mesoscopic length scale by the group of M. Pepper in Cambridge shows a collapse
of electron localization below a temperature T ∗ ≈ 1K, in disordered strongly interacting
2d electron systems. The temperature dependence of the resistivity has a form compatible
with the quantum diffusion of defectons below T ∗, while a hopping transport (thermal ac-
tivation of the localized defects of an electron solid) dominates above T ∗.

Effect of a lattice

Numerical studies require discretization making important to assess the effect of the lat-
tice. In the continuum limit, the physics depends only on the ratio of two characteristic
lengths (the factor rs). We have determined [15] if the third length introduced by the
lattice is a relevant scale or not, using different criteria giving similar conclusions. For
instance, we have proven that without disorder, I(φ) is independent of U as far as the
lattice is irrelevant. Extending those criteria numerically checked in small systems towards
the thermodynamic limit, we were able to predict if a model on a lattice was different from
a continuum model, as a function of the inter-electron spacing a, the effective Bohr radius
aB and the lattice spacing a. When U is large, this led us to distinguish between two
perturbative expansions, one valid for the continuum limit, the other for the lattice. Using
these perturbative expansions, we were able to reproduce our numerical results, both when
the electrons form a solid in the continuum, or when this solid gets localized by the lattice.
The understanding of lattice effects is necessary for avoiding confusion between the onset
of Wigner crystallization and the onset at which the electrons are localized by the lattice.

Effect of a weak disorder

In Refs. [16, 17] we have carefully studied a few electrons on a square lattice with weak
random potentials. Varying the parameters U and W setting respectively the strength
of the interaction and of the disorder, we have been surprized to observe many possible
regimes. When U is large, the lattice is relevant and gives rise to three regimes which
can be described using three different perturbative expansions, characterized by different
power laws as a function of U and W . If U is lowered, the lattice becomes irrelevant, but
a new regime previously identified in the lattice limit persists in the continuum limit. In
this regime, the electrons do not enclose the Aharonov-Bohm flux φ along the shortest
paths enclosing the flux, but follow longer paths for reducing the interaction cost of the
motion. This gives stripes of current when W �= 0. As U is further decreased, the electron
solid melts. Some signatures of a regime where part of the electrons remains correlated,
while the other part gets partially delocalized was again observed, giving new arguments in
favor of the scenario proposed by Andreev and Lifshitz for the quantum melting of electron
solids.

20M. Baenninger et al., preprint 2007; see also M. Baenninger et al., Phys. Rev. B 72 (2005), 241311.
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9.9 Scattering approach of quantum transport extended to
nanosystems in which electrons interact.

Jean-Louis Pichard.

Without interaction, the quantum conductance g of a mesoscopic nanosystem can be cal-
culated using the Landauer-Buttiker formula, which gives g in terms of the scattering prop-
erties of the nanosystem at the Fermi energy. We have been interested in extending this
approach to the case where the electrons interact inside the nanosystem. Instead of a mere
one body scatterer embedded between two Fermi leads, we have now a many body scatterer
embedded between two (non interacting) leads characterized far from the nanosystem by
thermal equilibrium and Fermi Dirac statistics. The extension of the scattering approach
to many body scatterers is possible in the zero temperature limit. The embedding method
[18, 19, 20, 21] gives the conductance g in terms of the nanosystem Hamiltonian and of the
Hamiltonians of the attached contacts in that limit. The case where the temperature is
larger than the first excitation energy of the nanosystem is more delicate. This is what we
are now studying using the numerical renormalization group developed by Wilson for the
Kondo problem.

The embedding method

This method allows us to extract the effective quantum transmission characterizing an
interacting nanosystem from the persistent current I(φ) of a macroscopic ring embedding
the nanosystem. We have developed this tool in one dimension, for which I(φ) can be calcu-
lated by a powerful numerical algorithm (density matrix renormalization group - DMRG).
For a finite ring (up to 200 sites with 100 polarized electrons), the current can be numer-
ically calculated and extrapolated to the thermodynamic limit. In the ring, the electrons
interact only inside the embedded nanosystem. We have shown [18] that the extrapolated
values of I(φ) can be described by a non interacting theory with an effective transmission
coefficient which depends on U . Using this method, we have shown [21] that the effective
scattering matrices characterizing two identical nanosystems in series do not obey the usual
rules valid for combining one body scatterers in series when U �= 0. This breakdown of
the usual combination law occurs because the quantum transmission of each scatterer is
modified by the presence of the other one. The interaction induced correction decays as a
function of the distance between the two scatterers as Friedel oscillations of the electron
density, or as the RKKY-interactions between magnetic moments.

Hartree-Fock theory of non local quantum transmission

To describe the influence of an external scatterer upon an interacting nanosystem, influence
entirely driven by the interaction inside the nanosystem, we have used the Hartree-Fock
approximation. The idea is very simple. The Hartree and Fock corrections inside an inter-
acting nanosystem can be modified by an external scatterer via the conduction electrons
of the coupling wire. A detailed analytical theory was published in Ref. [22] for two inter-
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acting scatterers in series.

Control of the quantum transmission by flux dependent Friedel oscillations
induced by an external ring

To illustrate this non local effect, we have considered [23, 24] a setup made of an in-
teracting nanosystem embedded between two non interacting leads, with a ring attached
to one lead at a distance LC from the nanosystem. A detailed analysis of the Hartree-Fock
equations has allowed us to optimize the nanosystem parameters such that the nanosystem
quantum transmission can be totally modified by an Ahronov-Bohm flux φ threading the
ring, when LC < LT , LT being the thermal length. For the quantum conductance, this
gives effects of order e2/h which should be easy to detect.

9.10 Quantum melting of two dimensional crystals

Xavier Waintal.

In the set of works that follows, we are interested in the quantum melting of solid, i.e.
the melting due to quantum fluctuations at zero temperature. Such a melting can be
very different from the thermal melting seen in the classical problem. For instance, it is
believed since the work of Andreev and Lifshitz21 that a state of matter simultaneously
solid and superfluid could exist. Such a supersolid state has recently attracted a lot of
attention after the experiments of Kim and Chan22 which demonstrated the presence of a
superfluid fraction in solid helium 4. Another motivation comes from the metal-insulator
transition observed in two dimensional electron (or holes) gases. This transition has now
been observed in ultra clean samples23 at very low density where electrons (or holes) are
expected to crystallize.

To study these issues, we have developed a state of the art quantum Monte-Carlo algorithm
based on Green function quantum Monte-Carlo. This method has given very accurate re-
sults for bosonic systems, for instance in helium 4, as well as fermionic systems (most if
not all ab-initio calculations are based on a parameterization of the correlation energy that
comes from quantum Monte-Carlo simulations). For the latter case however, the method
suffers from the so called “sign problem” which has to be cured through an approximation
known as the fixed node approximation.

Hybrid phase at the melting of the Wigner crystal

In this first study, we considered a problem which is simple to formulate (what is the
phase diagram of N electrons on a surface S at zero temperature) yet difficult to tackle.

21A. F. Andreev and I. M. Lifshitz, Sov. Phys. JETP 29 (1969), 1107.
22E. Kim and M. H. W. Chan, Nature 427 (2004), 225.
23H. Noh et al., Phys. Rev. B 68 (2003), 165308,ibid Phys. Rev. B 68 (2003), 241308(R).



9.10 Quantum melting of two dimensional crystals 177

After the seminal paper of 1989 by Tanatar and Ceperley24, it was considered to be a
rather settled issue: a two dimensional electron gas would undergo a simple, presumably
first order transition at low density toward a Wigner (triangular) crystal as a result of the
competition between kinetic energy and electrostatic repulsion.

We have studied this quantum melting. In addition to the two already known phases
(Fermi liquid at large density and Wigner crystal at low density), we have found a third
stable phase at intermediate values of the density. The third phase has hybrid behaviors
in between a liquid and a solid. The key point in this study was the construction of a
variational ansatz that interpolates between the crystal (well defined in real space) and the
Fermi liquid (well defined in momentum space). The hybrid phase was found to have the
(broken) symmetry of the crystal, yet made of delocalized liquid like waves.

This work was published in [25, 26]. This result being potentially controversial, it is im-
portant to notice that it has since been verified by two leading groups in the quantum
Monte-Carlo community, the group of Ceperley25 and Senatore26. A summary of our find-
ings can be found in the review of P. Fulde27

Observing a quantum crystal with dipolar cold atoms

The experiments of Kim and Cham which found some sort of supersolidity in helium 4
raised more questions that it gave answers. For instance, it appears that the observed su-
persolidity depends much on the way the solid is formed. In this project [27], we proposed
a different physical system, ultracold gases of (strongly dipolar) heteronuclear molecules,
where quantum melting and possibly supersolidity could be observed. Such a system would
have the advantage that both the crystal (through pictures in real space) and the condensate
fraction (through pictures in momentum space, obtained after letting the system evoluate
freely) can be observed almost directly. We have characterized the window of experimen-
tally accessible parameters and showed that observing the quantum melting should be
within grasp once one is able to form cold heteronuclear molecules.

Variational wave functions, ground states and their overlap.

This short letter [28] is a mere technical remark that could however have some practi-
cal impact. The main raw output of quantum Monte-Carlo simulations is a curve E(τ)
that gives the energy upon integration of the (many-body) Schrödinger equation in imag-
inary time. Usually one is interested in the ground state energy given by the asympotic
limit E(τ → ∞) while E(0) provides the variational energy of the variational ansatz. Our
contribution here was to show that the area under this curve gives access to the overlap
between the variational ansatz and the actual ground state. This provides an intrinsic
characterization of the quality of the ansatz.

24B. Tanatar and D. M. Ceperley. Phys. Rev. B 39 (1989), 5005.
25M. Holzmann, private communication
26V. Dobrosavljevic, private communication
27P. Fulde, P. Thalmeier and G. Zwicknagl page 76-78 condmat/0607165
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9.11 Spintronics at the nanoscale

Xavier Waintal

The field of spintronics started with the discovery of the Giant Magneto Resistance effect
where magnetic order was shown to influence the electronic transport. More recently, con-
siderable interest has been raised by the opposite effect, known as spin transfer torque,
where a purely electric current affects the magnetization. Both effect combined have many
potential applications including tunable radio frequency oscillators and non volatile ran-
dom access memories. We were involved very early in the theory of spin transfer torque28.
In the last four years, we have contributed to the theory in two different directions, domain
walls and ultrasmall nanomagnets.

Spin torque in a ferromagnetic domain wall

This work [29] was done in collaboration with Michel Viret (SPEC). We investigated the
influence of an electrical current on the shape of a domain wall. We found that in addition
to a global pressure that pushes the wall along the direction of the current, a local torque
causes a distortion of the shape of the wall. This work was recognized by the European
Physical Letters as being amongst their ten most highly cited papers of year 2004.

ultrasmall nanomagnet: a model system for spintronics

Small clusters made of a few thousand magnetic atoms lie at the frontier between mesoscopic
physics and spintronics. They are small enough to be described by a unique macrospin and
discretized energy levels which makes possible a unified description of their magnetic and
transport properties. For this simple system, we were able [30, 31, 32] to derive the full
dynamics rigorously starting from a raw quantum Hamiltonian. We recovered various
spintronics effects (GMR, spin torque, spin waves, magnetic relaxation) as well as new
physics arising from the interplay of the Coulomb blockade phenomena with the magnetic
dynamics.

9.12 Ongoing projects

Xavier Waintal.

• Josephson junction as quantum noise detectors. In this small project [33], we per-
formed some numerical simulations of the Josephson junction noise detector imple-
mented by H. Pothier (SPEC). We found a good agreement with the theoretical
predictions. At the moment however, the experimental data cannot be understood
within our framework.

28X. Waintal, E.B. Myers, P.W. Brouwer, and D. C. Ralph, Phys. Rev. B 62 (2000), 12317
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• Scaling theory of localization for correlated electrons. It has been established long ago
that in the absence of interaction, the conductance of a disordered electronic gas obeys
one parameter scaling, so that in particular two dimensional gases are insulating at
zero temperature. We have been able recently to establish that such a scaling still
holds in the presence of correlations for polarized electrons. Our method, based on
a combination of quantum Monte-Carlo and finite size scaling will be used to study
the possible presence of a metal-insulator transition in two dimensions.

• A general numerical tool for the study of quantum transport. Many problems of
quantum transport in mesoscopic systems can be understood within the framework
of non equilibrium green functions or equivalently Landauer-Butikker formalism. We
have developed a general algorithm that allows to study the transport properties of
arbitrary mesoscopic conductors. In particular our algorithm can very easily handle
systems with many terminals, complicated geometry (rings, hall bars,...) and internal
degrees of freedom (superconductivity, magnetism,...). As a first application, we will
study the spatial inhomogeneity of spin torque in magnetic trilayers.
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Corsica, France, August 21-27, 2005, Brazovski S., Monceau P., Kirova N. eds).

[18] S04/020 R. A. Molina, P. Schmitteckert, D. Weinmann, R. A. Jalabert, G.-L. Ingold, and
J.-L. Pichard, Residual conductance of correlated one-dimensional nanosystems: A numerical
approach, Eur. Phys. J. B 39 (2004), 107–120 (arXiv:cond-mat/0402250).

[19] S04/021 R. A. Molina, D. Weinmann, and J.-L. Pichard, Length-dependent oscillations of the
conductance through atomic chains: The importance of electronic correlations, Europhys. Lett.
67 (2004), 96–102 (arXiv:cond-mat/0402307).

[20] S04/063 J.-L. Pichard Residual conductance of correlated one-dimensional nanosystems 39th
Rencontres de Moriond on Mesoscopic Physics Quantum Information and Decoherence in
Nanosystems, La Thuile, Val d’Aoste, Italie, January 25 - February 1st, 2004 (Glattli D.C.,
Martin T., Pannetier B., Sanquer M., Trân Thanh Vân J. orgs).

[21] S05/079 R. A. Molina, D. Weinmann, and J.-L. Pichard, Interacting electron systems between
Fermi leads: effective one-body transmissions and correlation clouds, Eur. Phys. J. B 48
(2005), 243–247 (arXiv:cond-mat/0507571).

[22] S06/024 Y. Asada, A. Freyn, and J.-L. Pichard, Conductance of nano-systems with interactions
coupled via conduction electrons: Effect of indirect exchange interactions, Eur. Phys. J. B 53
(2006), 109–120 (arXiv:cond-mat/0605756).

http://dx.doi.org/10.1063/1.1900301
http://arxiv.org/cond-mat/0611756
http://www-drecam.cea.fr/spec/Docspec/search/article.php?id=s04/005/
http://dx.doi.org/10.1016/j.crhy.2006.10.023
http://www-drecam.cea.fr/spec/Docspec/search/article.php?id=s07/087/
http://www-drecam.cea.fr/spec/Docspec/search/article.php?id=s06/082/
http://dx.doi.org/10.1140/epjb/e2004-00175-0
http://dx.doi.org/10.1140/epjb/e2005-00170-y
http://dx.doi.org/10.1051/jp4:2005131037
http://dx.doi.org/10.1140/epjb/e2004-00176-y
http://dx.doi.org/10.1209/epl/i2004-10045-5
http://www-drecam.cea.fr/spec/Docspec/search/article.php?id=s04/063/
http://dx.doi.org/10.1140/epjb/e2005-00403-1
http://dx.doi.org/10.1140/epjb/e2006-00352-1


9.12 Bibliography 181

[23] S06/130 A. Freyn and J.-L. Pichard, Effect of measurement probes upon the conductance of
an interacting nanosystem: Detection of an attached ring by nonlocal many body effects, Phys.
Rev. Lett. 98 (2007), 186401 (arXiv:cond-mat/0611155).

[24] S07/024 A. Freyn and J.-L. Pichard Effect of flux-dependent Friedel oscillations upon the
effective transmission of an interacting nano-system , 2007 (arXiv:0704.2370).

[25] S04/097 H. Falakshahi and X. Waintal, Hybrid phase at the quantum melting of the Wigner
crystal, Phys. Rev. Lett. 94 (2005), 046801 (arXiv:cond-mat/0406600).

[26] S05/108 X. Waintal, On the quantum melting of the two-dimensional Wigner crystal, Phys.
Rev. B 73 (2005), 075417 (arXiv:cond-mat/0509436).

[27] S07/068 C. Mora, O. Parcollet, and X. Waintal, Quantum melting of a crystal of dipolar
bosons, Phys. Rev. B 76 (2007), 064511.

[28] S07/069 C. Mora and X. Waintal, How to recognize a good variational wave function, Phys.
Rev. Lett. 99 (2007), 030403.

[29] S02/142 X. Waintal and M. Viret, Current induced distortion of a magnetic domain wall,
Europhys. Lett. 65 (2004), 427–433.

[30] S03/103 X. Waintal and P. W. Brouwer, Tunable Magnetic Relaxation In Magnetic Nanopar-
ticles, Phys. Rev. Lett. 91 (2003), 247201 (arXiv:cond-mat/0307256).

[31] S04/095 X. Waintal and O. Parcollet, Current-Induced Spin Torque in a Nanomagnet, Phys.
Rev. Lett. 94 (2005), 247206 (J Nanoscale Sci. Technol., arXiv:cond-mat/0411375).

[32] S05/113 O. Parcollet and X. Waintal, Spin torque in a nanomagnet coupled to noncollinear
ferromagnetic electrodes, Phys. Rev. B 73 (2006), 144420 (arXiv:cond-mat/0512508).

[33] S07/115 B. Huard, H. Pothier, D. Esteve, J. Ankerhold, and X. Waintal, Josephson junctions
as detectors for non gaussian noise, submitted to Annalen der Physik.

http://dx.doi.org/10.1103/PhysRevLett.98.186401
http://arxiv.org/0704.2370
http://dx.doi.org/10.1103/PhysRevLett.94.046801
http://dx.doi.org/10.1103/PhysRevB.73.075417
http://arxiv.org/condmat/0703620
http://arxiv.org/condmat/0703004
http://www-drecam.cea.fr/spec/Docspec/search/article.php?id=s02/142
http://dx.doi.org/10.1103/PhysRevLett.91.247201
http://dx.doi.org/10.1103/PhysRevLett.94.247206
http://dx.doi.org/10.1103/PhysRevB.73.144420
http://www-drecam.cea.fr/spec/Docspec/search/article.php?id=s07/115/


182 Nanoelectronics



10 Nanomagnetism

Permanent staff, physicists: C. Fermon, J.-F. Jacquinot, O. Klein, M. Pannetier-
Lecoeur, M. Viret

Permanent staff, technicians: G. Le Goff

Ph.D.: A. Ben Hamida (from 2006), N. Bizière (2004 – 2007), G. de Loubens (2003 –
2006), H. Dyvorne (from 2006), M. Gabureac (2002 – 2005), A. Leiksikov (from 2006), H.
Polovy (from 2006), A. Vanhaverbeke (2003 – 2006).

Post Doc.: J. Carrey (2003 – 2004), O. Cespedes (2004 – 2006), V. Dolocan (from 2007),
J. Scola (2005 – 2007), M. Kociak (2004).

Visitors: A. de Vismes (2005-2006), V. V. Naletov.
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(magnetic sensors), DAM (O. Acher), Neurospin, SPCSI (Cyrille Barreteau)
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10.1 Introduction

The activity of the ’Nanomagnetism and NMR group’ in the last four years is rather broad,
ranging from fundamental studies of spin scattering at the atomic level, ferromagnetic res-
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onance in sub-micrometer structures, spin transfer torque, to the more applied elaboration
and optimisation of very sensitive magnetic field sensors and improved techniques for Nu-
clear Magnetic Resonance. It is hard to give here an extensive report of our work in the last
four years and several studies have been omitted (for instance works on manganites and
diluted magnetic semiconductors...). Here, we have chosen the option to report on what
we consider ’mainstream’ in the group, i.e. the activities where some manpower is allo-
cated in the form of PhD students or post-docs. These are also the ones in which a longer
term vision of the relevant physics has been thought of. The interested reader will find the
publications relative to the work not detailed here in Refs. [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12].

10.2 Magnetoresistance in ferromagnetic atomic contacts

Claude Fermon, Michel Viret

Magneto-resistance is a physical effect of great fundamental and industrial interest since it is
the basis for the magnetic field sensors used in computer read-heads and Magnetic Random
Access Memories. As device dimensions are reduced, some important physical length scales
for magnetism and electrical transport will soon be attained. Ultimately, there is a strong
need to know if the physical phenomena responsible for magneto-resistance still hold at the
atomic scale.

In the “nanomagnetism and NMR group”, we have been studying ferromagnetic atomic
size structures since 2001 using the break junction technique. The setup is particularly
well adapted to stabilising atomic contacts in a reproducible and stable manner. The
samples consist of a 100nm wide 1μm long ferromagnetic metallic bridge defined by electron
beam lithography onto a polyimide layer. The polymer is further etched isotropically by
reactive ion etching which undercuts below the metallic structure. The end result is a
suspended bridge attached to two electrodes of different shape presenting two distinct
coercive fields. One can then bend the substrate with a de-multiplied slow rotation in a
He cryostat where a 2.5T field can be applied. During bending the two sides of the bridge
are pulled apart and the resistance is continuously monitored in a constant voltage mode
with an AC measurement technique. This setup is particularly stable and it is possible to
mechanically stabilize the contact with a precision of a few picometers. One can then go
back and forth breaking and closing the contact while measuring the conductance. Because
of the exceptional precision of the technique, it is possible to stabilise the electrodes in the
tunneling regime with a 3Å gap for example, and then bring them back together to study
the atomic contact regime.

