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Foreword

Understanding the fundamental mechanisms and properties of condensed matter remains an
exciting challenge for physicists. It is also a basic requirement for new technological
applications, in view of the continued need in all technical domains for ever more elaborate
materials and specifically designed devices.
The properties of well organized crystals can now mostly be accounted for, but the behavior
of less symmetric systems is far from being known. How do, for instance, disordered systems
organize and how do they behave ? What are the ultimate electronic or magnetic properties of
ultra small devices ? How can one account for strong correlations in many body systems ?
These are some of the important questions which arise when the number of relevant
parameters can not be reduced by symmetry arguments. The presently available experimental
techniques in nanotechnologies and the ever increasing capacity of computers provide a new
basis to cope with these problems.
The scientific program of the laboratory is centered on these basic interrogations and has
already yielded significant contributions. During the last two years described in this report,
the laboratory has been at the origin of many crucial advances. Among these, I would like to
mention two special highlights which have been widely acknowledged by the scientific
community. The first concerns the observation of the spontaneous circulation of superfluid
helium due to the rotation of the earth, the second is a demonstration of the existence of
quasi-particles of fractional charge in two dimensional electron systems submitted to large
magnetic fields.
Many of these successes were made possible through close collaborations with other
laboratories. From the publications listed in the present report, it can be seen that much of
the work has been done in close relationship with other national (principally CEA, CNRS and
University) or international laboratories. Such collaborations are essential for the quality of
the research. They allow for more elaborate experiments by adding up the specific
competencies of different groups. They avoid duplication and help crosscheck results by
complementary measurements. In this regard, the importance of the existence of independent
but collaborating laboratories should be stressed.
The laboratory has tightened its connections with the universities on the conviction that it is
not only important for the quality of research but also that it has an important role to play in
the educational process. Many physicists take an active part in teaching and all groups
regularly receive students from the universities either as graduate or PhD students. This is of
vital importance for the laboratory. Fundamental research is a natural extension of academic
education and the presence of PhD students maintains this link. They acquire a new
experience at the limit of accepted knowledge and they get a practical idea of experiments
and critical analysis of data. It is to be hoped that the laboratory will be able to maintain the
present number of PhD students in the future. The agreements which have recently been
signed between most of the Universities and the CEA should help promote these
collaborations.
Over the past few years, the activity of our laboratory was formally included in a research
program on condensed matter named « Order and Chaos » tcgether with the SPSMS
(DRFMC, Grenoble), and partly the SPhT and the LLB. Very fruitful collaborations have long
been established between these laboratories but the existence of an official bond was very
helpful. It is to be hoped that the general content of this program will continue to be
supported by our Institute as the need for fundamental knowledge in condensed matter
remains as important as ever. Most of our subjects are related in some way to problems
encountered in applied research and our laboratory has always had collaborations with
certain applied laboratories of the CEA. However, in fundamental research, many different
directions must always be explored in order to reach a global view of the problems and to be



aware of the limits of validity of the models. In contrast, in applied research, dramatic
choices must be taken in order to launch promising new techniques. The emphasis given to
different subjects in pure and applied research programs can never coincide, but closer
relationship should indeed be possible. It would probably be helpful if PhD students trained
in fundamental physics had better access to positions in applied areas.

The ambition of our laboratory is to remain at the top level in its activity of fundamental
research in condensed matter physics, in close collaboration with the university and the
CNRS, and in connection with the other research activities at the CEA. I hope that the reader
will be convinced of the quality of the work reported herein and of the perspectives that it
opens.

I would like to thank all the staff, visitors and students of the laboratory for their constant
efforts to improve the quality of the scientific activity and, more generally, the quality of life
in our laboratory.
Special thanks are due to all those who have contributed to this report and particularly to
Louis Laurent for the intense and very effective work he did to bring together all the
documents and prepare the report for publication.

J.M. Hammann



How to read this report ?

A general introduction gives a summary of the present scientific program of the SPEC and
presents some of the recent highlights, the organization, the recent evolution and the
relationship of the laboratory with the CEA and the scientific community. Most of the
information on the organization is gathered at the end of the report in a section called "Facts
and Figures" page 233.

The central part consists in 20 chapters which can be divided in 4 subsets corresponding to the
contributions of the four laboratories of the SPEC. In front of each of these subsets, an inset
gives a summary of the respective contributions. The distribution is as follows :

Chapter 1- 4 : Soft matter, interfaces and turbulence ; Summary on page 15

Chapter 5 - 11 : Solid state and novel materials ; Summary on page 59

Chapter 12 -16 : Quantum condensed matter ; Summary on page 129

Chapter 17 - 20 : Condensed matter theory ; Summary on page 193

The headings of each chapter list the physicists, technicians, PhD students as well as the
visitors and main collaborators which have taken part in the corresponding activities. In most
cases, graduate students were involved in some of the work during their training period. Their
names can be found in the section Facts and Figures (subsection Teaching and Training).

The Index (page 229) lists all the contributors and gives the page numbers at which their
names appear.

As a reminder, it should be noted that the bibliography of all the physicists of the SPEC can
be found on the Internet site:

www-drecam.cea.fr/drecam/drecam.french/spec.htm
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Introduction

The present report covers the scientific activity of our laboratory of condensed
matter physics (SPEC, "Service de Physique de l'Etat Condensé") for the period
1996-1997. During this period, our research has developed along three main
lines:

1. Quantum states and nanophysics. This field includes strongly correlated
electron systems, high Tc superconductors, superfluids, electronic and
magnetic nanostructures, cryogenic detectors.