A few years ago, we decided to slightly modify this procedure by not suspending the bridge
anymore. This is because in ferromagnetic materials, any unsupported part is subjected
to a magnetically induced distortion called magnetostriction, an effect largely ignored in
the past when measuring magnetoresistance in atomic or nano-contacts. This results in a
modification of the contact geometry when the magnetization changes direction. We have
shown that this can significantly affect the contact resistance [13], hence it it is essential
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to design the experiments in order to avoid any moving parts, even at the micron scale.
When not underetching the bridge, magneto-mechanical effects are significantly reduced,
as shown using finite elements numerical simulations. For a 20nm Fe layer deposited on a
kapton substrate the distortion of the Fe layer at the contact level goes from 15pm when
the bridge is suspended to 1pm when the structure is everywhere attached to the kapton
(taking the physical parameters for the two materials and a saturation magnetostriction of
polycrystalline iron of −8ppm). Direct forces due to stray fields are also found to be two
orders of magnitude smaller. Therefore, the procedure insures that any measured resistance
change is due to intrinsic magnetoresistive properties.

In constrictions of dimensions close to the Fermi wavelength, boundary conditions enforce
that transverse electronic modes are quantized which results in the discreteness of propagat-
ing electron modes. 2-D electron gases are archetypical systems in which the conductance
is quantized in units of 2e2/h. In metals where the Fermi wavelength is typically 3 Å, one
needs to reach atomic dimensions in order to observe such effects. But because even in the
single atomic regime several orbitals overlap, one normally finds that several conduction
channels are opened with imperfect transparency, i.e. each channel has a transmittance
associated to it (a coefficient between 0 and 1). Calculations seem to indicate that 4 or
5 channels participate significantly to the conduction of 3d transition metal nanocontacts.
The magneto-resistance obtained when one side of the contact flips its magnetization is
enhanced compared to that in the bulk and values of the order of 20% have been reported
in some careful experiments1,2. On the other hand, one could expect some dependence of
the conductance to the direction of the magnetization because changing the spins’ direc-
tion will affect the orbitals through a mechanism known as spin-orbit coupling. One can
describe this interaction by a term in the system’s Hamiltonian written λ�L.�S where λ is
called the spin-orbit constant, �L and �S are the orbital momentum and spin vectors. In a
solid, molecular orbitals lose most of their angular momentum, an effect known as “quench-
ing”. As a result, the resistance variation with the angle between the local moments and
the electrical current lines: the Anisotropic Magneto Resistance (AMR), is only at most a
few percent. This is actually the oldest known magnetic effect on electronic transport in
ferromagnets, which was discovered in 1857 by W. Thomson3. When the dimensionality of
the system is reduced, like in mono-atomic wires, orbital moments are much larger than in
the bulk4. One can then expect spin-orbit mechanisms, like the AMR, to be enhanced. In
the last four years, we have extensively studied these properties in the 3d metals: Fe, Co,
Ni. To our surprise, the AMR turns out to be systematically larger than the pure “DW
resistance”. For instance, results in Fe at 4.2 K are shown in Fig. 10.1 where the resistance
is monitored while a saturating field is rotated in the plane including the atomic neck.

Interestingly, a behaviour qualitatively different from the cos2(θ) dependence of the bulk,
can be observed in the atomic contact regime. In the middle graph, it looks likely that one
channel gets blocked when the field is along the contact, leading to a two-level conductance

1M. Viret et al., Phys. Rev.B 66 (2002), 220401
2C.-S Yang, C. Zhang, J. Redepenning and B. Doudin, Appl. Phys. Lett. 84 (2004), 2865.
3W. Thomson, Proc. Royal Soc. 8 (1857), 546.
4P. Gambardella et al., Nature 416 (2002), 301.
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Figure 10.1: Variation of resistance as a 2.5 T field is rotated in the plane of a Fe contact. The
bottom graph is obtained in the first stages of pulling the bridge (as the nanostructure is not yet
broken). There, the AMR is close to the bulk value, i.e. around 1%. In the atomic contact regime,
at a conductance of 3e2/h in the middle graph the AMR behaviour is close to a two level effect
reaching 3.5e2/h when the magnetization is perpendicular to the contact. In the top graph, where
the conductance is close to 2e2/h, the effect is intermediate between the two behaviours and reaches
75%

and an atomic-AMR (AAMR) effect of 21%. At slightly different values of conductance,
both smooth sinusoidal variations as well as discrete jumps are observed (see top graph).
This is to be expected when overlap changes are not sufficient to completely close a channel,
but enough to change their transmittance. This general behaviour is consistent with what
is known to happen for non magnetic break junctions when orbital overlap is varied by
mechanical deformation of the contacts5. There, theoretical calculations have shown that
both sharp jumps and smooth variations of the conductance can be explained by considering
the details of orbitals overlap6. Theoretically, a considerable amount of work has been
devoted to metallic atomic contacts, but magnetism has seldom been considered. Most
relevant works have studied the resistance generated by a “magnetic domain wall” on
the contact7, and very recently, the contribution from the exchange splitting has been
found to be rather small8, the dominating effect being instead the orbital nature of the
conduction electrons9. In order to understand the origin of AAMR effect, we collaborate
with the DSM/DRECAM/SPCSI (group of Cyrille Barreteau) where ab-initio calculations

5E. Scheer et al. Nature 394 (1998), 154.
6J. Cuevas, Phys. Rev. Lett. 80 (1998), 1066.
7A. Smogunov, A. del Corso and E. Tosatti, Surface Science 532-535 (2003), 549.
8A. Bagrets, N. Papanikolau and I. Merting, Phys. Rev. B 70 (2004), 064410.
9D. Jacob, J. Fernandez-Rossier, and J. Palacios, Phys. Rev. B. 71 (2005), 220403(R).
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Figure 10.2: Calculated band structure for a Fe mono-atomic chain (see top right inset) magnetized
in the parallel b) and perpendicular c) directions. In a) the band structure for a parallel (full black
circles) and perpendicular magnetization (red empty triangles) is shown at a larger scale around
the Fermi level.

were performed to determine the changes of the electronic band structures with the spins
direction. To illustrate the phenomenon, the electronic structure of an ideal atomic chain
of Fe atoms is obtained using pseudo-potential plane-waves with spin-orbit interactions
implemented in the PWscf package.

The band structure obtained for the magnetization parallel and perpendicular to the chain
are shown in Fig. 10.2. Significant changes near the Fermi level are observed, which stem
from the degeneracies induced by spin-orbit coupling. The interesting bands are the weakly
dispersive, so called Slater Koster ddδ bands, which have a pure dxy (and dx2−y2) character
(they couple neither to s and p nor to other d states with different symmetry). These bands
split by about 2λ (0.12 eV) when the magnetisation is rotated from perpendicular to parallel
to the atomic wire. This splitting pushes the upper band to energies above Ef , which should
remove this band’s contribution to the conductance. Therefore we can expect a increase of
the conductivity when the magnetisation goes from parallel to perpendicular to the chain,
in good agreement with the experimental findings. Beyond the simple atomic chain ab-
initio calculation, we have also studied several geometries (closer to the actual experimental
situation) with a tight-binding model. We find that the AAMR effect is only significant in
the atomic contact regime and that the coordination number of Fe atoms in the constriction
region is an essential parameter. Indeed, calculations with two Fe atoms touching but where
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their environment is either pyramids or Fe tetrahedra gives a very different AAMR. Hence,
the AAMR ratio should be rather sensitive to the atomic, magnetic and electronic structure
at the constriction region. This is consistent with experimental results where globally, the
measured AAMR goes from high to low values as the conductance is decreased, but in
a non-monotonic way. Fig. 10.3 shows the general trend (dashed line) but also the local
maxima/minima for particular values of the conductance. This clearly requires more work
but one can conclude that a rough theoretical agreement is reached with the ab-initio and
tight binding calculations.

Experimentally, the AMR effect is also measured in tunnelling. In this regime, charge
carriers jump from one electrode to another through a very narrow vacuum gap (a few
Å at most in break junctions). There, the evanescent wave functions still have a strong
atomic orbital character from which they can inherit the spin-orbit coupling properties.
Moreover, because of the exponential decrease of the wave intensity with distance and the
corresponding exponential increase of resistance, it is likely that any change in the shape
of the orbitals could have a more significant effect. This is indeed what we experimentally
observe on Fig. 10.3 where the measured ratio of high to low resistances (when rotating
the field) for a Fe sample in different atomic configurations are gathered. This plot is
instructive because it shows that the AMR effect increases steeply as the contact reaches
atomic dimensions. For higher resistances (above e2/h), when in the tunnelling regime,
we observe a significant scatter in the amplitude of the TAMR where values around 100%
can be achieved but effects as low as 20% can also be found. This can be understood
because the atomic orbital character of the evanescent waves depends on the exact atomic
configuration, which can vary appreciably at constant resistance.

In conclusion, the study of magnetoresistive properties of atomic contacts have produced
a few surprises in the last few years. We first had to learn about magnetostriction and the

Figure 10.3: Amplitude of the AMR effect in contacts of different resistances. The dotted line is
a guide to the eye underlining the steep increase as the contact reaches atomic sizes. The vertical
line is at e2/h and represents a rough separation between tunnelling and atomic contact regimes.
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big problems it creates in the study of contacts of such small dimensions. We believe that
a large number of extremely large magnetoresistance reports were in fact most probably
due to magnetostriction. There is no better effect than a mechanical switch to produce
impressive resistance changes... Once we found how to avoid this spurious effect, we got
to measure intrinsic properties of these contacts. Our surprise was to discover that AMR
properties dominate, which was the subject of the PhD thesis of Mihai Gabureac (Orsay,
2004). Unfortunately, it proved hard to convince some referees and the corresponding paper
including experiments and calculations only appeared in the European Journal of Physics
B [14] a year and a half later. Within a few months, three groups separatly demonstrated
the effect.

10.3 Interaction between a spin-polarised current and a do-
main wall

Olivier Klein, Michel Viret.

At the present time, magnetic materials are used in information technology for storage
and reading. Very recently, new non-volatile fast memories based on “spin valves” called
MRAMs have been commercialised for random memory access. These are based on indi-
vidual electrically connected magnetoresistive elements where the information can be read
measuring the cells resistance and written by applying a local magnetic field (using elec-
trical lines). In the future, one could envisage building an alternative architecture using
domain walls (DW), which are borders between two opposite magnetic domains. DWs
can be moved by a magnetic field but over thirty years ago, it was realised that a large
current density can also push them10. The phenomenon, known as spin-torque has been
recently re-visited, especially in the spin valve pillars11,12. Controlling the position of do-
main walls would be an interesting alternative to write magnetic information. Moreover,
due to the necessity to increase magnetic storage density, the use of magnetic field to write
this information is a strong limitation. Controllable and fast displacement of domain walls
using electrical currents has then become an important objective of spintronics [15]. Most
of the experiments so far have been conducted in Permalloy nanowires, i.e. with planar
domain walls having a transverse or vortex 2D structure. In our group, we decided to
study the pure Bloch-type walls in ultra-thin Cobalt layers with perpendicular anisotropy.
These are model systems due to the simplicity of their structure which can be considered as
one-dimensional. The samples used for these experiments were sputtered Pt/Co/Pt/Al2O3

ultra-thin films, with lithographied Hall crosses and propagation line developed at the In-
stitut d’Electronique Fondamentale in Orsay). In all studied films the cobalt film thickness
is such as to lead to a perpendicular magnetization.

For this study, an original setup has been built based on simultaneous magnetic force mi-

10L. Berger, J. Phys. Chem. Sol. 35 (1974), 947.
11L. Berger, Phys. Rev. B 54 (1996), 9353.
12J. C. Slonczewski, J. Magn. Magn. Mat. 159 (1996), L1.
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croscopy imaging (MFM) and magnetoresistive measurements using the Extraordinary Hall
Effect (EHE). The magnetic force microscope is home made and can be inserted between
the two polar pieces of an 1.6T electromagnet. The magnetic tip used is a commercial
tip with CoCr coverage. Electric measurements are carried out in-situ during the MFM
scans. The EHE is directly proportional to the perpendicular component of magnetisation
in each cross and it allows us to determine the DW position with an acuracy of about 1nm
(considering a rigid displacement of the DW). These two combined techniques give us a
unique tool for measurements in magnetostructures.

In order to study how a DW moves under application of a current, it is first necessary to
isolate a DW in a cross, where its position can be visualised by the MFM and electrically
measured by EHE. For this purpose, we used an original procedure whereby we write a
majority domain using the MFM tip: we start with both tip and sample magnetized in
the same direction and we increase the field until the tip coercive field is reached (around
10mT which is below the coercive field of the Co layer). Then, the tip stray field adds to
the external field to exceed the coercivity of the Co layer. It is then possible to scan the
area in the cross and write a fully reversed domain (see Figure 10.4. In order to image the
magnetic structure without perturbing it, it is then necessary to demagnetize the tip with
an oscillatory decreasing magnetic field. This procedure leads to a change in the component
of the tip’s magnetisation which becomes planar and the MFM contrast goes from a domain
to a domain wall contrast as visible in Figure 10.4. Consecutive MFM scans give the same
magneitc configuration as can be seen by comparing images 10.4-a) and 10.4-b), which
demonstrates that the tip does not perturb the system. Then, a continuous current of
density J = 7.5× 1011 A/m2 is applied during the MFM scans. We observe a depinning of
domain walls and their motion under the tip stray field influence (Figures 10.4-c and -d).
The tip induced DW drag follows the scanning direction (as the tip slow scan is directed
from top to bottom or the opposite). Interestingly, the DW situated in the branch where
the current flows is the only one to move, which demonstrates a reduced coercivity only for
the domain walls crossed by an electrical current. Real time EHE measurements confirm
the above picture and also provide a measurement of the temperature of the sample, which
was checked to remain constant within a few degrees when the current was applied. Hence,
we have evidenced that the first effect of the current is to weaken pinning potentials and
reduce the coercive field. Quantitatively, we can estimate that the depinning field was
divided by a factor of four with the applied current.

The above result is consistent with our theoretical study of the action of a current on a
domain wall. Indeed, we found that the “spin torque” effect is mainly distortive and the
component leading to a pressure is only about 20 times less. This results from the consider-
ation of the non uniform part of the torque within the DW13 as well as the micromagnetic
response of the DW (A. Vanaverbeke, PhD thesis, Orsay university 2005). The latter effect
is dramatic as only conduction electrons spin-flip events are found to contribute to a real
pressure term in the direction of the current [16]. Both our experimental and theoretical
studies converge with this picture. One way to get a larger current pressure would be to

13X. Waintal and M. Viret, Europhysics Letters 65 (2004), 427.
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Figure 10.4: Tip-induced domain wall depinning assisted by an electric current in a Pt/Co(14Å)Pt
sample. a) Domain configuration before current injection. b) Subsequent MFM scan (slow scan
from bottom to top): the domain configurations has not changed. c) Scan from top to bottom,
current applied vertically in the direction of the arrow. We can observe the top DW dragged by the
tip. d) scan from bottom to top with an applied current: this time only the bottom DW is dragged
by the tip.

push extremely thin domain walls. These can only exist in very anisotropic materials or in
constrictions of nanometer size. It appears that break junctions could provide a good way
of checking these predictions. Interestingly, we also predicted that a new mechanism could
be relevant in materials with large resistivity and Hall angle [17]. In this case, a tilted DW
would be associated to a charge due to the Hall voltage which would then move in the
applied electric field. Low-doped diluted magnetic semi-conductors are good candidates to
evidence this “Hall pressure” effect.

10.4 Ferromagnetic resonance spectroscopy of perpendicu-
larly
magnetized disks

Olivier Klein.

10.4.1 Introduction

The dynamics of ferromagnets is usually easier to understand by decomposing the magne-
tization movement into the normal mode basis of the sample. Experimental identification
of the eigen-modes is obtained by spin-wave spectrometers, that measure the dynamics
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Figure 10.5: Schematic representation of the mechanical-FMR setup. The FMR spectrum of a
micron-size Permalloy disk (sample) is detected with a mechanical-FMR setup.

in the frequency domain. FerroMagnetic Resonance (FMR)14 is a technique that uses a
uniform microwave field h, created by a stripline antenna, to excite the longest wavelength
spin-wave modes inside the sample. Classically, FMR spectra are obtained through power
absorption Pabs measurement. However, the limited sensitivity of standard FMR spectrom-
eters restricts their use to arrays of micron-size samples15, which statistically averages the
spectra of each element and makes it insensitive to individual differences.

With the recent development of Magnetic Resonance Force Microscopy16: a combination of
magnetic resonance imaging (MRI) techniques with scanning probe techniques, the sensitiv-
ity of the magnetic resonance measurement17 has been tremendously enhanced. Nanometer
scale size comes now within reach as Dan Rugar and colleagues (IBM Almaden) have re-
cently shown on paramegnets, with a record 90nm resolution for MRI, where only a few
thousand nuclear spin contributes to the signal.

10.4.2 Mechanical-FMR

The concept of mechanical detection was also applied to FMR first by Phil Wigen and Chris
Hammel in 1996: see18. Fig. 10.5 illustrates the measurement setup of mechanical-FMR.

A soft cantilever with a magnetic tip is placed in the stray field of the sample to be studied.
The dipolar coupling between the tip and the sample creates a small flexion of the cantilever
beam, which is detected optically [18, 19]. In the following, we report room temperature
measurement of the dynamics of disk-shape samples perpendicularly magnetized by an
homogeneous external applied field Hext. The probe itself is a magnetic sphere glued at the

14P. E. Wigen, Thin Solid Films 114 (1984), 135.
15G. N. Kakazei et al., Applied Physics Letters 85 (2004), 443.
16D. Rugar et al. Science 264 (1994), 1560.
17D. F. Evans, Phil. Mag. 1 (1956), 370.
18Z. Zhang, P. C. Hammel and P. E. Wigen, Appl. Phys. Lett. 68 (1996), 2005.
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apex of the cantilver. The center of the sphere is positioned above the center of the disk, a
few micrometers away from the sample surface. In this configuration, the axial symmetry
is preserved. The sample is excited by a stripline antenna placed underneath the disk.

When a FMR resonance is excited by the antenna, the induced change in the longitudinal
component of the magnetization, Mz, diminishes the force Fz on the cantilever. The
microwave oscillations of the transverse component do not couple to any mechanical mode
of the cantilever which typically oscillates in the audio range. Exciting the sample at a
fixed frequency, spectroscopy is achieved by recording the cantilever motion as a function
of Hext. The variation of the force on the cantilever is proportional to the variation of the
number of magnons excited during resonance.

For mechanical-FMR, the concept of spatial resolution is uniquely related to the detection
part, much like a MFM [20, 21]. In particular, it is difficult to induce local excitation set by
the field gradient of the tip. Neighboring spins are coupled through the exchange interaction
and the normal modes are collective motion, which propagates on large distances. Our
setup is optimized for spectroscopy and not imaging. This means that the size of the
sphere is about the same as the size of the sample in order to optimize the filling factor.
The coupling between the sphere and the disk is kept weak enough, so that the spectral
deformation induced by the tip can be treated as a pertubation.

In this report we will show three applications of this technique to achieve spin-wave spec-
troscopy.

10.4.3 Non-linear effects

The high power dynamics of magnetic structures is receiving much attention owing to the
potential application to spin electronic devices. In this regime, the nonlinear (NL) contri-
butions contained in the torque term of the gyroscopic equation become important as soon
as the precession angle exceeds a couple of degrees. Although these effects were first dis-
covered in the ferromagnetic resonance (FMR) response of insulators19, they apply to every
magnets. While the consequences of these nonlinearities on the microwave susceptibility
have been thoroughly investigated20, their effects on Mz have never been established.

We have recently reported the first measurement of Mz at the resonance saturation [22].
Our data are obtained at room temperature on an yttrium iron garnet (YIG) sample,
shaped into a disk of diameter D = 160μm and thickness 4.75μm and uniformly magnetized
by a static magnetic induction Bext applied along the normal axis z of the disk21. It is
found that Mz drops dramatically at the saturation of the main resonance (cf. Fig. 10.6)
indicating that the spin-lattice relaxation rate [23] of the system is power dependent and
it decreases with increasing power. The change is interpreted as reflecting the properties
of longitudinal spinwaves excited above Suhl’s instability.

19R. W. Damon, Rev. Mod. Phys. 25 (1953), 239.
20H. Suhl, J. Phys. Chem. Solids 1 (1957), 209.
21V. V. Naletov, V. Charbois, O. Klein, and C. Fermon, Appl. Phys. Lett. 83 (2003), 3132.
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Figure 10.6: Microwave field strength dependence of the transverse (closed circles) and longitudinal
(open circles) components of the magnetization at B0. The quantities are normalized by their low
power value. The solid lines are the analytical predictions.

These results are important because they challenge some of the assumptions used in the
Landau-Lifshitz-Gilbert equation to simulate the high power dynamics. These findings
emphasize the importance of doing a direct measurement of the damping. These high
power effects are a rare illustration of a case where an increased linewidth corresponds to
a diminution of the damping.

Another important question resides in the exact nature of the parametric modes that are
excited above the supercriticality threshold. We have shown [24] that it is possible to
measure the spectrum of parametric magnons despite the fact that these high k-vector
spin-waves (SW) do not couple directly to an homogeneous microwave excitation field, h.
This is achieved by saturating the dynamics of the uniform mode through a large constant
microwave power and superposing onto it an additional power source. The additional
energy injected in the spin system excites indirectly the parametric magnons. Since each
parametric mode has a different feedback influence on the saturation mechanism, it is
possible, by sweeping an external parameter, to detect the point where the transfer from
one parametric mode to another one takes place. Because the induced effects are small,
detecting them requires both a sensitive and precise measurement setup.

Fig. 10.7(b) shows the static deflection of the cantilever as a function of Hext when the
excitation power is −10.8 dBm. The trace corresponds to the line-shape of the uniform
mode22 in the foldover regime. Hysteretic behaviors are a standard signature of NL effects,
where the eigen-frequency of the resonance depends on the amplitude of the excitation23.
The features of interest are the tiny steps observed in the wings of the resonance (cf. inset

22V. Charbois, V. V. Naletov, J. Ben Youssef, and O. Klein, J. Appl. Phys. 91 (2002), 7337.
23V. S. L’vov, Wave turbulence under parametric excitation (Springer, Berlin, 1994).
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Figure 10.7: (a) Schematic of the microstrip cavity (1). The FMR spectrum of a micron-size YIG
disk (2) is detected mechanically by Magnetic Resonance Force Microscopy (3). On the right is
shown P (t), the waveform of the power injected in the microwave circuit (1). (b) Static deflection
of the cantilever as a function of Hext. The trace is the line-shape of the uniform mode in the
foldover regime. (c) Vibration amplitude of the cantilever measured by a lock-in synchronous
with the amplitude modulation. This differential characteristics reveals the parametric excitation
spectrum.

of Fig. 10.7(b)). These jumps are not random. They are reproducible and occur regularly
in field.

A more detailed picture can be obtained by measuring the differential response. We detect
here the response to an amplitude modulated excitation around the saturation regime. The
power level writes P (t) = Pmax

{
1 + ε

2(sin(ωct) − 1)
}
, where the modulation frequency is

set at the resonance frequency of the cantilever. This frequency is much lower than all the
damping rates of the spin system. Fig. 10.7(c) is the pattern recorded by a lock-in when the
modulation amplitude is 0.5% of the maximum power, Pmax = −17 dBm. It corresponds
to a modulation of less than 50 nW in amplitude. The spectrum shown here is a zoom
on a 2 Oe window of Hext in the reversible region of the static signal. We observe about
ten ultra-narrow lines (width 30 mOe) regularly spaced every 60 mOe: the parametric
spectrum.

Future research direction would be the measurement of the intrinsic linewidth of these
parametric resonances, but it would require an extremely sensitive spectrometer. The
extreme narrowness of the peaks observed, already opens up the possibility of making ultra-
stable YIG Tuned Oscillators or ultra-sensitive magnetic field sensors capable to compete
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Figure 10.8: (a) Mechanical-FMR spectra measured on the smallest disk (φ = 0.5 μm). (b) 3D
simulation of the dynamical susceptibility of a single Py layer disk (t = 100 nm, φ = 0.5 μm). The
top shows the spatial dependence (z, r) of the normal component of the demagnetizing field for the
saturated configuration (shifted to zero at the disk center) and the transverse dynamics (χ′′) of the
main modes in a color code.

with NMR probes. A patent has been deposited to take advantage of this effect [25].

10.4.4 Spectroscopy of metallic disks

More recently the mechanical-FMR technique has enabled to perform measurement of
spin-wave spectra in individual metallic sub-micron size pillar (see Fig. 10.8) [26, 27]. Sur-
prisingly, we have shown that the lowest energy mode in a 100 nm thick Py layer disk is not
the uniform mode but rather is localized in the region of the minimum effective magnetic
field (at the center of the NiFe/Cu interfaces). Remarkably, the damping coefficient of
this localized mode is substantially smaller than the damping of the uniform mode. In the
case when the external bias field is fixed (e.g. in the case of spin-torque experiments) the
localized mode has the lowest relaxation rate both because it has the lowest damping coeffi-
cient and because it is the lowest energy mode, and therefore it has the smallest precession
frequency.

10.4.5 Future work direction

More recentely we have used our technique to perform spin-wave spectroscopy in spin-valve
devices. In particular we are interested in the characterization of the coherent coupling
between nearby spin-transfer oscillators. The intended aim of this project is to explore
the applicability potential of novel Spin-Transfer Oscillators (STO) as tunable and ultra-
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narrow band microwave radiation sources for the mobile and wireless telecommunication
technology. The main technological interest of STO devices, which are based on nanostruc-
tured magnetic multilayer pumped by a spin-polarized dc current and emitting microwave
radiation, is their compatibility with monolithicon-board integration.

Our objectives specifically addresses the bottleneck issue of power conversion efficiency
between dc current pumping and microwave emission radiation. We propose to take ad-
vantage of phase-locking mechanism between coupled oscillators to increase significantly
the device performance. Our primary objective is to engineer large arrays of coherently
coupled oscillators. To achieve this goal we have a research program to investigate in de-
tail the different types of coupling mechanisms between neighboring oscillators which may
induce phase-locking of the ensemble.

10.5 Rotating microcoils for solid state NMR: Magic Angle
Coil Spinning (MACS)

Jacques-François Jacquinot.

(in collaboration with D. Sakellariou of the SCM)

NMR is a powerful spectroscopic technique that can probe the structure and dynamic
properties of mater at the atomic scale. In the case of liquids, the lines are intrinsically
narrow, due to Brownian motion; in the case of solids, anisotropic interactions broaden the
lines and one spins the sample about an axis that makes an angle of 54.7◦ with the magnetic
field (so-called Magic Angle Spinning, MAS) in order to average the interactions that
transform like a second order tensor. MAS is also used in the case of inhomogeneous matter,
such as biological tissues, to eliminate susceptibility broadenings. Special microcoils have
been actively developed since 1995 to observe NMR from very small liquid samples: they
combine high sensitivity and very small susceptibility effects in order to avoid perturbation
of the external magnetic field. The adaptation of microcoils to solid state NMR is far
from straightforward: spinning a tiny sample several thousands of revolutions per second
represents a “tour de force”, and needs a specific equipment. We developed a completely
different approach: we spin the sample together with a tuned microcoil inside a larger rotor
belonging to a standard solid state NMR probe (see Figure 10.9). Transmission of the rf
emission pulses and reception of the NMR signals are accomplished thanks to the inductive
(and therefore wireless) coupling between the rotating microcoil and the static coil of the
probe; tuning and matching of the ensemble probe plus tuned microcoil is achieved by
adjustment of the variable capacitors and inductances of the probe.

We showed that the performance of this set up is the same as the one that one would obtain
with the same microcoil physically connected to a tuning and matching network, provided
that the overcoupling condition is met [28]; in practice this means that the ratio of the static
and rotating coil volumes should be less than the product Q1Q2 of their quality factors.
This condition is usually met even for very small samples. On a 200nL alanine sample, we
demonstrated an almost tenfold sensitivity enhancement with respect to a standard probe
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Figure 10.9: Schematic diagram of the magic-angle coil spinning (MACS) insert. The sample in
ordinary high-resolution solid-state NMR is placed inside a spinning sample holder (rotor in blue),
which is pneumatically rotated at many thousands of revolutions per second and surrounded by
the coil of the probe (light yellow). When the sample is too small to efficiently fill the rotor, the
sensitivity is not optimal. In such cases a tuned micro-coil can be tightly wound around the sample,
which is placed inside a glass capillary (dark yellow). A cylindrical ceramic insert (green) is used
to keep the capillary and the tuning capacitor (red) centred while spinning. The scale in the figure
is used only as an indication of the size of the rotor, as various size micro-coils and capillaries can
be used. Wireless coupling between the tuned circuit and the probe electronics generates a high rf
field and enhances the detection sensitivity.

equipped with a 2.5 mm diameter rotor.

The potential of MACS for the study of biological tissues is shown on Fig. 10.10: the
spectrum of 0.3mg of bovine tissue is acquired in 8 scans. As the (volumic) sensitivity
increases when the microcoil volume decreases, high resolution MAS of few cells should
become possible with the MACS implementation. A domain where rotating coils show great
promise is the study of radioactive samples (or other hazardous materials): by necessity the
sample must be surrounded by confinement barriers (typically 3), whose presence reduce
the filling factor; by placing a tuned coil that rotates with the sample inside the barriers,
a much better filling factor is obtained. This should facilitate future studies of radioactive
materials ; feasibility experiments are under way in collaboration with the University of
Cambridge and Pacific Northwest National Laboratory.

The increased sensitivity of MACS is associated with an increase in rf field intensity. The
equivalency between these two increases is known as the Principle of Reciprocity. One can
cumulate the advantages of high sensitivity and high rf fields in experiments that use non
linear excitation or detection: this has been verified on MQMAS experiments, which use
multiple quantum excitation to produce high resolution spectra of quadrupolar nuclei. A
large class of experiments that involve manipulation of the Hamiltonian should benefit from
the large rf fields offered by MACS: the higher the rf field, the better the efficiency of the
pulse sequence used to manipulate the Hamiltonian.

Although MACS is still at an early stage of development, our results show that it is a
promising way for obtaining highly sensitive spectra from nano- to pico-liter volume sam-
ples: the gains from MACS scale favourably as the coil and sample size decrease and modern
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Figure 10.10: Proton NMR spectra of bovine muscle tissue. a, The high-resolution spectrum from
365mg of bovine muscle tissue using a full 7mm rotor spinning at 3,000Hz was acquired in 33s (8
scans). Pre-saturation of the water resonance (4.7p.p.m.) was achieved using a 2s irradiation before
the π/2 hard pulse. b, High-resolution spectrum from 0.3mg of bovine muscle tissue using the
MACS insert under the same experimental conditions. The susceptibility broadening is distributed
in spinning sidebands outside the range of the proton chemical shifts and the line width is of the
order of 0.05p.p.m. for all resonances (no deuterium lock was used). This width is mainly attributed
to temperature gradients (temperature difference less than 3-4◦C). Partial assignments can be made
on the basis of the literature. In the absence of sample spinning, the susceptibility broadening hides
most of the isotropic chemical shift information, as seen from the spectrum (inset) of the static
sample used in a.

lithographic techniques should help further with the implementation and performance.

10.6 Magnetic sensors and their applications

Claude Fermon, Myriam Pannetier-Lecoeur.

10.6.1 Magnetic sensors

Spin electronics has given rise to many applications in the area of magnetic recording and
read heads, and presents also a great interest for sensor development. GMR and TMR
structures can offer a high sensitivity for field and current detection, if the signal to noise
ratio is high. We have investigated these aspects and developed different sensors related to
various applications, from biomagnetism to explosives detection, 2d-compasses or current
sensors. GMR sensors are based on spin valve structure: a hard layer, typically a CoFe
layer pinned by an antiferromagnet, is separated from a soft layer, usually a CoFe/NiFe
bilayer, by a non magnetic metallic thin layer [29]. TMR sensors have the same structure
except that the non magnetic spacer is replaced by a very thin insulating layer acting as a
tunnel barrier.
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10.6.2 Noise in GMR and TMR

Noise in GMRs has been studied through the European project Magnoise, and one of the
main results was the use of a yoke shape design for the stabilization of magnetic domains,
which resulted in the suppression of magnetic noise. We are currently producing GMR spin
valves sensors with a thermal noise of about 0.1nT/

√
Hz and a 1/f low frequency noise

below 100Hz without magnetic contribution [30]

TMR are very promising structures for sensors, especially since MgO barrier are used,
leading to MR of 250-300% at room temperature. Here as well, the noise aspect is crucial
for sensor, and we are currently investigating this aspect in the frame of the European
project Biomagsens. 1/f noise is especially important in TMR junctions mainly due to the
presence of defects in the barrier. We have recently shown that the minority carriers play
an essential role in the occurrence of this 1/f noise [31].

Figure 10.11: (Top) Schematic view of the device. (Bottom - left) The constriction aligned with
the yoke-type sensor is shown on the micrograph with its four titanium contact pads (in white).
(Bottom-right) Cross section schematic of the GMR-YBCO stack. The field lines generated in the
constriction rotate the magnetization vector of the GMR-free layer.
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Figure 10.12: Noise spectra at 4.2K and 77K, with a 5 and 15mA sensing current, respectively.

10.6.3 Ultra-sensitive mixed sensors.

Very low magnetic fields are detected up to now using SQUID-based devices. In the fem-
totesla range, only low-Tc SQUIDs have a sufficiently low level of noise to measure extremely
low signals, as for instance induced fields of the neural activity of the brain, for magneto-
encephalography (MEG). We have proposed an alternative to SQUIDs which combines a
superconducting flux-to-field transformer with a high-sensitivity magnetoresistive sensor
(GMR, TMR, CMR) [32]. The flux-to-field transformer is a superconducting loop con-
taining a constriction. When a field is applied perpendicularly to the loop, a supercurrent
runs through the loop to prevent the flux entrance. At the location of the constriction,
the current density is high and generates some high field lines, which can act on the free
layer magnetization of the GMR sensor. A change in the resistance of the sensor can be
therefore measured for very low fields. The superconducting flux-field transformer can be
built in low-Tc (Nb) or high-Tc (YBCO) material. Both mixed sensors have been tested
for low frequency detection. High-Tc mixed sensors are more sensitive because the magne-
toresistive sensor can accept a larger feeding current and then can deliver a higher voltage
variation for a field change, leading to a higher signal-to-noise ratio. The sensitivity of small
size sensor have been measured in the 30fT/

√
Hz range at 100Hz, [32]. At present a noise

of 5fT/
√

Hz in the thermal noise for flux field transformer gain of 650 has been obtained,
which corresponds to a sensitivity comparable to low-Tc Squids. The noise is at present
determined by the gain of the flux-field transformer and the noise of the GMR sensor in
a superconducting shield. Next year, a shielded room will be available on Neurospin site
with a magnetic noise lower than 1pT at 1Hz, allowing measurement noise caracterization
of these sensors.

These sensors present an alternative to Squids for biomagnetism applications. In particular,
in collaboration with Elekta-Neuromag, world leader in Magneto-Encephalographic system,
and with neuroscientists from Neurospin, we are planning to test our sensors on a MEG
system which will be installed at Neurospin, in order to replace the SQUIDs on a whole head
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Figure 10.13: NaNO2.signal observed by mixed sensors (plain curve) and classical resonant coil
NQR (dotted curve). The averaging was on 200 acquisitions for the resonant coil and 2000 for the
mixed sensor.

system. These mixed sensors are indeed easier to fabricate, can potentially present same
or better sensitivity than low-Tc Squids at 77K. At present, we are developing techniques
based on super-current modulation for cancelling the 1/f noise. [2 patents pending, 27 june
2007]

10.6.4 NQR and low field NMR

Furthermore, mixed sensors are wideband, and can operate at RF frequencies. We have
demonstrated that it is possible to perform Nuclear Magnetic Resonance (NMR) and Nu-
clear Quadrupolar Resonance (NQR) at very low fields with this kind of sensor. At 1MHz,
the sensitivity of optimised mixed sensors is one order of magnitude higher than classical
resonant coils. Figure 10.13 shows an example of 14N NQR resonance in NaNO2 with a
Nb based mixed sensor. One main result of these experiments has been to demonstrate
the robustness of mixed sensors submitted to very intense RF pulses. One application of
these sensors is the detection of explosives as a lot of common explosives like TNT or RDX
contain a large percentage of Nitrogen. We have demonstrated that mixed sensors can
detect presence of TNT in a very short time [33]. This has been an important advance
for this technique. In the near future we plan to develop a low field MRI system based on
mixed sensors.

10.6.5 Other sensors

Low noise GMR sensors have been used for different applications. In particular, we have
used GMR sensors for Non Destructive Evaluation of metallic defects [34] and we are
developing a scanner for magnetic mapping. We have also demonstrated the possibility of
very low consumption compass and high resolution current sensors.

In the frame of the European project M2EMS and in collaboration with Line Vieux-Rochaz
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at CEA-Leti, we have developed a 2D-compass on a chip for wrist-watch, with a resolution
less than 3◦ at a small current consumption (200μA) compatible with watch industry
requirements [35]. Micromotors and microgenerators have been developped in the same
european contract [36].

GMR sensors can be also used for precise mapping of field variation. Two applications have
been investigated. The first one is the use of GMR sensors as a new tool in non destructive
evaluation of metallic defects by use of eddy currents, in collaboration with CEA-LIST.
GMR linear arrays with a resolution of 50 μm have been developed. With a technique of
in situ demodulation [1 patent], defects of 50× 50× 50μm3 have been detected in metallic
plates. The second application is the magnetic mapping of surfaces or of small objects like
micro-meteorites.

Figure 10.14: Experimental mapping of the magnetic feld the 100× 100× 100μm flaw (left part),
and comparison with the simulated results (right part). [Collaboration LIST]

Figure 10.15: Micrography of a GMR array probe

10.7 GMR effect in the microwave range

Spin valves structures as described previously are now extensively used for magnetic read
heads of storage devices. In this field the constant decrease in size of magnetic bits and
the speed up of the electronics leads read heads to work at frequencies in the gigahertz
range. As a consequence the understanding of the magnetization dynamics of spin valves
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becomes a key point for the future of storage application. As spin valves are composed of
several magnetic layers with different magnetic properties, reduced in general as a free and
a hard layer, the problem is to understand which layer is involved in the dynamic process
and to determine if dynamic coupling exists between the different layers. In addition, the
determination of the frequency behaviour of the GMR effect itself is of interest. In order
to achieve this goal, we have pushed the technique of micro-antennas previously developed
in our group [37] for the determination of the spin dynamics of a single sensor. Figure
10.16 shows a schematic of the setup. A GMR based sensor with a picture frame shape
(70× 30μm2) and a line width of 5μm is contacted with two adapted lines, one for current
injection in the GHz range, the second for voltage measurement in the same range of
frequencies. On top of the GMR a micro-antenna with 6 micron width is deposited and
contacted to another adapted line. The dynamics of the sensor may be measured by the
change of impedance of the micro-antenna.

Figure 10.16: View of the setup for determination of the GMR effect in the GHz range.

10.7.1 Ferromagnetic resonance of a GMR sensor.

Ferromagnetic resonance is performed by measuring the change of impedance of the micro-
antenna with a spectrum analyzer and a source or a network analyzer. The former requires
a well calibrated circulator but is less noisy than the latter. This result shows the very
high sensitivity of micro-antennas approach with an effective volume of magnetic material
of about 0.1 μm3. It should be noticed that mainly the soft layer response is observed by
the micro-antenna below 10GHz. A resonance about 15GHz has been also observed and is
attributed to the hard layer dynamics [38, 39].
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Figure 10.17: Response of a GMR sensor as function of the excitation frequency. There is a large
enhancement of the sensitivity when the frequency is near the ferromagnetic resonance of the free
layer

10.7.2 Determination of the GMR effect in the microwave regime.

With an excitation in the GHz regime sent by the micro-antenna, it is impossible to measure
the GMR effect at the same frequency due to a very important inductive coupling between
the different lines. For that reason, we are using the fact that a GMR sensor is an in situ
demodulator. If a current I is sent at a frequency ωGMR and the field h0 applied by the
micro-antenna is at frequency ωh, a voltage at the sum and difference of theses frequencies
appears which is directly proportional to the susceptibility of the soft layer, the static
angle θ1 between the hard and soft layer and the GMR coefficient ΔR. As each term can
be determined independently, this voltage allows us determining the coefficient ΔR.

The model in green in Fig. 10.17 corresponds to a constant ΔR. It is easily seen a large
discrepancy. This difference is due to the dynamics of the hard layer itself. It appeared
that the hard layer is not at all hard in this frequency range and a coupled mode appears
which induces an enhancement of the sensitivity of the sensor. These results open the road
to a new design of magnetic sensors for GHz local detection.
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propriétés les plus intimes de la matière).

[6] S05/124 O. Petracic, Z.-P. Li, I. V. Roshchin, M. Viret, R. Morales, X. Batlle, and I. K. Schuller
Bi-domain state in the exchange bias system FeF2/Ni , 2005 (arXiv:cond-mat/0501107).

[7] S06/076 C.-P. Li, I. V. Roshchin, X. Batlle, M. Viret, F. Ott, and I. K. Schuller, Fabrication
and structural characterization of highly ordered sub-100-nm planar magnetic nanodot arrays
over 1 cm2 coverage area, J. Appl. Phys. 100 (2006), 074318 (7 pp.).

[8] S06/109 A. V. Ramos, J.-B. Moussy, M.-J. Guittet, A. M. Bataille, M. Gautier-Soyer, M.
Viret, C. Gatel, P. Bayle-Guillemaud, and E. Snoeck, Magnetotransport properties of Fe3O4

epitaxial thin films: Thickness effects driven by antiphase boundaries, J. Appl. Phys. 100
(2006), 103902.
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11.1 Introduction, context and perspectives

Jean-Philippe Bourgoin.

The Molecular Electronics Laboratory (LEM) develops a fundamental research program
that aims at fabricating devices and circuits based on nanometer sized building-blocks
consisting of (bio)molecules and carbon nanotubes. The LEM joined the SPEC January
first 2005, following a decision to gather within SPEC the electronics oriented nanophysics
activities of the DRECAM. At present, the LEM is composed of 8 staff members (7 re-
searchers among which one is presently in sabbatical leave, 1 technician), 5 Ph-D students,
and 5 post-docs. The LEM multidisciplinary research activity involves biology, chemistry,
condensed matter physics and electronics. It is anticipating future needs of the micro-
nanoelectronics and targets both possible complements and alternative to it. It is clear
that Silicon based technologies have been, are and will remain remarkably efficient for at
least the next ten years. It is equally clear that these technologies are evolving now towards
the use of more and more functions provided by exogenous technologies and that they will
face severe limitations on a 15 years time horizon. Those limitations will be more precisely
concerning issues like cost of production lines, complexity and thermal dissipation. Within
that context of so-called “beyond CMOS” research, molecular electronics, considered here
in a broad sense encompassing molecules, nanowires and nanotubes based electronics, offers
a number of potential advantages. Beside the nanometer scale of the objects that offer a
natural solution to the downscaling issue, these include self-assembling capabilities, new
functions that Silicon technologies cannot easily realize, and new architecture possibilities
to cope with the complexity and dissipation issues. Within the LEM, we identified the
following issues as crucial for the field both from the point of view of the physicist and
from that of the development of new realistic technology options:

• Mastering the chemistry of carbon nanotubes. This includes the purification, solu-
bilization and sorting of the nanotubes. This is the basis of any controlled experi-
ment going beyond the single nanotube device. We approach this issue by different
techniques elaborated on top of the purification techniques developed at LEM be-
fore 2003. In particular a promising approach, reported below, consists in using
triblock amphiphiles copolymers that both separate the nanotubes and tune their
spacing. Various techniques for chemically functionalizing nanotubes have been de-
veloped worldwide during the last 10 years or so, yet it remains a challenge to develop
end-chemistry of nanotubes as well as easy functionalization of the side walls that
do not alter the nanotube electronic properties. Several significant results obtained
along those paths, used for connecting and assembling nanotubes and also developing
chemical sensors are presented below.

• Directing the assembly of nanotubes. The LEM was a pioneer (’98-’99) in developing
nanotubes assembling techniques based on local functionalization of surfaces so that
the nanotubes selectively bind to the chemically modified surfaces. This technique,
together with the dielectrophoresis deposition that we investigated during the last
two years, are instrumental in our research and allowed us to demonstrate the use
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of nanotubes for the different electronic or opto-electronic functions detailed below.
Besides, bio-directed assembly is also developed: the remarkable self-assembling and
recognition properties of biological objects are used to prepare templates allowing the
localized deposition of nanotubes on the one hand and to develop complex nanotubes
interconnects schemes. This way we expect to be able in the future to even extend
to 3D the fabrication of circuits by self-assembly.

• Understanding of molecular electronics transport and interfaces. For what concerns
the molecules, capitalizing on the know-how developed in the LEM and Quantronics
group about the connection of single molecules and the mechanical breakjunction,
we conceived an experiment using superconducting leads connecting a very few H2

and D2 molecules to specifically probe the conduction channels. In the course of
developing these experiments we also demonstrated that the microscopic structure of
the electrodes connecting the molecules play a dominant role that blurs the molecule
exact contribution to the transport when non superconducting leads are used. The
influence of the different interfaces (substrate, metal connections) surrounding the
nanotubes onto their electronic transport have also been investigated with spectacular
results like the demonstration of the first p-type intentional doping of nanotube for
example [1, 2].

• Developing functions. We focused on three different functions based on nanotubes,
high frequency (GHz) transistors, NEMS and optically gated transistor and memory.
They make use respectively of the high mobility and large Fermi velocity of nanotubes,
TPa range Young modulus, and 1D-character-related exceptional charge sensitivity.
The obtained results establish the state of the art. They are described in details
below.

• Elaborating architectures that take advantages of the novel functions available with
molecular electronics. In particular, we target low energy computing with a neuromor-
phic approach. We used the versatility of the optically gated transistor and memory
to realize a synapse while the soma will be made out of a conventional CMOS circuit.
This approach combines the advantages of the two worlds, multifunctionality within
a very small volume for the nanotube part and standardisation for the CMOS one.

Some (most) of the researches mentioned above have been developed within national or
international collaborations, which are detailed in the following pages. A number of research
contracts have been obtained during the last 4 years including 4 european contracts, 2
projects from the Nanoscience Initiative of the French Ministry of Research, 3 projects
from the ANR, 1 Carnot project for developing research beyond the lab scale, and support
from the IDF region both through a SESAME project for rejuvenation of the clean room
(joint with the other nanophysics groups) and through specific support by the Paris Region
Nanosciences Competence Center (C’nanoIDF). Within the CEA, the LEM is one of the
key laboratory of the ChimTronique program, that was launched Jan. 1st 2006 to foster
the development of chemistry as a mean for breakthroughes in electronics. The LEM is also
a member of the C’nanoIDF established in 2005. This contributes to reinforce the scientific
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interactions between the LEM and the other research laboratories involved in molecular
and quantum electronics in the Ile de France area. The LEM also contributes to teaching
molecular electronics and self-assembly at the graduate and post-graduate level (courses at
Paris XI Orsay, at Ecole Polytechnique, and ESONN summer school in Grenoble), wrote
several book chapters related to those courses [3, 4] and articles for a broad public [5, 6, 7]
and participated in several actions for popularizing science towards the general public (TV
and internet interviews, science conferences for teenagers).

The LEM scientific perspectives are the following.

• On the first two themes devoted to “functionalization and directed assembly of nan-
otubes”, we consider the development of 3D interconnected networks of nanotubes
and nanoobjects more generally as a long term very challenging target. This re-
quires to master with precision the chemistry of the nanotubes and to consider the
information content of self-assembly from the information theory standpoint.

• For what concerns the “interface and transport studies” we expect to take advantage
of the researches we developed around the concept of using carbon nanotubes as
electrodes for addressing molecules and providing possible ways to bridge the gap
between the nano and the macroscale. The research on the molecule-metal interface
will be put on hold because the low temperature results obtained correspond to a
reasonably deep understanding of the problem and imply a very large fluctuation of
the behaviors at room temperature, thus precluding applications.

• The development of functions based on nanotubes will be pursued especially the high
frequency ones, where for the transistors, we expect to reach the frequencies were the
transport is depending on the nanotube not on the parasitics of the structure, and
where for the NEMS, measuring both the amplitude and phase of a nanotube oscilla-
tor remains a challenge and a blocking point on the road of ultra small (< fN/Hz1/2)
forces measurements. We intend also to pursue the development of optoelectronics
functions using chromophores grafted onto nanotubes, searching in particular for fast
processes and energy efficient ones.

• Finally, the quest for innovative computing architecture based on multifunction de-
vices will go on, capitalizing on the early developments described in the present
report.

11.2 Functionalisation of nanotubes

11.2.1 Click Chemistry

Stéphane Campidelli, Arianna Filoramo

Coworkers : B. Ballesteros, D. Diaz Diaz, G. de la Torre, T. Torres (UAM Madrid)
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Figure 11.1: Example of carbon nanotube functionalisation via click chemistry.

Carbon nanotubes possess exceptional electronic and mechanical properties, they appear
to be very promising materials for electronic and sensing, polymer composites, energy con-
version, or biological applications1,2. Fabrication of nanotube-based molecular assemblies
is still limited because of the difficulty to incorporate highly engineered molecules on the
nanotube surfaces. The emerging field of click chemistry can bring very elegant solution
to achieve easily nanotube-based functional materials3. In 2001, Sharpless introduced this
new concept in organic chemistry4. The term click chemistry defines a chemical reaction
which is versatile, clean with simple workup and purification procedures. Among the large
collection of organic reactions, Huisgen cycloaddition represents actually the most effective
reaction of the click chemistry5. This reaction consists to 1,3-dipolar cycloaddition between
azide and acetylene derivatives in the presence of Cu(I) catalyst. We describe the func-
tionalization of nanotubes with a 4-ethynylaniline derivative and the subsequent addition
of a porphyrin ZnP − N3 derivative bearing an azide group.

The compounds were fully characterized by standard analytical techniques such as, Ra-
man, absorption and emission spectroscopy, atomic force and scanning electron microscopy
(AFM, SEM) and thermogravimetric analysis (TGA). We demonstrated that this proce-
dure allows us to incorporate a significant amount of porphyrin (1/250 C) on the nanotube
sidewalls. Our interests are 1) to covalently attach photo- and/or electroactive moieties on
carbon nanotubes 2) to understand the communication between photo- and/or electroac-
tive moieties and the nanotube sidewalls (energy and/or electron transfers) and 3) to use
these results to produce new optoelectronic devices.

1O’Connell, Carbon Nanotubes: Properties and Spplications, (CRC Press, 2006).
2 E. Katz and I. Willner, Chem. Phys. Chem. 5 (2004), 1084.
3H. Li, F. Cheng, A. M. Duft and A. Adronov, Journal of the American Chemical Society 127 (2005), 14518.
4H. C. Kolb, M. G. Finn and K. B. Sharpless, Angewandte Chemie, International Edition 40 (2001), 2004.
5R. Huisgen in 1,3-Dipolar Cycloaddition Chemistry, Ed: A Pavda (Wiley, New-York 1984).
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11.2.2 Solubilising and sorting carbon nanotubes

Pascale Chenevier, Grégory Schmidt.

Singlewalled carbon nanotubes CNT are either metallic or semiconducting, and are ob-
tained as a random mixture in the CNT synthesis products. Indeed, the two categories
would be optimally used in different applications. Their separation remains a big chal-
lenge, although a few enrichment procedures have been demonstrated recently, using se-
lective chemical functionalisation6, differential adsorption7 or selective dielectrophoretic
deposition8. Beside, our gas sensor activity (described below) demands well separated
functionalised CNTs to increase the specific area in contact to air and hence the sensitivity
of the gas detection. For those studies and others, the preparation of stable suspensions of
pure, individual, non damaged CNTs is a high prerequisite. Therefore we inquire for new
methods of solubilising and sorting CNTs, that can be coupled to device fabrication.

The experiments, led by L. Goux-Capes and A. Filoramo, aiming at solubilizing CNTs for
studying their optical properties can be found in the references [8, 9, 10, 11]; the work
done in collaboration with S. Palacin’s Group at Saclay on electrochemical grafting onto
MWNT or surfaces appears in [12, 13]. Following the foreseeing work by Shvartzman-

Figure 11.2: Partially aligned carbon nanotubes deposited on a substrate using triblock amphiphilic
copolymers.

Cohen9, we chose triblock amphiphile copolymers to disperse CNTs in different solvents
(water, THF, DMF, heptane). Those polymers contain a poorly soluble part wrapping the
CNTs by solvophobic interactions, and a highly soluble part insuring the stability of the
suspension by steric repulsion. CNTs can then be separated according to their length by
size exclusion chromatography. Suspensions are stable over days and form aligned patterns
when deposited on a substrate (Figure 11.2). Our efforts now aim at optimising the size
separation, mastering the aligned patterns for device fabrication and applying metallic vs
semiconducting CNT separation methods to our preparations.

6C. A. Dyke, M. P. Steward and J. M. Tour Journal of the American Chemical Society 127 (2005), 4497.
7Y. Maeda et al., Journal of the American Chemical Society 127 (2005), 10287.
8D. S. Lee et al., Applied Physics a-Materials Science and Processing 80 (2005), 5.
9R. Shvartzman-Cohen, Y. Levi-Kalisman, E. Nativ-Roth and R. Yerushalmi-Rozen, Langmuir 20 (2004),
6085.
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11.2.3 Biodirected selfassembly

Sébastien Lyonnais, Laurence Goux-Capes, Khoa Nguyen, Stéphane Streiff, G. Robert,
Chia-ling Chung, Arianna Filoramo

Coworkers :C. Escudé (MNHN Paris), T. Livache, P. Mailley, E. Descamps (CEA/DRFMC
Grenoble), E. Lecam (IGR CNRS Villejuif), D. Côte (EPA, ENS Paris).

Single wall carbon nanotubes (SWNTs) have already been used to fabricate nanodevices,
like field effect transistors, with very interesting performances. However, to fully take
advantage of the unique electrical properties of SWNTs in device/circuit applications, it
is very desirable to be able to selectively place them -for connection- at specific locations
on a substrate with a low cost and high yield, self-assembly based technique. Nowadays,
the state of the art on self-assembly methods for SWNTs positioning can be divided in two
different classes: (i) in-situ CVD growth where the localization arises from the catalyst
controlled positioning and (ii) post growth deposition on a substrate.

In our laboratory we choose to study this latter case (self-assembly approach by nanomanip-
ulation after the growth process), where the nanotubes are first grown, handled in solution,
and subsequently positioned on the substrate.

Since 2000 we have developped a technique of localized nanotube deposition assisted by
self-assembled monolayers (SAM). This method relies either on a local chemical function-
alisation of the surface10 or on an electrostatic anchoring of surfactant covered SWNTs
on amino-silane functionalised surfaces11,12. The basic idea beyond these processes is the
same, but the use of amino-silane surfaces and organic solvent has allowed us achieving for
isolated SWNTs the control of both the deposition density and their selective placement
in the predefined area of the substrate13 [14, 15].

More recently we considered nanotube positioning assisted by a DNA-directed approach.
Among the new methodologies based on bottom-up approaches for future nanotechnology,
the exploration of the bio-directed assembly for organizing nano-objects is one of the most
promising ones. Indeed, the nanoscale is the natural scale on which biological systems build
up their structural elements, and biological molecules have already shown great potential
in fabrication and construction of nanostructures and devices. The key advantage in using
DNA as a scaffold for these constructions is that its intra- and inter-molecular interactions
are the most readily known, engineered and reliably predicted.

We considered the engineering of DNA-carbon nanotubes conjugates by means of both
non-covalent and covalent chemistry. DNA-SWNT complexes were characterised mainly by
gel electrophoresis, atomic force microscopy (AFM) and transmission electron microscopy
(TEM). We also considered the construction of a simple scaffold structure. Finally, we stud-
ied the metallization process of DNA strands. Concerning the non-covalent chemistry, we
focused on the development of a general method for the solution-phase assembly of SWNT

10J. Liu et al., Chemical Physics Letters 303 (1999), 125.
11J. Muster et al., J. Vac. Sci. Tech. B 16 (1998), 2796.
12K. H. Choi et al., Surf. Sci. 472 (2000), 195.
13E. Valentin et al., Microelect. Eng. 61 (2002), 491.
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Figure 11.3: Upper part: Scheme of the assembling principle for the non-covalent approach based
on the streptavin coated nanotubes and the biotilinated DNA strand. The streptavidin covers
the nanotubes thanks to hydrophobic interactions, then by molecular recognition the linkage with
biotilinated DNA strands is realized. We insert the biotin by polymerase chain reaction (PCR)
in different region of the DNA strands as showed in A, B, C. Bottom part: AFM images of the
DNA-nanotube adducts for the different biotinilinated DNA strands A, B, C.

with DNA using a highly specific biological molecular recognition complex : the strepta-
vidin/biotin system. Previous studies have shown that streptavidin can be non-specifically
adsorbed and close-packed onto multi-walled carbon nanotubes14,15. The binding mode is
not exactly known and may involve, among others, hydrophobic interactions16. Thus, we
probed the possibilities to directly associate biotinylated double-stranded DNA (dsDNA)
molecules with streptavidin-coated SWNT into controlled assemblies, as represented in Fig-
ure 11.3 (respectively showing in the upper part the schema of assemblies principle and in
the bottom part the corresponding examples of AFM characterizations). This work was
published in [16, 17], patented [18] and recently submitted to Small. Several studies have
reported covalent chemical linkage between DNA and SWNTs2 but to go towards complex
circuits we need to fulfill an additional requirement: to control DNA coupling location at
the nanotube ends. In our laboratory, we modified a traditional route to couple molecules

14Bradley et al., Nanoletters 4 (2004), 253.
15Balavoine et al., Angew. Chem. Int. Ed. 4, 1912.
16Ostuni et al., Langmuir, 17 (2001), 5605.
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Figure 11.4: Upper part: Scheme of the assembling principle for the covalent approach. The
linkage is realized by activation of the carboxylic defects present on the nanotubes. Then, these
activated sites react with the amino group that we inserted by PCR at the extremity of the DNA
molecule. Bottom part: AFM images of various DNA-nanotube complexes (realized by different
coupling conditions).

to nanotubes to achieve a selective coupling at the NT extremities. To do so, we devel-
oped a strategy to work in catalytic conditions of coupling reagent and we investigated the
protecting role of surfactant. We characterized the samples by an AFM statistical study
over more than 250 nanotubes per samples to clearly establish the selectivity of coupling
onto NT extremities. So far, depending on the conditions, a selectivity of up to ca 70% of
end-functionalization could be obtained. The scheme of the envisioned reaction and AFM
characterization are reported below in Figure 11.4.

We are currently applying this covalent method to assemble DNA with SWNT into basic
architectures. The idea is to obtain for example two SWNT linked by a small linear DNA
adaptator, or trains of end-to-end linked SWNT, or small 3-pads DNA junction as shown
in Figure 11.5.[19]

Figure 11.5: Examples of connected nanotubes via small DNA scaffold.
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Figure 11.6: Left panel: Scheme and AFM image of the T shape scaffold we designed to realize a
three terminal device. Right panel: Principle of positioning and AFM image of nanotube on the T
scaffold by streptavidin-biotin non covalent linkage.

Moreover, as a first exploration of DNA-based nanoarchitectures with interesting geome-
tries for nanoelectronic purposes, we synthetized and characterized a three-stranded DNA
scaffold to mimic a three pads transistor. The assay was performed on a three-stranded
DNA scaffold of a length sufficient to enable the future integration of the DNA template
between microelectrodes in microfabricated arrays. Moreover, another important challenge
we addressed is the control of the specific and selective deposition of nanotubes as functional
elements on predefined location on such DNA templates using the non-covalent method as
reported in Figure 11.6.

Finally, concerning the investigation of use of the nucleic acids scaffold for electrical connec-
tivity an effective method for producing conductive nanowires was developed. It is based on
an extensive study of the electroless metallization of the DNA scaffolds. Our main concern
was to develop a reliable technique with controlled kinetics, thus good yield and homogene-
ity, for obtaining metallic thin nanowires (NW) while minimizing any parasitic metallization
of the surrounding surface. For this purpose, we conceived a new method where the NW
are grown progressively by slow and selective precipitation of palladium oxide before the
reduction step. We achieved very homogeneous and thin conducting nanowires with a

Figure 11.7: Left side Scanning electron microscopy (SEM) image of a DNA based Pd metallic
nanowires. The DNA strands are first combed on a surface and then metallized by the electroless
plating method we developed. The scale bar is 500nm Middle part: SEM image of a DNA based
Pd nanowire contacted by gold electrodes. Right side I/V characteristic of the contacted nanowire
showing an ohmic behaviour (measurement performed at room temperature). The resistivity for
such nanowires is of the order of microohms/m.
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high yield (typical results reported in Figure 11.7). This work was recently submitted to
Advanced Materials.

The different building blocks described above are now combined to try and develop de-
vices (transistors and diodes) and circuits. This work is pursued within a national project
(BIONT) granted by the Fonds National de la Sciences and by an européen project (NU-
CAN).

11.3 Understanding of Molecular Electronic Transport and
Interfaces

One of the key problems in the field of molecular electronics is the understanding of the role
of interfaces in electronic transport. In a general way, all the devices containing molecules
or macromolecules can be seen as systems with several interfaces. Our scientific activity is
devoted to this problem on two types of systems: structures containing carbon nanotubes
and structures comprising a small number of molecules.

11.3.1 Electronic Transport through a small number of Molecules

A. Isambert, M. F. Goffman.

Collaboration : C. Urbina (Quantronics Group, SPEC), J. C. Cuevas (UAM, Spain), E.
Scheer (Universität Konstanz, Germany)

Understanding electronic transport through a single molecule is one of the requirements
for designing devices which use them as building blocks. This central problem in molecular
electronics implies the realization of a stable and reproducible connection of a molecule to
at least two metal electrodes. To date unfortunately there is no technique, except some
exceptional demonstration17, allowing to control matter on the subatomic scale to obtain
metal-molecule-metal structures with controlled geometry. The last twenty years several
approaches towards this realization had appeared, in particular the scanning tunneling
microscope18 and related techniques like mechanically controlled break-junction19. It is
this last technique at very low temperatures that was implemented in our laboratory in
order to carry out metal-molecule-metal junctions but especially to use superconducting
electrodes. Indeed, superconductivity brings a great richness in electronic transport20,21.
It is this richness that highlighted the direct relation between the number of conduction
channels through a single atom and its chemical valence22. Our goal is to carry out the same
kind of experiments on a single molecule in order to make evident the conduction channels

17D. M. Eigler, C. P. Lutz and W. E. Rudge, Nature, 352 (1991), 600.
18G. Binnig, H. Rohrer, Ch. Gerber and E. Weibel, Phys. Rev. Lett. 49 (1982), 57.
19 J. M. van Ruitenbeek et al. Rev. Sci. Instr. 67 (1996), 108.
20 E. Scheer, P. Joyez, D. Esteve, C. Urbina and M. H. Devoret, Phys. Rev. Lett. 78 (1997), 3535.
21M. F. Goffman et al., Phys. Rev. Lett. 85, (2000), 170.
22E. Scheer et al., Nature 394 (1998), 154.
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Figure 11.8: A) Three-point bending mechanism. The pushing rod bends the kapton substrate.
The distance between the two countersupports was 10mm, and the substrate was 0.3mm thick.
The micrograph shows a suspended Al microbridge. The insulating polyimide layer was etched to
free the bridge from the substrate. B) I(V ) characteristic (open circles) of an atomic-size contact.
Solid line: best fit using MAR theory (see text). Dash lines: individual channel contribution

through the molecule, what we can henceforth call the conduction channel spectroscopy of
the metal-molecule-metal junction.

The break-junction technique is depicted in Fig. 11.8A. Fabrication details can be found
elsewhere19. The samples are 2 μm long, 100 nm thick suspended Al microbridges, with
a 100 nm × 100 nm constriction in the middle (cf. Fig. 11.8). The bridges are broken at
low temperature (T < 1K) and under cryogenic vacuum at the constriction by controlled
bending of the elastic substrate mounted on a three-point bending mechanism anchored to
300mK refrigerator. The geometry of the bending mechanism is such that a 1μm displace-
ment of the rod results in a relative motion of the two anchor points of the bridge of around
10pm. In this way two clean superconducting electrodes are obtained. The voltage and
the current through the device are measured using two low-noise differential preamplifiers.
Figure 11.8B shows an example of an I(V ) characteristic of an atomic-size contact in the
superconducting regime and its channel decomposition. A precise determination of the
channel content20 of any superconducting contact is obtained by assuming that the total
current I(V ) results from the contributions of N independent channels

I(V ) =
∑N

i=1
I(V, τi) (11.1)

Since the electronic transport properties of a contact strongly depend on its microscopic ar-
rangement, a statistical comparison of different atomic-size contacts is necessary for under-
standing the nanoscopic details of single-atom circuits. The statistical study of the evolution
of aluminium atomic-size contacts as a function of the spacing between electrodes makes
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Figure 11.9: Two openings after introduction of Hydrogen. Last plateau shows contacts containing
typically two channels (towards N = 1). Transmissions probabilities after hydrogen introduction
are statistically smaller than in the case of Al-Al contacts.

evident that the most probable number of channels is N = 3 with an evolution towards a
single highly transmitted channel (τ ∼ 1)when elongating the contact, in agreement with a
microscopic model23,24. Inset of Fig. 11.8 shows an example of channel spectroscopy of an
atomic-size contact during elongation that highlights this behavior. After this character-
ization, Hydrogen was introduced to form aluminium-hydrogen-aluminium contacts. The
statistics observed on this type of contacts show two quite distinct kinds of behavior: an
aluminium-aluminium type behavior (N = 3 towards N = 1) and a behavior with contacts
that contain typically two channels. Two examples of channel spectroscopy of this kind of
contact are shown in Fig. 11.9. We interpret this last behavior as Aluminium-Hydrogen-
aluminium contacts. Transmission probabilities in this case are statistically smaller than
in the case of Al-Al contacts. Those results constitute the first input to a theoretical model
that describe microscopically this kind of molecular junction. Experiments probing the in-
elastic transport effects and comparing Hydrogen and Deuterium are at the moment under
development.

The results obtained on single rod-like molecule transport before the LEM joined the SPEC
and on transport through self-assembled monolayers are not described here. They can be
found in refs. [20, 21, 22, 23, 24, 25, 26].

23J. C. Cuevas, A. L. Yetati and A. Mart́ın-Rodero, Phys. Rev. Lett 80 (1998), 1066.
24J. C. Cuevas, private communication(2007).
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11.3.2 Interfaces issues in carbon nanotube devices

Stéphane Auvray, Julien Borghetti, Vincent Derycke, Marcello Goffman, Arianna. Filo-
ramo, Jean-Philippe Bourgoin.

Coworkers :O. Jost (TU Dresden), E. Dujardin (CEMES CNRS Toulouse)

Carbon nanotube field effect transistors (CNTFETs) are known to have exceptional elec-
trical performances, in particular, due to the very long carrier mean free path (>300 nm at
room temperature and low electric field). However, accessing these performances requires
to master the different interfaces at the molecular scale. The LEM has worked on the chem-
ical optimization of CNTFETs and showed that an appropriate chemical treatment of the
source and drain electrodes significantly improves holes injections at the nanotube/source
electrode interface [1, 27]. Indeed, assembling a molecular layer of polar molecules on the
gold source electrode leads to an increase of its effective work function thus reducing the
Schottky barrier height at the metal-nanotube junction. We then showed that a second
interface can be put at profit to tune the electrical characteristics of CNTFETs: the nan-
otube/gate dielectric interface. Our CNTFETs fabrication techniques involves a molecular
monolayer of aminopropyl triethoxy silane (APTS) grafted on the SiO2 surface. This layer
allows the selective deposition of nanotubes exclusively on chemically modified patterns
(Fig. 11.10 left). By adjusting the charge on this layer using an acid or a base in the gas
form, we can very efficiently modify the doping level of the transistor channel [2]. In par-
ticular, protonating the amine groups at the dielectric surface using TFA (trifluoro acetic

Figure 11.10: Left: AFM image (phase mode) of a carbon nanotube field-effect transistor fabri-
cated by chemical self-assembly (source-drain separation 100 nm). Right: Effect on the transfer
characteristics of the chemical treatment of the device by an acid in the gas phase. The effect
comes from the cumulated actions of an improvement of holes injection at the source electrode and
a doping by protonation of the amine terminated APTS surface used for the selective deposition
process. VDS = −200mV .
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acid) leads to a p-type doping, that combines with the effect of TFA on the efficiency of
holes injection at the source contact, to yield a drastically improved transfer characteristic
(Fig. 11.10 right). Noticeably, this sensitivity to the nanotube-electrode interface could be
used to demonstrate 10 ppb range sensitivity to triethylamine [2].

11.4 New functions

11.4.1 Functionalised carbon nanotube transistors as toxic gas sensors

Nicolas Izard, Natasa Jankovic̀, Pascale Chenevier.

Coworkers : F. Dubois, E. Doris, C. Mioskovski (DSV/iBiTec-S/SCBM)

Figure 11.11: (left) Scheme of principle for an organophosphorous gas sensor. (right) Current vs
gate voltage characteristics of CNT (black) et pyridin-CNT (pink) transistors, before (straight line)
and after (dotted line) exposure to methyliodine, an alkylating gas. Data were renormalised by the
maximal current before exposure. Diamonds : average normalized current at zero gate voltage for
a series of 8 samples.

Carbon nanotubes (CNT) are excellent candidates for chemical sensor devices. First, they
offer a wide specific area thanks to their nanometer size. Second, CNT transistors are
extremely sensitive to electrostatic inputs from their proximal environment, which produce
powerful gate effects. Third, their chemistry allows to graft a wide variety of molecules at
their surface, which will provide selectivity in the chemical recognition. DNA and protein
sensors have been demonstrated in the literature, as well as multiple gas sensors mostly
using the direct adsorption of gases onto CNTs. Within the Nuclear, Radiological, Biolog-
ical and Chemical Menace Response program, we proposed the development of warfare gas
sensors allying CNTs and a warfare chemical probe25, specifically reactive to organophos-

25S. W. Zhang and T. M. Swager, Journal of the American Chemical Society 125 (2003), 3420.
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phorous gases. The sensor working principle is described below.

The published probe have been modified by the adjunction of an amine moiety on the
pyridin part of the molecule, to allow its grafting on CNTs after conversion to diazo. The
15-step synthesis (overall yield 48%) was performed by our coworkers in iBiTec-S, as well
as the grafting onto CNTs. In parallel with the organophosphor probe, we tested a more
simple system using diazopyridin, which is both an analog of the probe for its reaction with
CNTs and a good sensor for alkylating agents, another interesting class of toxic gases. A
low grafting rate (1 to 5%) was achieved to preserve the structural integrity of CNTs, and
therefore their conductivity.

The functionalised CNTs were then deposited as mats between two parallel electrodes using
dielectrophoresis and connected as transistors. Thanks to this method, all kinds of CNTs
with any functionalisation can be deposited with a high density for electrical measurements.
The current vs gate voltage characteristics have been measured before and after exposure to
an alkylating gas for dozens of samples (see Figure 11.11). A two-order-of-magnitude drop
in current is observed for pyridin-CNTs whether control CNTs conductivity only drops
by a factor of 3 on average. Results are still variable though and the reactivity of the
organophosphorous gas probe, more difficult to measure, has still to be evaluated.

11.4.2 Carbon Nanotube based Nano-ElectroMechanical Systems

R. Lefèvre, E. Mile, M. Monteverde, V. Derycke, M. F. Goffman, J.P. Bourgoin.

Coworkers : L. Forro, C. Miko (EPFL), P. Hesto (IEF PAris XI Orsay), J. Kinnaret
(Chalmers University Goteborg)

Carbon nanotubes (CNTs) are promising candidates for designing and developing nanoelec-
tromechanical systems (NEMS) because they combine excellent electronic and mechanical
properties. High conductivity of CNTs allows for designing simple sensing and actuation
systems based on the direct electrostatic coupling with metallic gates. Their exceptional
stiffness, low mass and dimensions ensure operating frequencies in the GHz range making
them suitable for a number of applications26. The aim of our activity in this field is to
explore the relevance of carbon nanotubes in NEMS applications.

The first step towards this goal is to understand the electromechanical properties of carbon
nanotubes (NT). We performed numerical calculations on simple structures comprising a
single NT. The heart of the system is a doubly clamped suspended NT three-terminal
device (see insert of Fig. 11.12) deflected by an electrostatic force induced by a back gate
voltage VG. Numerical calculations of the maximum deflection u of the NT as a function of
the gate voltage VG for various diameters D and lengths L of the NT show that a scaling
law linking u to VG exists for a fixed NT-gate distance. Indeed, all the curves u(VG) are
superimposed when one plots u/D as a function of a normalized gate voltage VGL2D−2.25.
This scaling law derived from continuum beam theory when uMAX � D, is observed in all
the range of voltages and allows to finely adjust the geometry of each device. The discovery

26A. N. Cleland, Foundations of Nanomechanics (Springer Verlag, Berlin, 2003).
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Figure 11.12: (A) Maximum deflection u as a function of VG for devices #1 (L = 600nm ,
D = 10nm), #2 (L = 770nm, D = 13.5nm ), #3 (L = 480nm, D = 10nm)and #4 (L = 975nm,
D = 21.5nm). (B) Normalized u as a function of rescaled VG. Insert: SEM image of a typical
device used in AFM experiments.

of this scaling law motivated the realization of an experiment intended to validate it in the
simplest way (see Fig. 11.13). For this experiment we fabricated a structure comprising a
suspended NT connected to two metal electrodes. The gate (heavily doped silicon) is used
to attract the NT electrostatically. The tip of an atomic force microscope (AFM), placed
at the center of the NT is used to detect the vertical deflection u. Measurements of u as
a function of the gate voltage VG for different NT (different D and L) show clearly and
without adjustable parameters the existence of such a scaling law. These results allows us
to obtain the Young modulus of the NTs used (ca 0.4TPa). The results were published in
Physical Review Letters [28]and in [29].

The understanding of the electromechanical behavior of NTs and the developed knowhow
in fabricating NT-based devices led us to the realization of suspended switches containing
carbon nanotubes. The fabrication process consists in carrying out a trench by reactive ion
etching through a mask deposited on a silicon substrate and then to fill it by metal evapo-
ration up to a given thickness thus leaving a well defined gap (precision of 2nm) between
the upper surface of metal electrode and the surface of the substrate. Multiwalled NTs are
then deposited perpendicular to the buried electrode by the self-assembling technique pre-
viously developed in the laboratory27. NTs are then connected electrically by evaporation
of metal contacts.

In this geometry where the distance between the nanotube and the metal electrode is small,
the deformation of the nanotube brings it in contact with the electrode giving rise to a very
effective switch behavior due to the mechanical instability appearing beyond a deformation
corresponding approximately to the third of distance NT with rest-electrode. Once in

27K. H. Choi et al., Surf. Sci. 462 (2000), 195.
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Figure 11.13: Electrical measurements of a singly clamped MWNT in a cantilever geometry (see
scheme). The arrows indicate the direction in the hysteresis cycle. The current increases suddenly
from zero to a high value when the tube jumps in contact with the bottom electrode.

contact with the electrode, Van der Waals interaction keep stuck the nanotube even under
a reduced voltage what can be useful for memory applications. This result was published
in Applied Physics Letters [30].

The work presently performed within the NanoRF european project now targets the mea-
surement of the dynamical proprties of CNT based NEMS.

11.4.3 High frequency carbon nanotube devices.

Nicolas Chimot, Vincent Derycke, Marcello Goffman, Jean-Philippe Bourgoin.

Coworkers: J.-M. Bethoux, A. Le Louarn, H. Happy, G. Dambrine (IEMN, Lille)

Single-wall semiconducting carbon nanotubes are one of the most promising materials for
the development of electronic devices working at very high frequencies. Several theoretical
studies predict cut-off frequencies in the THz range for short channel transistors in the
ballistic regime. However, despite this high potential, experimental realizations are still
sparse and the measured frequencies limited to low values. It comes principally from
two factors: the high impedance of individual nanotubes (> 6.5kΩ) is not adapted to
conventional HF equipment (50Ω) and the parasitic contributions usually dominate over
the intrinsic nanotube contributions (due in particular to its very small diameter of 1-2 nm,
much smaller than the electrodes dimensions). In this context, the LEM has developed,
in tight collaboration with the group of Gilles Dambrine at IEMN (CNRS, Lille), high
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frequency carbon nanotube-based devices with a current gain cut-off frequency (fT) as
high as 30 GHz. These devices are composed of multiple nanotubes in parallel, which
allow a correct matching to 50Ω and lower the impact of parasitic capacitances. Our
first realizations [31, 32, 33, 34] were based on random networks of nanotubes assembled
using surface chemistry (see details on the APTS method in [2] and references therein).
In such configuration, we obtained a fT of 8 GHz (after de-embedding, i.e. correcting
the impact of parasitic capacitance using data obtained on similar structures but without
nanotubes). This frequency was, at the time of the publication, the highest reported value
for such a nanotube device. We recently proposed an improved version of this device
using dense networks of preferentially aligned nanotubes. These networks were assembled
using the dielectrophoresis technique: nanotube dispersed in solution are attracted toward
the source and drain electrodes using an AC electric field, which drives and aligns the
nanotubes. With such a 2D film of aligned nanotubes, fT reaches 30 GHz [19, 35] (after
de-embedding). While being the present highest value reported, it is still well below the
potential of nanotubes but several routes for the improvement of these performances have
been identified and are presently investigated.

The methods of fabrication and characterization we have used in this study are compatible
with any type of substrates, in particular plastic ones. This opens new opportunities for
the realization of high frequency flexible electronic devices. We recently demonstrated
nanotube-based flexible transistors with measured fT (before de-embedding) as high as 1

Figure 11.14: (left) Electron microscope images of a device composed of multiple SWNTs in parallel
deposited by dielectrophoresis, before (up) and after (down) the deposition of the source en drain
electrodes (scale bar: 5μm). (right) Corresponding HF performances: current gain (H21) before
and after de-embedding and maximal stable gain (MSG). fT is the current gain cutoff frequency
and reaches 30 GHz for H21int.
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GHz [36]. In this context, nanotubes are by far more promising than the conventional
materials used in flexible electronics such as polymers and molecules, which are limited by
very low carrier mobilities. Nanotubes compete favorably with semiconducting nanowires
(and ribbons) and should in principle achieve better performances at strong bending angles
due to their superior elasticity. This work is funded by the ANR through the PNANO
project HF-CNT and by the C’NanoIDF.

11.4.4 Opto-electronic nanotube devices and architectures

Julien Borghetti, Yves Lhuillier, C. Anghel, Vincent Derycke, Pascale. Chenevier, Ari-
anna Filoramo, Marcello Goffman.

coworkers: S. Lenfant, D. Vuillaume (IEMN, Lille), C. Gamrat (DRT/LIST), B. Giffard
(DRT/LETI/DOPT)

The functionalization of a field effect transistor, the channel of which is an individual semi-
conducting nanotube, by a thin film of a photo-conducting polymer allows to combine the
exceptional electrical properties of nanotubes with the optical properties of organic mate-
rials. We have fabricated nanotube transistors using the chemical self-assembly technique
described above and functionalized them with a thin film ( 5nm) of poly(3-octyl-thiophene),
a semiconducting conjugated polymer. The study [37] shows that the photogeneration of
charges in the polymer allows the modulation of the nanotube conductivity over four orders
of magnitude. The static and transient electrical properties under illumination, of as-made
nanotube transistors, functionalized ones and organic TFTs without nanotubes were stud-
ied. It demonstrates that the optical command of the devices is due to the electron trapping
at the interface between the gate dielectric and the polymer and in particular in silanol
groups. Depending on the gate bias, the device behaves as an optically driven current
modulator or as an electrically erasable non volatile optical memory. The carbon nanotube
acts as a local probe remarkably sensitive to the photogenerated charge distribution in the
polymer film and at the polymer-dielectric interface. This work has interesting perspectives
for light detection [38], which initiated a collaboration with the CEA-Leti (DOPT) for the
development of low-cost, sub-λ pixels in the framework of the Carnot Project Pixel. It is
presently developed in that direction studying the different parameters that control the per-
formances and varying the functionalization to try and optimize the speed and sensitivity
of the devices (see below the work on PSI systems).

A second interesting perspective concerns the development of new circuit architectures
based on nanodevices with a double electrical and optical command [39]. Indeed, complex
circuits based on molecular electronic elements will probably suffer from the inherent de-
fects of nano-device assemblies. In order to take advantage of these emerging technologies,
circuit architects have to focus on fault-tolerant and/or self-adaptive designs. Among re-
cent architectures targeting molecular electronics, there is a growing consensus on neural
networks being a major computing model to address fault-tolerance at such scale. Circuits
based on neural networks would learn how to perform the intended functions and adapt to
defect dynamically. In collaboration with the CEA-DRT List, we are currently developing
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Figure 11.15: (left) Transfer characteristics of a nanotube transistor before (open circles) and after
(black dots) functionnalization by a thin film of P3OT and of the same device under illumination
(at λ = 457nm, blue dots). At VGS = 2.5V , light induces a four orders of magnitude increase
of the nanotube conductivity. (right) ID(t) plot showing the memory effect based on an ”optical
write-electrical erase” principle: a light pulse brings the device in its on-state (’1’) and a negative
bias pulse brings it back to its off-state (’0’).

a new architecture (called Spike Modulation Adaptive Lattice), which relies on large arrays
of electrical synapses. Synapses, which are the weighted transmitters that connect neu-
rons, can be implemented using optically gated nanotube transistors, thanks to their dual
command and memory properties. In the proposed architecture, electrical signals (voltage
spikes) are modulated by an array of functionalized nanotube transistors and the result-
ing signals are processed by electrical neurons implemented in classical CMOS technology.
Using computer simulations, we showed that a single nanotube transistor is sufficient to
build a synapse. Because most neural networks count much more synapses than neurons,
implementing synapses with nanotechnologies and neurons with CMOS technology would
allow large improvements in terms of density.

11.4.5 Photosensing carbon nanotubes using photosynthetic proteins

Grégory Schmidt, Pascale Chenevier

Coworkers : B. Lagoutte, W. Leibl, P. Setif (CEA DSV/iBiTec-S/SB2SM)

Photosystem I (PSI) is a plant protein involved in photosynthesis. Thanks to the hundreds
of chlorophylls it contains, PSI absorbs light and produces a charge separation along its
central axis with quantum yield 1. Following our work on optically gated CNT transistors,
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Figure 11.16: (a) Principle of a 4x4 synapse (OG-CNTFET) grid. Light is used to globally address
the grid (blue shaded area) and electrical spikes along the columns and rows (red arrows) locally
set the nodes to appropriate conductance levels. (b) Such small grid can then be embedded into a
more complex matrix including conventional CMOS parts that act as neurons.

we target to use PSI as an optimal dye in optoelectronic devices in association with CNTs.
CNTs could either detect the high dipolar moment induced in PSI under illumination, or
harvest electrons from photoexcited PSI in a photovoltaic device.

The first device we study is a PSI optically gated transistor. PSI molecules are deposited by
chemical affinity around CNTs connected between the transistor electrodes, and electrically
measured under illumination. The very first tests showed that the only presence of PSI
induces a n-doping of the CNT transistor. Our efforts are now dedicated to stabilizing PSI
in a proper buffer or gel, and studying its ability to commute from base to photoexcited
states in the transistor conditions. Beside, the orientation of PSI near the CNTs remains
an unanswered question: using chemical grafting and electrical polarization, we try both
to control and measure the average orientation of PSI on the substrate.

Figure 11.17: (left) Scheme of a PSI optically gated CNT transistor. (right) AFM picture of CNTs
surrounded by PSI molecules on an amine derivatised silica surface.
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rayonnements électromagnétiques, procédé de fabrication, utilisation de ce dispositif et imageur
l’incorporant Demande de Brevet, 2007.

[39] S04/170 J. Borghetti, J.-P. Bourgoin, P. Mordant, V. Derycke, A. Filoramo, and M. F. Goffman
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12 Research on Matter
Sciences

Permanent members: A. Grinbaum, E. Klein.

Postdoctoral fellow: V. Bontems

12.1 Core activities

The new Laboratory for Research on Matter Sciences (LARSIM), was created as a part of
SPEC in January 2007. Other than its director Etienne Klein, LARSIM currently consists
of Alexei Grinbaum and Vincent Bontems (postdoc). The new laboratory is partly financed
by the ANR through the FoundPhys project, whereby LARSIM operates in partnership
with the École Polytechnique. LARSIM’s mission is to achieve a better understanding of
the issues raised by the DSM’s research activities, especially in cases when they lead to
misunderstanding or public anxiety.

During the first trimester of 2007, following a request by the “Administrateur Général” of
the CEA, LARSIM has mainly studied ethical and societal impacts of nanosciences and
nanotechnologies. With a goal of assisting the CEA in defining its strategy in positioning
itself on the research arena and in adopting its communication strategy to the changing
social situation, we have studied ethical and societal implications of nanosciences and nan-
otechnologies. We first conducted numerous discussions during our visits to Grenoble, with
participation of researchers from the MINATEC, the DRT, and IdeasLab. We have col-
lected material from ground studies, particularly in the matters concerning public debate
on nanosciences. We then created a discussion group on nanosciences, bringing together
members of the DSM, the DSV, the DRT and the DCOM. The discussion group studied a
set of carefully selected research articles on the nanosciences and debated the issues raised
in these articles. These discussions allowed us to get a better understanding of the various
issues relative to nanosciences and of opinions within the CEA with respect to the highly
debated points of view of nanosciences and nanotechnologies.

We then studied and debated numerous issues internally, as well as at international con-
ferences and at various events organized in France at the national level. As a final result,
LARSIM published a CEA report on nanosciences, consisting of five chapters:
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• What are nanosciences and nanotechnologies?

• What is the societal context of their development?

• How are they thought of?

• Which ethical implications of nanosciences and nanotechnologies?

• Recommendations for the CEA

The report (73 pages) “Debate on nanosciences: issues for the CEA” was handed to the
“Administrateur General” of the CEA on June 26, 2007. We have also done a study for
the “Conseil d’Analyse de la Société” on the relationship between youth and science. This
study appeared under the title “Les Jeunes et la science : Faire face à la crise des voca-
tions scientifiques” (Note no. 5 of the Conseil d’Analyse de la Société, La Documentation
Française, January 2007). We have actively partipated in a conference on irreversibility
in April 2007 (Cargese). All LARSIM members were speakers at the conference, and the
proceedings are being prepared for publication.

Alexei Grinbaum organized an international conference “Philosophical and formal founda-
tions of modern physics” (Les Treilles, April 2007). He also co-organized an international
conference “Social and ethical implication of the nano-, bio-, info-, cogno- technological con-
vergence” sponsored by the France-Stanford Center for Interdisciplinary Studies (Avignon,
December 2006).

12.2 Book publications

Etienne Klein is together with Marc Lachièze-Rey and Roland Lehoucq a curator of the
permanent exhibition at the Cité des Sciences that will open in February 2007. He has
completed its preparation during Spring 2007. Associated to this exhibit, he will publish
a book in November 2007 at Editions Le Pommier. Based on his HDR (Habilitation)
thesis defended in December 2008, he has also prepared a book on the problem of time
(“Le facteur temps ne sonne jamais deux fois”), to be published in September 2007 by
Flammarion. Another book by Etienne Klein, on the Higgs boson, will appear at Plon’s in
November 2007.

12.3 Seminar on the foundations of physics

LARSIM created at the CEA a new ongoing seminar on the foundations of physics. Seven
sessions were held during Spring 2007, with French and international speakers. Alexei
Grinbaum is currently in charge of the activities in the foundations of physics in the larger
Paris area (ANR FoundPhys project). A worksession on the operational approached to
quantum theory will be organized in October 2007.
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12.4 Pedagogical activities

Etienne Klein is Professor at the École Centrale. He has also given three lectures on
quantum physics at the Cité des Sciences (13, 20 and 27 January 2007). He delivered
three other lectures as part of the continuous education program “Culture scientifique et
technique” which he had started at the INSTN.

Publications: [1, 2, 3, 4, 5, 6, 7, 8]
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Aumâıtre S., 17, 28
Auvray S., 209, 222
Avenel O., 159, 172

Ben Hamida A., 183
Benattar J.-J., 83, 94
Bertet P., 127, 143, 150
Bizière N., 183
Boccara N., 59, 64, 73
Bonetti M., 17, 32
Bontems V., 235
Bonville P., 103, 111, 113, 115
Borghesi C., 59
Borghetti J., 209, 222, 228
Bouchaud J.-P., 59–61, 68
Boulant N., 127
Bourgoin J.-P., 209, 210, 222, 224, 226
Braslau A., 83, 90
Brito C., 59

Campidelli S., 209, 212
Canet L., 59
Carrey J., 183
Carton J.-P., 83, 86
Cespedes O., 183
Chaleil C., 159
Chantorn W., 59
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Lefèvre R., 209
Leiksikov A., 183
Leprovost N., 17
Le Goff G., 183
Lhuillier Y., 209, 228
Liz Costa-Carvalhas C., 83
Lyonnais S., 209
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II

Organisation of the SPEC (August 2007) 
 

                 
                 
            
    DIRECTION    MODEL OBJECTS FOR BIOLOGY   
    Director Eric Vincent    Mohamed Daoud Alan Braslau   
         Jean-Pierre Carton Gilbert Zalczer   
    Deputy director François Daviaud    Alexey Polotskiy (P)    
             
    Secretaries Sandrine Thunin    Jean-Jacques Benattar Gaëlle Andreatta (T)   
     Nathalie Royer    Radka Petkova (C) Xiuhong Li (C)   
               
    Scientific Counsellor  Robert Conte          
               
    Safety Claudine Chaleil       
     Patrice Jacques    INSTABILITY AND TURBULENCE   
     Roland Tourbot    François Daviaud Sébastien Aumaître   
         Marco Bonetti Arnaud Chiffaudel (CNRS)   
         Olivier Dauchot Bérengère Dubrulle (CNRS)   
         Cécile Gasquet-Wiertel Patrick Meininger   
    STORE ROOM    Vincent Padilla Raphaël Candelier (T)   
    Pierre Janvier     Emmanuelle Gouillart (T) Frédéric Lechenault (T)   
        Romain Monchaux (T) Pantxo Diribarne (P)   
         Daniel Bonamy (C) Paul Manneville (C)   
        Alexander Pinter (C)     
    WORKSHOP          
    Olivier Klein Michel Juignet          
    Jacques Proudowsky Jean-Claude Tack       
            
         STRONGLY CORRELATED OXIDE SYTEMS   
        Dorothée Colson Florence Albenque   
    MAINTENANCE    Pierre Bonville Anne Forget   
    Jean-Michel Richomme     Nadine Genand-Riondet Gwénaëlle Jasmin   
          Roland Tourbot Delphine Lebeugle (T)   
              
               
           
    THEORY OF COMPLEX SYSTEMS       
    Marc-Antoine Dubois Ivan Dornic      
    Hugues Chaté Michel Roger    MAGNETISM, FRUSTRATION AND DISORDER   
  Jean-Philippe Bouchaud(C)         
    Christian Borghesi (T) Diana Garcia Lopez (T)    Denis L’Hôte François Ladieu   
    Franck Raynaud (T) Lionel Tabourier (T)    Sawako Nakamae Eric Vincent   
    Francesco Ginelli (P) Jun-xiao Zhao (P)    Roland Tourbot Caroline Thibierge (T)   
              
              
             
            
               RESEARCH  ON  MATTER SCIENCE    CRYOGENICS DEVELOPMENTS   
  Etienne Klein                               Alexei Grinbaum    Patrick Pari Matthieu de Combarieu   
  Vincent Bontems (P)     Philippe Forget J. Losco (C)   
              
                

 
 
 



               

 
      

III

 

                 
                 
           
    NANOMAGNETISM    QUANTRONICS   
    Michel Viret Claude Fermon    Daniel Estève Patrice Bertet   
    Jacques-François Jacquinot Olivier Klein    Philippe Joyez Pierre-François Orfila   
    Gérald Le Goff Myriam Pannetier-Lecoeur    Hugues Pothier Pascal Senat   
    Aymen Ben Hamida (T) Adrien Dyvorne (T)    Cristian Urbina (CNRS) Denis Vion   
    Andrey Leksikov (T) Hedwige Polovy (T)    Quentin Le Masne (T) Hélène Le Sueur (T)   
  Voicu Dolocan (P) Joseph Scola (P)    François Nguyen (T) François Mallet (P)   
    Vladimir Naletov (C) Anne-Laure Walliang (A)    Dijana Samson (ERC assistant)   
    Eric Nguyen (A)         
           
               
                 
                 
            
    NANOELECTRONICS    MOLECULAR ELECTRONICS   
  Denis-Christian Glattli Jean-Louis Pichard    Jean-Philippe Bourgoin Stéphane Campidelli   
    Claudine Chaleil Patrice Jacques    Pascale Chenevier Vincent Derycke   
    Iouri Moukharski Fabien Portier    Arianna Filoramo Marcelo Goffman   
    Patrice Roche Xavier Waintal    Laurence Goux-Capes Pascal Lavie   
  Eric Varoquaux (CNRS) Jean-Michel Richomme        
  Geneviève Fleury (T) Axel Freyn (T)    Chia-Ling Chung (T) Ervin Mile (T)   
    Preden Roulleau (T) Eva Zakka-Bajjani (T)    Trieu Tien Khoa Nguyen (T) Gaël Robert (T)   
  Joseph Dufouleur(P) Kyryl Kazymyrenko (P)    Grégory Schmidt (T) Costin Anghel (P)   
    Ioannis Kleftogiannis (T)    Nicolas Chimot (P) Diana Dulic (P)   
        Miguel Monteverde (P) Sampo Tuukkanen (P)   
         Christelle Lacroix (Nanoscience programme assistant)   
          
               
                 

     
     
 
        In italics: non-permanent physicists having stayed more than 6 months at SPEC 
        A : « formation en alternance »,  
        P : Post-Doc,  
       T : Ph.D student   
       C : Collaborator 
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Scientific awards 
 

2004  

M. Devoret « Prix Agilent-Europhysics » 

D. Estève « Prix Agilent-Europhysics » 

L. Goux-Capes Best poster award at NanoteC 04 Meeting, Batz-sur-Mer  « Non-Covalent binding of DNA to carbon 
nanotubes controlled by biological recognition complex » 

E. Klein « Prix Jean Rostand » for his book « Petit Voyage dans le monde des quanta » 

E. Klein « Prix La science se livre » for his book « Les Tactiques de Chronos » 

2005  

T.T.K. Nguyen NIMS best poster award at Trends in Nanotechnology conference, Oviedo « Thin and Continuous DNA-
Templated Matellic Nanowires » 

2006  

J. Borghetti Springer best poster award at Trends in Nanotechnology conference, Grenoble “Optoelectronic switch 
and memory devices based on polymer fuctionalized carbon nanotube transistors” 

B. Huard « Prix jeune chercheur Saint-Gobain » of the Société Française de Physique 

A. Isambert Parque Cientifico de Madrid best poster award at Trends in Nanotechnology conference, Grenoble 
« Probing single molecule transport with superconducting electrodes » 

E. Klein « Palmes Académiques » 

2007  

G. Andreatta « Bourse L’Oréal-Unesco » jeune chercheuse : Pour les femmes et pour la science » 

 
 
 
 
 
 

Evolution of the personnel 
 
 

 Physicists Technicians 

 2004 2007 2004 2007 

 CEA CNRS CEA CNRS   

Statistical Physics 21 3 23 2 7 6 

Nanosciences 17 4 23 2 5 6 

General support 1 0 1 0 9 9 

TOTAL 39 7 47 4 21 21 
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Foreign Visitors in 2007 

 
Name Institute Duration Invited by 

H. Grabert Germany (Universität Freiburg) 2 months D. Estève 
M. Kumar Sweden (Chalmers University, Gothenburg) 1 week P. Bertet 
X. Li Germany (Leibniz Institute of Polymer, Dresden) 6 months J.J. Benattar 
S. Miyashita Japan (University of Tokyo) 1 week E. Vincent 
M. A. Muñoz Spain (University of Granada) 1 week H. Chaté 
V. Naletov Russia (University of Kazan) 8 months O. Klein 
R. Petkova Bulgaria (University of Sofia) 7 months J.J. Benattar 
P. Pongsumpun Thailand (University of Sciences, Bangkok) 4 months M. A. Dubois 
M. Rotter Tcheque Republic (Charles University, Prague) 2 months P. Pari 
K. Takeuchi Japan (University of Tokyo) 6 months H. Chaté 

 
 
 
 

Foreign Visitors in 2006 
 

Name Institute Duration Invited by 

O. Al Hammal Spain (University of Granada) 1 month H. Chaté 
J. Ankerhold Germany (Freiburg University) 1 week D. Estève 
Y. Asada Japan (Institute of Technology, Tokyo) 1 month J.L. Pichard 
N. Birge USA (Michigan University) 1 week D. Estève 
O. Borisov France (University of Pau) 3 months M. Daoud 
M. Charlaganov The Netherlands (University of Wageningen) 2 weeks M. Daoud 
C. Guerra-Amaro Mexico (Facultad de Ingeniera Mecanica i Electrica) 1 week F. Daviaud 
S. Miyashita Japan (University of Tokyo) 1 week E. Vincent 
M. Musette Belgium (Vrije Universiteit Brussel) 1 month R. Conte 
V. Naletov Russia (University of Kazan) 10 months O. Klein 
M. Nedyalkov Bulgaria (University of Sofia) 3 months J. J. Benattar 
T.W. Ng China (University of Honk-Kong) 1 week R. Conte 
P. Pongsumpun Thailand (University of Sciences, Bangkok) 4 months M. A. Dubois 
M. Rotter Tcheque Republic (Charles University, Prague) 1 month P. Pari 
R. Schoelkopf USA (Yale University) 1 week D. Estève 
A. Slavin USA (Michigan University) 1 month O. Klein 
I. Siddigi USA (Yale University) 1 week D. Estève 
L. Tang China (University of Honk-Kong) 1 month H. Chaté 
J.L. Thiffeault England (Imperial College London) 1 week F. Daviaud 
P. Tong China (University of Honk-Kong) 1 week M. Daoud 
C.C. Yang China (University of Honk-Kong) 1 week R. Conte 
V. Zavyalov Russia (Institute Kapitza, Moscow) 1 week I. Moukharski 
E.Zotova Russia (Institute Kapitza, Moscow) 1 week I. Moukharski 
X.X. Zhang China (University of Honk-Kong) 1 week E. Vincent 
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Foreign Visitors in 2005 
 
 

Name Institute Duration Invited by 

J. Ankerhold Germany (Freiburg University) 1 month D. Estève 
Y. Asada Japan (Institute of Technology, Tokyo) 3 months J.L. Pichard 
N. Birge USA (Michigan University) 1 week D. Estève 
C. Brito Carvalho Dos 
Santos Brazil (University of Rio Grande) 6 months H. Chaté 

L. Brunnet Brazil (Instituto de Fisica, Porto Alegre) 2 weeks H. Chaté 
W. Chanthorn Thailand (Kasetsart University, Bangkok) 8 months M.A. Dubois 
M. Charlaganov The Netherlands (University of Wageningen) 1 week M. Daoud 
S. De Monte Danemark (Danish Technical University) 1 year H. Chaté 
V. Dvornich Ukraine (Institute Verkin, Kharkov) 2 weeks I. Moukharski 
S. Fissette USA (Yale University) 1 month D. Estève 
A.M. Grundland Canada (University of Montreal) 2 weeks R. Conte 
J. Jin China (National Institute for Material Science) 2 weeks J.J. Benattar 
S. Kafanov Sweden (Chalmers University, Gothenburg) 2 months I. Moukharski 
M. Lan China (University of Hong-Kong) 1 week J.J. Benattar 
P.S. Luo France (CNRS) 1 week F. Albenque 
Ph. Meeson England (Royal Holloway, University of London) 1,5 months D. Estève 
D. Meidan Israel (Weizman Institute of Sciences, Rehovot) 1 week D. Estève 
M. Musette Belgium (Vrije Universiteit Brussel) 1 month R. Conte 
V. Naletov Russia (University of Kazan) 4 months O. Klein 
A. Nergis Turkey (University of Istambul) 1 month H. Chaté 
G. Perez Mexico (Cinvestav IPN) 1 month H. Chaté 
P. Pongsumpun Thailand (University of Sciences, Bangkok) 2 weeks M. A. Dubois 
M. Rotter Tcheque Republic (Charles University, Prague) 2 months P. Pari 
F. Sastre Mexico (ITESM Guadalajara) 1 week H. Chaté 
K. Segall USA (Colgate University, Hamilton) 1 week D. Estève 
B. Shapiro Israel (Technion Institute of Technology, Haifa) 3 weeks J.L. Pichard 
S. Sokolov Ukraine (Institute Verkin, Kharkov) 1 week I. Moukharski 
V. Syvokon Ukraine (Institute Verkin, Kharkov) 1 week I. Moukharski 
T. Shibauchi Japan (University of Kyoto) 2 weeks P. Pari 
Y. Torres Peru (EKODES, Lima) 1 month M.A. Dubois 
D. Weinmann France (IPCMS Strasbourg) 1 week J.L. Pichard 
E.. Zotova Russia (Institute Kapitza, Moscow) 2 weeks I. Moukharski 
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Foreign Visitors in 2004 
 
 

Name Institute Duration Invited by 

O. Al Hammal Spain (University of Granada) 2 months H. Chaté 
J. Ankerhold Germany (Universität Freiburg) 1,5 months D. Estève 
Y. Asada Japon (Institute of Technology, Tokyo) 1 month J.L. Pichard 
N. Birge USA (Michigan University) 7 months D. Estève 
S. Bogomolov Russia (Institute Kapitza, Moscow) 2 weeks I. Moukharski 
C. Brito Carvalho Dos 
Santos Brazil (University of Rio Grande) 6 months H. Chaté 

L. Brunnet Brazil (Instituto de Fisica, Porto Alegre) 1 week H. Chaté 
S. De Monte Danemark (Danish Technical University) 3 months H. Chaté 
F. Ginelli Germany (Universität Freiburg) 1 month H. Chaté 
M. Götz Germany (Physikalisch-Technische Bundesanstalt) 2 months D. Estève 
A.M. Grundland Canada (University of Montreal) 1 week R. Conte 
S. Kafanov Sweden (Chalmers University, Gothenburg) 2 months I. Moukharski 
Y. Kovdrja Ukraine (Institute Verkin, Kharkov) 2 weeks I. Moukharski 
J. Lantz Sweden (Chalmers University) 1 week D. Estève 
P.S. Luo China (Institute of Physics, Beijing) 1,5 months F. Albenque 
I. Makhline Germany (Universität Karlsruhe) 1 week D. Estève 
Ph. Meeson England (Royal Holloway, university of London) 11 months D. Estève 
V. Mikolaenko Ukraine (Institute Verkin, Kharkov) 2 weeks I. Moukharski 
M. Miranda Galceran Spain (University of Pamplona) 1 month A. Chiffaudel 
M. Munoz Spain (University of Granada) 2 weeks H. Chaté 
M. Musette Belgium (Vrije Universiteit Brussel) 1 month R. Conte 
V. Naletov Russia (University of Kazan) 1 year O. Klein 
M. Nedyalkov Bulgaria (University of Sofia) 8 months J. J. Benattar 
Z. Nemeth Hungary (University of Eotvos) 9 months J.L. Pichard 
V. Petrashov England (University of London) 1 week D. Estève 
M. Rotter Tcheque Republic (Charles University, Prague) 1 month P. Pari 
A. Shnirman Germany (Universität Karlsruhe) 2 weeks D. Estève 
O. Tsui China (University of Hong-Kong) 2 weeks J.J. Benattar 
S. Wattas Ireland (Trinity College, Dublin) 2 weeks M. Viret 
V. Zverev Russia (Institute of Solid State Physics, Moscow) 1 month Ph. Debray 
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Post-Docs in 2004/2007 
 

Name From Year Duration Topic Supervisor 

V. Bontems 

Centre interuniversitaire 
de Recherche sur la 
Sciences et la Technologie 
(Quebec) 

2007 10 
months 

Comment communiquer sur les 
nanosciences ? E. Klein 

N. Boulant  Massachusetts Institute of 
Technology (USA) 2005 2 years Réalisation de circuits à bits quantiques D. Estève 

L. Canet 
School of Physics & 
Astronomy, University of 
Manchester (England) 

2005 8 months Physique statistique : systèmes hors de 
l’équilibre et systèmes désordonnés H. Chaté 

J. Carrey University of Californy, 
(USA) 2004 8 months 

Activité expérimentale portant sur des effets 
mésoscopiques dans des systèmes 
magnétiques 

M. Viret 
X. Waintal 

O. Cespedes 
Boldoba 

Trinity College, University 
of Dublin (Ireland) 2005 22 

months 
Transport polarisé en spin à travers un 
nombre fini d’atomes M. Viret 

N. Chimot University Paris XI 
(France) 2006 1 year Propriétés hautes fréquences des 

composants à base de nanotubes de carbone 
J.Ph. 
Bourgoin 

E. Collin University of London 
(England) 2004 10 

months 

Développement de circuits 
supraconducteurs implémentant des bits 
quantiques 

D. Estève 

F. Da Cruz 
Laboratoire Central des 
Ponts et Chaussées 
(France) 

2004 18 
months 

Ecoulement et ségrégation : des milieux 
granulaires aux poudres F. Daviaud 

A. de Vismes University Paris XI 
(France) 2005 21 

months 

Modélisation et simulation 
électromagnétique – étude et réalisation de 
capteurs GMR sur films souples 

C. Fermon 

M.L. Della Rocca Università degli Studi di 
Salerno (Italia) 2005 15 

months 
Relation courant-phase d’une jonction 
Josephson à un atome C. Urbina 

P. Diribarne ENS Lyon (France) 2006 1 year Mécanique statistique des écoulements 
turbulents B. Dubrulle 

V. Dolocan 
Max Planck Institute for 
Chemical Physics of 
Solids, Dresde (Germany) 

2007 7 months 
Etude du couplage cohérent entre les modes 
d’onde de spin d’une nano-jonction de la 
spintronique 

O. Klein 

J. Dufouleur 
Laboratoire de Photonique 
et Nanostructures, CNRS, 
Marcoussis (France) 

2007 8 months Bruit de grenaille quantique à fréquence 
finie et statistiques photoniques 

P. Roche 
F. Portier 

D. Dulic University of Groningen, 
(The Netherlands) 2006 1 year Etude du transport dans des nanostructures 

fabriquées sur un support ADN A. Filoramo 

F. Ginelli 
Julius Maximilian 
Universität Würzburg 
(Germany) 

2005 2 years Problème du mouvement collectif H. Chaté 

N. Izard University Montpellier 
(France) 2005 18 

months 

Fonctionnalisation de réseaux de nanotubes 
de carbone et application comme capteurs 
chimiques innovants 

P. Chenevier 

K. Kazymyrenko Ecole Polytechnique 
(France) 2006 20 

months 

Elaboration d’un outil numérique pour 
l’étude du transport quantique dans les 
nanostructures 

X. Waintal 

F.K. Lee 
Hong Kong University of 
Science and Technology 
(China) 

2005 1 year Adhésion de films libres auto assemblés sur 
un substrat solide J.J. Benattar 

S. Lyonnais Institute Gustave Roussy, 
Villejuif (France) 2005 2 years Auto-assemblage bio-dirigé pour 

l’électronique moléculaire A. Filoramo 

F. Mallet  CRTBT-CNRS, Grenoble 
(France) 2007 8 months 

Réalisation d’un processeur quantique 
élémentaire démontrant les principes du 
calcul quantique 

D. Estève 

R. Molina University of Madrid 
(Spain) 2004 9 months Etude du transport électronique au travers 

de système très corrélés J.L. Pichard 
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M. Monteverde University of  Buenos 
Aires (Argentina) 2006 21 

months 
Systèmes électromécaniques à base de 
nanotubes de carbone M. Goffman 

D. Parker University of London 
(England) 2004 20 

months 

Etude des phénomènes de dynamique 
vitreuse dans les systèmes de nanoparticules 
magnétiques 

E. Vincent 

V. Petkova University of Sofia 
(Bulgaria) 2004 1 year Etude des films noirs mixtes de protéines et 

de surfactant J.J. Benattar 

A. Pinter 
Deutsche 
Forschungsgemeinschaft, 
Bonn (Germany) 

2007 7 months Etude numérique de la dynamo turbulente F. Daviaud 

A. Polotskiy 

Institute of 
Macromolecular 
Compounds, Russian 
Academy of Sciences 
(Russia) 

2005 2 years 
Problèmes théoriques concernant la 
structure et la dynamique d’objets 
complexes 

M. Daoud 

D. Ponarine 

Laboratory of Atomic and 
Solid State Physics, 
Cornell University, Ithaca, 
NY (USA) 

2004 17 
months 

Etude sur l’assemblée d’électrons sur la 
surface d’un film d’hélium liquide 

I. 
Moukharski 

P. Pongsumpun 

King Mongkut’s Institute 
of Technology 
Ladkrabang, Bangkok 
(Thailand) 

2007 4 months Modélisation des arboviroses tropicales 
émergentes climato-dépendantes M.A. Dubois 

J. Scola 
Laboratory CRISMAT 
ENSICAEN, Caen 
(France) 

2005 2 years 
Développement de capteurs mixtes 
supraconducteurs-magnétorésistifs pour des 
applications médicales 

C. Fermon 

S. Streiff 
Ruprecht-Karls 
Universität, Heidelberg 
(Germany) 

2005 11 
months 

Fonctionnalisation covalente des extrémités 
des nanotubes de carbone par brins d’ADN 
– applications à l’électronique moléculaire 

L. Goux-
Capes 

S. Tuukkanen 
Nanoscience Center, 
University of Jyväskyla 
(Finland) 

2007 7 months 
Croissance et reprise de croissance de 
nanotubes de carbne à partir de 
nanocatalyseurs issus de la ferritine 

P. Chenevier 

P. Vom Stein University of Karlsruhe 
(Germany) 2004 1 year Physique mésoscopiques avec des contacts 

atomiques D. Estève 

J. Zhao 
University of China 
Academy of Sciences, 
Beijing (Chine) 

2006 1 year Description analytique de textures 
observées en turbulence R. Conte 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



               

 
      

X

PhD Students 
(thesis presented after january 2004) 

 

Start Name Supervisor 
at SPEC Topic End 

01/10/01 H. Falakshahi J.L. Pichard Fusion quantique du cristal de Wigner en dimension deux 30/09/04

08/10/01 M. Gabureac M. Viret Films et bulles de protéines solubles : structure, interactions et 
perméabilité au gaz 07/10/04

12/10/01 C. Sultanem J.J. Benattar Transport polarisé en spin dans des constrictions atomiques 
ferromagnétiques 11/10/04

04/12/01 N. Leprovost B. Dubrulle Influence des petites échelles sur la dynamique à grande échelle en 
turbulence hydro et magnétohydrodynamique 30/11/04

02/02/02 C. Costa 
Carvalhas  J.J. Benattar Stabilité et structure des films de protéines 06/07/05

01/10/02 M. Chauvin C. Urbina Transports électroniques à travers un atome 30/09/05

01/10/02 G. De Loubens O. Klein Détection mécanique de la résonance magnétique 30/09/05

01/10/02 R. Lefèvre M. Goffman Electronique moléculaire : réalisation de composants à base de 
nanotubes de carbones croisés 30/09/05

01/10/02 G. Marty O. Dauchot Rhéophysique d’un matériau granulaire modèle 30/09/05

01/10/02 F. Ravelet A. 
Chiffaudel Ecoulement de Von Karman et effet Dynamo 30/09/05

01/10/02 A. Vanhaverbeke M. Viret Etude du transport électronique sous champs d’oxydes magnétiques 
semi-métallique 30/09/05

01/10/02 M. Wyart J.-Ph. 
Bouchaud 

On the rigidity of amorphous solids &  Price fluctuations conventions 
and microstructure of financial marquets. 30/09/05

14/10/02 G. Ithier D. Estève Implémentation de bits quantiques dans des circuits supraconducteurs 30/09/05

22/09/03 A. Isambert J.-Ph. 
Bourgoin Transport supraconducteur à travers une molécule 2007 

01/10/03 J. Borghetti V. Derycke Etude du transport dans les nanotubes de carbone modifiés par des 
molécules greffés 30/09/06

15/09/03 B. Huard H. Pothier Limitations ultimes du temps de vie des quasiparticules dans les métaux 14/09/06

01/10/03 H. Le Sueur P. Joyez Transport électronique dans des nanostructures superdiffusives 30/09/07

01/10/03 E. Rousseau Y. 
Moukharski 

Evaluation expérimentale d’éléments de calcul quantique (qubit) formés 
d’électrons piégés sur l’hélium liquide 30/09/06

01/10/03 J. Segala P. Roche Corrélations électroniques à haute fréquence dans des conducteurs 
mésoscopiques multicontacts 2007 

05/01/04 N. Bizière C. Fermon Détection de radiofréquences par des composants magnétorésistifs 31/01/07

01/10/04 D. Lebeugle D. Colson Etude de la coexistence de la ferroélectricité et du magnétisme dans des 
matériaux « multiferroïques » 30/09/07

01/10/04 F. Lechenault O. Dauchot Ségrégation dans les milieux granulaires : vers une approche 
thermodynamiques 30/09/07

01/10/04 T.T.K. Nguyen A. Filoramo Vers l’autoassemblage bio-inspiré pour l’électronique moléculaire 30/09/07

12/10/04 R. Monchaux F. Daviaud Approche statistique des écoulements turbulents 11/10/07

01/07/05 E. Gouillart O. Dauchot Etude du mélange chaotique dans les systèmes ouverts – cas du 
mélange topologique 30/11/07

01/10/05 G. Andreatta J.J. Benattar Auto-assemblage bidimensionnels de nanoparticules à l’aide de 
matrices de surfactants 30/09/08

01/10/05 F. Nguyen D. Vion Circuits supraconducteurs à bits quantiques 30/09/08

01/10/05 G. Robert V. Derycke Diodes moléculaires adressées par des nanotubes de carbone 30/09/08

01/10/05 P. Roulleau P. Roche Intrication d’électrons par un interféromètre de Mach-Zehnder 
électrique en régime d’effet Hall Quantique 30/09/08

10/10/05 A. Freyn J.L. Pichard Effets des corrélations électroniques sur la conductance de 
nanosystèmes 30/06/08

17/10/05 F. Raynaud H. Chaté Mouvements collectifs 3D 30/09/08
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03/01/06 C. Borghesi J.Ph. 
Bouchaud 

Condensation d’opinion et phénomènes collectifs : quelques modèles 
inspirés de la physique statistique 31/12/08

01/10/06 A. Ben Hamida M. Viret Transport polarisé en spin au travers de nano-objets individuels 30/09/09

01/10/06 R. Candelier O. Dauchot Comportement vitreux d’un matériau granulaire : relation dynamique-
structure 30/09/09

01/10/06 H. Dyvorne C. Fermon Nouvelles approches de résonance magnétique nucléaire ou de 
résonance quadrupolaire 30/09/09

01/10/06 G. Fleury X. Waintal Fortes corrélations dans le gaz d’électrons à deux dimensions 30/09/09

01/10/06 G. Schmidt P. Chenevier Composant à base de nanotubes utilisant des antennes à base de 
protéines de la photosynthèse 30/09/09

01/10/06 C. Thibierge D. L’Hôte Etude expérimentale des propriétés statistiques de la transition vitreuse : 
recherche d’une longueur de corrélation 30/09/09

01/10/06 E. Zakka-Bajjani DC. Glattli Bruit de partition quantique haute fréquence de conducteurs 
mésoscopiques 30/09/09

03/10/06 E. Mile M. Goffman Oscillateurs électromécaniques à base de nanotube de carbone unique 02/10/09

13/10/06 L. Tabourier H. Chaté Les dynamiques individuelles et collectives dans les réseaux sociaux 31/08/09

19/10/06 H. Polovy M. Pannetier Capteurs magnétiques très bas bruit pour des applications médicales 18/10/09

01/11/06 Q. Le Masne H. Pothier Transport quantique dans des circuits électriques mésoscopiques 31/10/09

20/11/06 D. Garcia Lopez M.A. Dubois Modèle théorique d’émergence de maladies infectieuses 31/10/09

09/01/07 C.L. Chung A. Filoramo Assemblage d’ADN reconfigurable pour former des circuits à base de 
nanotubes de carbone 08/01/10

05/02/07 A. Leksikov O. Klein Nano-maser – étude de la dynamique hyper-fréquence (HF) 04/02/10

03/04/07 I. Kleftogiannis J.L. Pichard Effet des interactions électroniques sur le transport quantique 30/11/07
 

 
 
 
 
 
 

Combined university and internship programme 
(contrats de «formation en alternance») 

 
 

Name Year Duration Topic Supervisor 

S. Da Costa 2004 9 months Montage et mise au point d’un spectromètre RQN J.F. Jacquinot

E. Nguyen  2004-
2007 3 years Microfabrication de capteur magnétique – conception d’électronique de 

capteurs C. Fermon 

J. Paris 2004-
2006 2,5 years Réalisation d’un réfrigérateur à dilution P. Pari 

A.L. Walliang 2005-
2007 2 years Réalisation d’un magnétocardiographe basé sur une nouvelle génération 

de capteurs C. Fermon 
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Internship from universities or « grandes écoles » (2004-2007) 

 
Name University or school Duration Supervisor 

2004    
B. Compin « Institut Supérieur de l’Electronique et du Numérique (ISEN) », Lille 4 months C. Fermon 
S. Costiou « Institut National des Sciences Appliquées (INSA) », Rennes 2 months D. Estève 
B. Cousin « Ecole Supérieure de Technologie Electrique (ESTE) », Noisy-le-Grand 5,5 months C. Fermon 
R. Dolganov DEA of liquid physics, Ecole Polytechnique 5 months B. Dubrulle 
A. Guet « Licence » of mechanics, univ. Paris XI 1 month A. Chiffaudel 
B. Hollo « Licence » of physics and applications, univ. Paris XI 2 months O. Dauchot 
J. Lahitte « DUT Mesures Physique », IUT Annecy 2,5 months M. Viret 
D. Lebeugle DEA of chemistry, univ. Paris XI 8,5 months D. Colson 
F. Lechenault DEA of fields, particles and matteer, univ. Paris VII 1,5 months O. Dauchot 
S. Louvard « Maîtrise » of mechanics, univ. Paris XI 3 months A. Chiffaudel 
F. Martin « Ecole Supérieure d’Ingénieurs en Electronique et Electrotechnique 

(ESIEE) », Noisy-le-Grand 
4 months O. Klein 

E. Nguyen « Ecole Supérieure de Technologie Electrique (ESTE) », Noisy-le-Grand 5,5 months C. Fermon 
J. Pallacci « Ecole Normale Supérieure de Lyon » 1,5 months A. Chiffaudel 
B. Sacepe DEA of solid state physics, univ. Paris XI 2 months F. Ladieu 
R. Sarrouf DEA « Modélisation et Instrumentation en Physique », univ. Paris VI 4,5 months C. Fermon 
N. Vidal « Ecole Supérieure d’Ingénieurs en Electronique et Electrotechnique 

(ESIEE) », Noisy-le-Grand 
4 months C. Fermon 

2005    
G. Andreatta « Ecole Supérieure de Physique et de Chimie Industrielle », Paris 5 months J.J. Benattar 
P. Blaineau « Institut National des Sciences Appliquées de Lyon (INSA) » 3 months F. Daviaud 
A. Chapuis « Ecole Nationale des Ponts et Chaussées », Marne-la-Vallée 3,5 months O. Dauchot 
E. Chardon « Maîtrise » of physics, univ. Cergy-Pontoise 2 months J.L. Pichard 

F. Delavier « Ecole Spéciale de Mécanique et d’Electricité  (ESME) », Ivry-sur-
Seine 2 months J.J. Benattar 

R. Dubois « Master 2 » of solid state physics, univ. Paris XI 2 months C. Urbina 
Y. Flegeau « Master 1 » of sciences and technologies, Univ. Versailles St-Quentin 2 months M. Roger 

Ph. Germano « Ecole Supérieure d’Ingénieurs en Electronique et Electrotechnique 
(ESIEE) », Noisy-le-Grand 6 months C. Fermon 

A. Guthman « Ecole Normale Supérieure de Lyon » 2,5 months J.Ph. Bouchaud
F. Iglesias « Ecole Normale Supérieure de Paris » 4 months M. Viret 
N. Jankovic « Ecole Normale Supérieure de Chimie et de Physique de Bordeaux » 6 months P. Chenevier 
J. Laurent « Institut de Formation d’Ingénieurs (IFIPS) », univ. Paris XI 2,5 months G. Zalczer 
C. Levy « Ecole Supérieure d’Electricité (SUPELEC) », Gif-sur-Yvette 5 months J.Ph. Bourgoin 

F. Martin « Ecole Supérieure d’Ingénieurs en Electronique et Electrotechnique 
(ESIEE) », Noisy-le-Grand 6 months C. Fermon 

B. Monégier du Sorbier « Licence » of physics, univ. Paris XI 2 months F. Daviaud 
F. Nguyen « Master 2 » of physics and applications, Ecole Polytechnique 5 months D. Vion 
L. Rambeaud « Master 1 » of mechanics, univ. Paris XI 3 months O. Dauchot 
P. Ribeiro « Master 2 » of physics and applications, Ecole Polytechnique 5 months D. Estève 
P. Roulleau « Master 2 » of fundamental concepts in physics, univ. Paris VI 6 months P. Roche 
G. Schmidt « Master 1 » of chemistry, univ. Paris VI 3 months P. Chenevier 
L. Tang « Master 1 » of mechanics, univ. Paris XI 3 months A. Chiffauel 
D. Vallée « Master 1 » of physics, uni. Paris XI 3 months G. Zalczer 
2006    
L. Berterreche « Master 1 » of mechanics, univ. Paris XI 3 months O. Dauchot 
C. Carton  « Institut de Formation d’Ingénieurs, (IFIPS) », univ. Paris XI 2 months D. Vion 
O. Crauste « Master 2 » of fundamental concepts in physics, univ. Paris VI 5,5 months D. Estève 
G. Fleury « Master 2 » of fundamental concepts in physics, univ. Paris VI 4 months X. Waintal 
N. Guirten « Master 1 » of physics, univ. Paris XI 2 months C. Fermon 
Y. Horyn « Ecole Nationale des Ponts et Chaussées », Marne-la-Vallée 3 months O. Dauchot 
R. Jover « Master 1 » of mechanics, univ. Paris XI 3 months B. Dubrulle 
O. Keller « Master 1 » of physics, univ. Paris XI 2 months C. Fermon 
N. Kuncio « Master 2 » of fluid mechanics, univ. Paris XI 5 months O. Dauchot 
Q. Le Masne « Ecole Centrale de Paris » 6 months M. Goffman 
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V. Letemplé « Master 1 » of mechanics, univ. Paris XI 3 months A. Chiffaudel 
O. Lopes Junior « Ecole Nationale Supérieure de Techniques Avancées (ENSTA) », Paris 3 months B. Dubrulle 
A. Marzouk « Ecole Centrale de Lille » 3 months C. Fermon 
B. Perrot « Licence », Faculté Libre des Sciences et Technologie », Lille 2 months S. Nakamae 

H. Polovy « Ecole Supérieure de Physique et de Chimie Industrielle (ESPCI) », 
Paris 4,5 months M. Pannetier 

B. Rusch « Ecole Supérieure des Sciences et Technologies de l’Ingénieur (ESSTI) 
de Nancy » 5 months P. Bonville 

B. Silva « Master 2 physique systèmes dynamiques et statistiques de la matière 
complexe », univ. Paris VII 1,5 months H. Chaté 

C. Thibierge « Ecole Supérieure de Physique et de Chimie Industrielle (ESPCI) », 
Paris 7,5 months F. Ladieu 

M. Wartelski « Ecole Nationale des Ponts et Chaussées (ENPC) », Marne-la-Vallée 3 months A. Chiffaudel 
E. Zakka-Bajjani « Master 2 » of fundamental concepts in physics, univ. Paris VI 4 months P. Roche 
2007    
P. Balestrière « Ecole Supérieure de Physique et de Chimie Industrielle », Paris 4,5 months Ph. Joyez 
K. Bennaceur « Master 2 » of fundamental concepts in physics, univ. Paris VI 2 months D.C. Glattli 

L. Berterreche de 
Menditte 

« Ecole Nationale Supérieure d’Electrotechnique, d’Electronique, 
d’Informatique, d’Hydrolique et des Télécommunications 
(ENSEEIHT) », Toulouse 

1,5 months O. Dauchot 

G. Collette « Master 2 » of physics and environment, univ. Paris XI 3 months B. Dubrulle 

M. Colmet Daage « Master 2 noyaux, particules, astroparticules et cosmologie », univ. 
Paris VI 2 months S. Aumaître 

C. Crapart « Ecole Nationale Supérieure de l’Electronique et ses Applications 
(ENSEA) », Cergy-Pontoise 4,5 months C. Fermon 

A. Escoffier « Ecole Nationale des Ponts et Chaussées (ENPC) », Marne-la-Vallée 3 months A. Chiffaudel 
T. Guillet « Master 2 » of fundamental concepts in physics, Ecole Polytechnique 2 months O. Klein 
J.P. Heuzé « Licence professionnelle couches minces et applications », IUT Orsay 3,5 months M. Pannetier 
R. Lassalle-Balier « Institut National des Sciences Appliquées (INSA ) », Toulouse 7 months M. Viret 
C. Ojeda Aristizabal « Master 2 » of solid state physics, univ. Paris XI 4,5 months P. Bertet 
A. Palacios-Laloy « Master 2 » of solid state physics, univ. Paris XI 4,5 months P. Bertet 

C. Planchette « Ecole Supérieure de Physique et de Chimie Industrielle (ESPCI) », 
Paris 4,5 months J.J. Benattar 

A. Savigny « Ecole Centrale de Lyon » 3 months J.J. Benattar 
M. Smerlak « Master 2 », univ. Paris VI 2 months A. Chiffaudel 
G. Tourbot « Ecole Centrale de Lyon » 3 months F. Ladieu 
F. Vanneroy « Licence professionnelle couches minces et applications », IUT Orsay 3,5 months C. Fermon 
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Present situations of former Ph.D students (2004-2007) 
 
 

Name Thesis Topic Present situation 

H. Falakshahi 01/12/04 Fusion quantique du cristal de Wigner en dimension deux Permanent position in private company 
(France) 

M. Gabureac 14/12/04 Films et bulles de protéines solubles : structure, 
interactions et perméabilité au gaz Post-doc at Leeds university (England)

N. Leprovost 29/11/04 Influence des petites échelles sur la dynamique à grande 
échelle en turbulence hydro et magnétohydrodynamique Post-doc at Sheffield (England) 

C. Costa 
Carvalhas 06/07/05 Stabilité et structure des films de protéines Permanent position in private company 

(Switzerland) 

M. Chauvin 22/11/05 Transports électroniques à travers un atome Permanent position in private company 
(Israel) 

G. De Loubens 08/12/05 Détection mécanique de la résonance magnétique Post-doc at New-York university 
(USA) 

R. Lefèvre 16/12/05 Electronique moléculaire : réalisation de composants à 
base de nanotubes de carbones croisés 

Permanent position at CNRS Paris, 
« Lab. d’Etude, du Rayonnement et de 
la Matière en Astrophysique » (France)

G. Marty 29/09/05 Rhéophysique d’un matériau granulaire modèle Post-doc at Paris XI university, « Lab. 
de pharmacie galénique » (France) 

F. Ravelet 22/09/05 Ecoulement de Von Karman et effet Dynamo Post-doc at Delft university (The 
Netherlands) 

A. Vanhaverbeke 09/12/05 Etude du transport électronique sous champs d’oxydes 
magnétiques semi-métallique 

Post-doc in private company 
(Switzerland) 

M. Wyart 24/11/05 Modèle de réaction-diffusion et application au problème 
du « carnet d’ordre » Post-doc at Harvard university (USA) 

G. Ithier 15/12/05 Implémentation de bits quantiques dans des circuits 
supraconducteurs 

Post-doc at Royal Holloway, London 
university (England) 

A. Isambert  End of 
2007 Transport supraconducteur à travers une molécule 

Permanent position as a high-school 
teacher in academy of Toulouse 
(France) 

J. Borghetti 06/03/07 Etude du transport dans les nanotubes de carbone 
modifiés par des molécules greffés Post-doc in private company (USA) 

B. Huard 22/09/06 Limitations ultimes du temps de vie des quasiparticules 
dans les métaux Post-doc at Stanford university (USA) 

E. Rousseau 06/12/06 Evaluation expérimentale d’éléments de calcul quantique 
(qubit) formés d’électrons piégés sur l’hélium liquide Post-doc at ENS Paris (France) 

J. Segala End of 
2007  

Corrélations électroniques à haute fréquence dans des 
conducteurs mésoscopiques multicontacts 

ATER at ENS, « Lab. Pierre Aigrain » 
(France) 

N. Bizière 31/01/07 Détection de radiofréquences par des composants 
magnétorésistifs 

Post-doc at Lausanne university 
(Switzerland) 
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Teaching activities in universities or « grandes écoles » 
 
 

Name Organism Topic Periods 

F. Albenque Polytechnique Physique statistique + Physique des Solides 2004-2007 
F. Armand Ecole d’ingénieur Physique maoléculaire 2005 

Univ. Paris XI Masters Nanomicroélectronique 2004-2006 
J.Ph. Bourgoin 

Ecole Polytechnique Nanosciences 2007 
D. Colson Ecole Polytechnique Matériaux céramique et supraconducteur 2004-200 
O. Dauchot ENPC Mécanique des fluides 2004-2007 

ENS Paris Physique statistique 2004-2005 
C. Fermon 

Univ. Paris VI Physique statistique 2006-2007 
ENS Paris 
Univ. Paris VI C.  Glattli 
Univ. Paris XI 

Physique Mésoscopique Master M2 2004-2007 

M. Goffman Univ. Joseph Fourier Electronique fondamentale et moléculaire 2005-2006 
A. Isambert IUT Versailles Electronique numérique 2005-2006 
G. Ithier Univ. Paris XI Physique Electromécanique et magnétisme 2004-2005 
O. Klein Ecole Polytechnique Physique Etat Condensé 2004-2006 

F. Ladieu ESPCI Physique Thermodynamique, mécanique 
statistique 2004-2007 

Univ. Paris XI Chimie électro-chimie 2005-2006 
D. Lebeugle 

IUT Versailles Chimie minérale 2006 
F. Lechenault ENPC Encadrement de stage 2004-2005 

G. de Loubens ECP Physique Thermodynamique, mécanique 
statistique 2004-2005 

CIES Physique 2004-2007 
R. Monchaux 

ENPC Encadrement de stage 2006 
T.T. Nguyena Univ. Paris XI Monitorat bureautique + physique 2004-2006 
M. Pannetier-Lecoeur INSTN Physique état condensé 2004 
P. Pari CNAM Cryogénie 2004 
J. L. Pichard Univ. Cergy-Pontoise DEA Physique des Solides  2004-2005 
F. Portier ESPCI Physique statistique, statistique quantique 2006-2007 
F. Ravelet ENSTA Mécanique des fluides 2004-2005 

Sup. Elec Physique Etat Condensé 2004-2007 
ECP Physique Electromécanique et magnétisme 2004-2006 M. Roger 
INSTN Magnétisme, physique mathématique 2004-2007 

J. Segala ESPCI Physique du solide 2006 
C. Thibierge Ecole Polytechnique Physique des particules 2006-2007 

ECP Nanomagnétisme 2004-2006 
E. Vincent 

Univ. Pairs VI Nanomagnétisme 2004 
M. Viret INSTN Magnétisme 2004 
 Univ. Versailles-St Quentin Nanomagnétisme 2006 
X. Waintal ESPCI Physique statistique 2007 
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European Union fundings 
 

Name Supervisor Type Topic 

M2EMS Claude Fermon RTD 5th PCRD 

Magnetic Layers of Permanent Magnets for 
Microsystems.  Applications to Micromotors, Captors 
and Microswitches 

  (01/05/2002-31/07/2005) 

DYNAMICS Claude Fermon RTN 5th PCRD 
Dynamics of Magnetization in Hyperfrequency 
Domain 
(15/12/02-14/12/2006) 

NANOSCALE Jean-Louis 
Pichard RTN 5th PCRD Nanoscale Dynamics, Coherence and Computation  

(1/10/2000-1/10/2005) 

SQUBIT 2 Daniel Esteve STREP IST-FET 
FP5 

Development of Superconducting Sircuits for 
Quantum Qubits 
(01/01/2003-28/02/2006) 

DIENOW Daniel Esteve RTN FP5  Mesoscopic Physics (01/09/2002-31/08/2006) 

He3 NEUTRON 
STUDY   Michel Roger   RTN  FP5 

  Magnetic properties of He3 by means of Neutron 
Diffraction 
(01/09/2000-01/09/2004) 

STARFLAG Hugues Chaté NEST 6th PCRD 
Le mouvement collectif, des nuages d’étourneaux à 
Rome aux comportements grégaires sur les marchés 
(01/01/2005-31/12/2007) 

WALLTURB Bérengère 
Dubrulle FP6  

A european synergy for the assessment of wall 
turbulence 
(01/04/2005-30/03/2009) 

POLYAMPHI Mohamed Daoud RTN FP6 Marie-
Curie 

Association de polymères amphiphiles 
(01/03/2004-28/02/2008) 

BIOMAGSENS Claude Fermon 6th PCRD Development of new captors for medical applications 
 (01/12/2005-30/11/2008) 

NMI3 Claude Fermon I3 6th PCRD 
Développement instrumental et accès aux expériences 
pour les réacteurs de neutrons européens 
 

RTNNANO Jean-Louis 
Pichard 

RTN FP6 Marie-
Curie 

Fundamentals of Nanoelectronics (01/05/2004-
30/04/2008) 

EUROSQIP Daniel Estève IP FP6 
European Superconducting Quantum Information 
Processor 
(01/11/2005-31/10/2009) 

SSA ERC Daniel Estève FP6 Funding for ERC Vice-Presidency (01/11/2006-
31/12/2007) 

RSFQUBIT Denis Vion STREP IST-FET 
FP6 

Développement de circuits supraconducteurs dits 
RSFQ pour piloter des circuits à bits quantiques 
(01/09/2004-31/08/2007) 

NUCAN Arianna Filoramo STREP NMP 
Réalisation de composants à nanotubes par 
assemblage dirigé par acides nucléiques 
(01/01/2005-31/12/2007) 

NANO-RF Jean-Philippe 
Bourgoin STREP 6th PCRD 

Exploration de l’utilisation de NEMS à base de 
nanotube de carbone pour une application radio-
fréquence 
(01/01/2006-31/12/2008) 

CHEMTRONICS Jean-Philippe 
Bourgoin MC 6th PCRD Chemistry and Nanoelectronics  (01/03/2006-

28/02/2010) 

DYNAMAX Xavier Waintal STREP – 6th 
PCRD Dynamics of Magnetization (01/09/2006-31/08/2009) 

DYGLAGEMEM Eric Vincent RTN 6th PCRD 
Glassy Dynamics and Memory Effect in Disordered 
Systems 
 (2001-2005) 

Fellowship Daniel Estève  Marie Curie Philip MEESON (02/02/2004-01/02/2005) 

Fellowship Jean-Philippe 
Bourgoin Marie Curie Diana DULIC (01/09/2006-31/08/2008) 
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                                            ACI and ANR fundings (Ministry of Research) 
 

Name Supervisor Type Topic 

AFM-STM-
NME Philippe Joyez Action Concertée 

Nanosciences 

Development of an AFM and STM microscope for  
Low Temperature Spectroscopy of Metallic 
Nanostructures 
(17/09/2003-16/09/2006) 

ACI Daniel Estève Action Concertée 
Nanosciences  

Development of Superconducting Circuits of Qubits  
(22/10/2004-21/10/2007) 

ACI  Iouri Moukharski Action Concertée 
Nanosciences 

Studies of Nano and Mesoscopic Systems  
(01/07/2002-30/06/2005) 

ACI NANOSYS Jean-Philippe 
Bourgoin 

Action Concertée 
Nanosciences 

Architecture for the Integration of Molecular 
Nanocomponents 
(30/09/2004-29/09/2007) 

ACI BIO-NT Arianna Filoramo Action Concertée 
Nanosciences 

Assemblage bio-dirigé de nanotubes de carbone pour 
l'électronique moléculaire 
(07/09/2004-06/09/2007) 

ACI 
NANOHALL Claude Fermon Action Concertée 

Nanosciences 
  Low Noise Submicronic Hall Captors 
(2004-2007) 

ACI 
NANODYNE Olivier Klein Action Concertée 

Nanosciences 

Dynamique de l'aimantation dans le domaine 
hyperfréquence étudiée par micro-antennes 
(01/07/2002-30/06/2005) 

ACI PARCOUR Michel Viret Action Concertée 
Nanosciences 

Commutation magnétique de dispositifs d'électronique 
de spin 
(2004-2007) 

ACI LeFLoch Patrice Roche ACI Jeunes 
Chercheurs 

Corrélations de bruit dans des hétérojonctions 
supraconductrices/ normal métal 
(01/09/2003-31/08/2006) 

ANR TSF François Daviaud ANR Blanc 
Turbulence Superfluide en France - étude comparée de 
la cascade turbulente dans un fluide (l’hélium) 
(01/12/2005-30/11/2008) 

ANR VKS François Daviaud ANR Blanc Observation de la dynamo turbulente 
(01/12/2005-30/11/2008) 

ANR FEMMES Dorothée Colson ANR Blanc 
Evaluation du potentiel des matériaux Ferro-Electro-
Magnétiques pour l’électronique de spin 
(01/12/2005-30/11/2008) 

ANR Oxyfonda Florence Albenque ANR Blanc 
Etats fondamentaux originaux dans les oxydes : de 
nouveaux matériaux pour une nouvelle physique 
(01/12/2005-30/11/2008) 

ANR Electro-
Meso Hugues Pothier ANR Blanc Electrodynamique mésoscopique 

(01/12/2005-30/11/2008) 

ANR Foundphys Etienne Klein ANR Blanc 
Fondements de la physique : de la recherche sur la 
physique à la formation des physiciens 
(01/12/2006-30/11/2009) 

ANR 2e-QBT Denis-Christian 
Glattli ANR Pnano 

Transport quantique balistique à deux électrons : 
cohérence et intrication 
(01/12/2005-30/11/2008) 

ANR HF-CNT Jean-Philippe 
Bourgoin ANR Pnano 

Transistors HF à nanotubes pour application à la 
détection de charge unique 
(01/12/2005-30/11/2008) 

ANR MEMO Jean-Philippe 
Bourgoin ANR Pnano 

Développement d’une cellule mémoire moléculaire 
compatible CMOS 
(01/12/2005-30/11/2008) 

ANR 
Nanoréseaux 

Jean-Philippe 
Bourgoin ANR Pnano 

Réseaux N-dimensionnels à nanotubes pour les 
interconnexions  
(01/12/2005-30/11/2008) 

ANR Nano-
Maser Olivier Klein ANR Pnano 

Coherent microwave nano-oscillators integrated on a 
monolithic circuit 
(01/01/2007-31/12/2009) 
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ANR 
Spectrospin Myriam Pannetier ANR Jeunes 

Chercheurs 

Spectroscopie d’onde de spin pour l’électronique de 
spin 
(01/12/2005-30/11/2008) 

ANR Epidengue Marc-Antoine 
Dubois 

 Santé -
environnement et 
Santé-travail 

L’émergence de la dengue dans des environnements 
en mutation 
(01/12/2005-30/11/2008) 

ANR 
Morphoscale Hugues Chaté 

ANR programme 
Biologie 
Systémique  

Etude de la biologie du développement du Zebrafish, 
avec arbre généalogique spatio-temporel complet de la 
cellule mère. 
(29/12/2006-28/06/2007) 

Carnot Pixel Vincent Derycke ANR type Carnot 

Etude du potentiel des nanotubes de carbone 
fonctionnalisés chimiquement pour la réalisation de 
pixels d’imageurs 
(01/11/2006-01/12/2008) 

                                 
                                     
 
 
 
 
 
 
 
 
 
 

Fundings from the “Region Ile de France” 
 

Name Supervisor Type Topic 

CNANO 
« SIMCA » 

Jean-Philippe 
Bourgoin CNANO  

 
Thesis Fellowship SIMCA 
(01/09/2006-01/09/2009) 

CNANO « GHZ-
NT » Vincent Derycke CNANO  

GigaHertz Nanotubes – système de mesure sous 
pointe et analyseur de réseau vectoriel 
 

CNANO « QPC-
SINPS » Patrice Roche CNANO  Quantum point contact single photon source 

(30/08/2006-29/08/2009) 

CNANO 
« 2eBQT » 

Denis-Christian 
Glattli CNANO  

 
Quantum Transport of Two Electrons in Ballistic 
Nanostructures 
(01/12/2005-01/12/2008) 

CNANO 
« Signaux 
rapides » 

Daniel Estève CNANO  

Mise au point de signaux hyperfréquences pour 
l’excitation ou la mesure de circuits quantiques 
mésoscopiques 
(30/08/2006-29/08/2009) 

CNANO 
« Nanomaser » Olivier Klein CNANO  Coherent microwave nano-oscillators integrated on a 

monolithic circuit 

Fellowship Xavier Waintal Fellowship Kyril Kazymyrenko (01/04/2006-31/03/2007) 

SESAME Dorothée Colson Network Réseau interrégional oxydes à propriétés remarquables
(01/03/2003-28/02/2007) 

SESAME Jean-Philippe 
Bourgoin Equipment Funding for a Nanofabrication Facility (01/03/2006-

28/02/2012) 
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Fundings from industry and CEA technological programs 
 

Name Supervisor Type Topic 

European Space 
Agency Claude Fermon Collaboration 

industrielle 

Elaboration of phase contrast mirrors for infrared 
spectrometers 
(01/06/2005-31/05/2006) 

ITRON Claude Fermon Collaboration 
industrielle 

Mise au point de capteurs GMR pour la mesure de 
courants 
(16/06/2005-15/06/2006) – (2006-2008) 

GUERBET Pierre Bonville Collaboration 
industrielle 

Etude des propriétés magnétiques de nanoparticules 
(01/02/2006-31/01/2007) 

Saint Gobain François Daviaud Collaboration 
industrielle 

Etude du mélange chaotique dans les systèmes ouverts
(01/10/2004-30/09/2007) 

MOIRE –
DASSAULT Olivier Klein Collaboration 

industrielle 

Nanolithographie de structures mésoscopiques pour 
les applications hyperfréquences 
(12/05/2005-11/05/2006) 

NRBC Jean-Philippe 
Bourgoin 

Collaboration avec 
CEA-DSV  

Réalisation d'un détecteur de traces de gaz 
organophosphorés 
(2005-2006) 

NRBC Claude Fermon Collaboration avec
CEA-DAM 

Développement de détection d'explosifs par résonance 
quadrupolaire nucléaire 
(2005-2009) 

CND Claude Fermon Collaboration avec 
CEA-DRT 

Développement de capteurs magnéto-résistifs pour le 
contrôle non destructif par courants de Foucault 
(2005-2007) 

 
 
 

Fundings from other sources 
 

Name Supervisor Type Topic 

Université de 
Yale Daniel Estève 

Collaboration 
SPEC-Yale 
University 

Experiments on a quantum gate based on charge-phase 
superconducting qubits 
(01/04/2002-30/06/2005) 

Projet REMONA Marco Bonetti Programme 
PREDIT 

Etude de la conductivité thermique dans les 
nanofluides 
(22/08/2006-21/08/2008) 

Chenanom Daniel Estève Programme 
NanoSci-ERA 

Characterization of nanodevices by noise 
measurements 
(19/06/2007-18/06/2010) 

University of 
Hong-Kong, 
Dep. of 
Mechanical 
Engineering 

Robert Conte Research grant 
council  

Periodic patterns in coupled hydrodynamical and 
optical waveguides 
(01/01/2005-31/12/2007) 

MATECLID Marc A. Dubois 

Programme 
Ministère de 
l'Environnement 
et du 
Développement 
Durable 

Modélisation des arboviroses émergentes climato-
dépendantes 
(07/01/2003-06/01/2005) 

University of 
Hong-Kong, 
Dep. of 
Mathematics  

Robert Conte 
Programme 
d’actions intégrées 
Procore 

Meromorphic solutions of nonlinear ordinary 
differential equations 
(01/09/2007-30/09/2009 
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Patents and licenses 2003-2006 

 

Title Creators Group 

Ensemble de distribution d’un matériau granulaire par gravité 
(EN 06 03461, april 19th 2006) 

F. Daviaud, C. Gasquet-
Wiertel, P. Meininger 

Instability and 
Turbulence 

Exploitation d’un réfrigérateur à dilution très basse température 
(license L5607, since november 2002) P. Pari Cryogenics 

Exploitation d’un ensemble réfrigéré à dilution et licence de logiciel de pilotage 
de l’automate banc de pompage 
(license L6183, march 1st 2005) 

P. Pari Cryogenics 

Procédé de dépôt de film mince nanométrique sur un substrat 
(06 04294, may 15th 2006) J.J. Benattar Model Objects 

for Biology 

A process for modifying at least one electrical property of a nanotube or a 
nanowire and a transistor incorporating it 
(PCT/EP03/08827 / WO2004094308, november 4th 2004) 

J-Ph. Bourgoin, V. Derycke, 
M. Goffman 

Molecular 
Electronics 

Optically – configurable nanotube or nanowire semiconductor device 
(FR2873493A1, EP1784866, WO2006018497, july 20th 2004) 

J. Borghetti, J-Ph. Bourgoin, 
V. Derycke, A. Filoramo, 
M. Goffman 

Molecular 
Electronics 

Dispositif de détection/mémorisation de rayonnements électromagnétiques, 
procédé de fabrication, utilisation de ce dispositif et imageur l’incorporant 
(EN 06 02233, march 14th 2006) 

J-Ph. Bourgoin, V. Derycke, 
J. Borghetti 

Molecular 
Electronics 

Transistors à nanotubes flexibles et hautes fréquences 
(EN 07 55391, US 511.1001, mai 31st 2007) 

N. Chimot, V. Derycke, 
M. Goffman, J.Ph. Bourgoin 

Molecular 
Electronics 

A screened electrical device and a process for manufacturing the same 
(EP 04 291 122.2, mai 3rd 2004) 

M. Pannetier-Lecoeur, C. 
Fermon Nanomagnetism 

Protective layers against electromagnetic detection of IC activity 
(EP 04 291834.2, july 16th 2004) 

M. Pannetier-Lecoeur , 
C. Fermon Nanomagnetism 

Procédé de mesure d’un champ magnétique ou d’un courant par des capteurs 
magnétorésistifs permettant de corriger les dérives 
(EP 04 10988, october 18th 2004) 

N. Bizière, C. Fermon, 
M. Pannetier-Lecoeur Nanomagnetism 

Procédé de contrôle par courants de Foucault, et dispositif en faisant application 
(PCT/EP2006/002599, february 24th 2006) 

C. Fermon, M. Pannetier-
Lecoeur, N. Bizière Nanomagnetism 

Procédé de réalisation de mesures RMN à l’aide d’une magnétorésistance RF 
(EN 06 52599, june 22nd 2006) 

C. Fermon, M. Pannetier-
Lecoeur, J. Scola, 
J.F. Jacquinot 

Nanomagnetism 

Procédé de modification de la sensibilité d’un transducteur magnétorésistif, et 
dispositif en faisant l’application 
(EN 06 52598, june 22nd 2006) 

M. Pannetier-Lecoeur, 
C. Fermon Nanomagnetism 

Apparatus and method for high-resolution NMR spectroscopy and/or imaging 
with an improved filling factor and rf amplitude 
(PCT/EP 2005 007978, july 5th 2005) 

J.F. Jacquinot, collaboration 
with DRECAM/SCM Nanomagnetism 

Microwave oscillator tuned with a ferromagnetic thin film 
(WO2004/010987, september 15th 2004) O. Klein, V. Naletov Nanomagnetism 

Dispositif de réinitialisation de bits quantiques à deux états d'énergie 
(WO2005048183A2/US 6930318B2, november 7th 2003) 

D. Vion, D. Estève, 
Ph. Joyez, H. Pothier, 
P.F. Orfila, C. Urbina, 
E. Collin, G. Ithier 

Quantronics 
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