2. Soft matter: from model systems to complex structures. Emphasis is given
here to the study of chains at interfaces, micelles in polyelectrolyte solu-
tions and black films.

3. Out-of-equilibrium statistical mechanics and non-linear physics. This do-
main concerns glassy materials, granular systems, and more generally all
collective effects including hydrodynamic instabilities and turbulence.

The evolution of this program is related to two strong tendencies of the present
scientific and technical environment:

* the spectacular development of the capabilities to explore and control materials
at sub-micronic scales. This development is triggered by the continuous trend
towards ever smaller devices in all domains, and more specifically in electronics.

* the ever expanding increase of the capabilities of information processing which
provides an extraordinary tool for numerical experimentation. This dramatic
increase made it possible to deal with more complex systems than usual well
crystallized solids, namely soft matter, glassy materials, and more generally all
many body systems with collective behaviors.

Highlights

It is clearly impossible to quote all the important results. The following list
of highlights is therefore quite incomplete. The choice was to select only those
achievements which, apart from receiving a general acknowledgement from the
international scientific community, were presented to non-specialized audiences
and/or received particular attention from non-specialized media.

1996 :

^Detection of the Earth rotation with a superfluid gyrometer

*Fluctuations of amphiphilic films by X-Ray grazing incidence diffuse scattering

* Modulation of the Andreev conductance in a superconductor-G aA s junction by
a closed gate

* Development of an ionization/heat detector for dark matter search



* Superconducting proximity effect probed on a mesoscopic length scale

* Arrays of magnetic micro-dots

1997 :

* Observation of fractionally charged Laughlin quasiparticles in two dimensional
electron systems in a high magnetic field

* A model for static avalanches and giant stress fluctuations in Silos

* Conduction channel transmission in atomic-size aluminum contacts

* Chaos and memory effects in frustrated glassy systems

* Development of a non-contact force microscope for the imaging of liquid
droplets

* Turbulence in hydrothermal waves

Organization and evolution of the personnel

Collaborations

The laboratory is divided into four sub-laboratories and a group for general
technical support. The four laboratories are :

1. Soft matter, interfaces and turbulence with 12 permanent physicists
(11 CEA, 1 CNRS) and 4 technicians

2. Quantum condensed matter with 12 physicists (8 CEA, 4 CNRS) and
4 technicians

3. Solid state and novel materials with 16 physicists (14 CEA, 1 CNRS,
1 EN) and 7 technicians

4. Condensed matter theory with 9 physicists (8 CEA, 1 CNRS).

The general technical support consists of 8 technicians (4 for the workshop, 4
for general services) and 2 secretaries.

There are thus a total number of 50 permanent physicists (42 CEA, 7 CNRS,
1 EN) and 23 technicians. The number of PhD students has varied from 25 to
20 during the last years. There are, in addition, an average of about 20 visiting
scientists or post-docs.

The number of permanent CEA physicists remained constant between 1995 and
1997 (with 3 departures and 3 arrivals), whereas the number of technicians
has again slightly decreased. It becomes very important not to fall below the
present level of technical support if the laboratory is to maintain its recognized
high technical competence.

The SPEC is well recognized by the international community in condensed mat-
ter physics. Its activity is closely related to that of many leading national or
international laboratories, and very close collaborations are kept with most of
them. It is obviously not possible here to make an exhaustive review of these
collaborations. They are quoted in the report, for each topic, at the heading
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CEA

CNRS/Universities

of the corresponding chapter. The following gives an overview of the main re-
lationships with the CEA and the CNRS or the Universities and a very brief
comment on the international relations.

The closest connections are, of course, with laboratories of the "Direction des
Sciences de la Matière" (DSM). The following quotes the most relevant:

* "Laboratoire Léon Brillouin" (LLB, Saclay) for neutron diffraction on hard
and soft matter. Two new spectrometers have been implemented by a group of
the SPEC.

* "Service de Physique Théorique" (SPhT, Saclay) on statistical and non-linear
physics,

* "Service de Physique Statistique, Magnétisme et Supraconductivité" (SPSMS,
Grenoble) on strongly correlated electron systems and superconductivity

* "Service de Chimie Moléculaire" (SCM, Saclay) on NMR in solids, on soft
matter and small particles.

* "Laboratoire des Solides Irradiés" (LSI, Polytechnique) mainly on supercon-
ductors

* "Service de Physique des Matériaux et Microstructures" (SP2M, Grenoble) on
magnetic thin films and multilayers.

* "Service de Physique des Particules" (SPP, Saclay) on black matter and cryo-
genic detectors. This last collaboration is part of a CEA/CNRS program called
EDELWEISS.

* "Laboratoire Pierre Siie" (LPS, Saclay) on new types of cryogenic detectors

Some specific projects have been completed with other Directions of the CEA.
An important study on hydrothermal waves with a group of the "Direction du
Cycle du Combustible" (DCC) has been performed in the frame of two PhD
works. With another group of the DCC, basic investigations on cements have
been made with a PhD student, using NMR, neutron diffraction and Môssbauer
spectroscopy. Other connections exist in the field of statistical physics and the
problem of aging of materials. With the "Direction des Technologies Avancées"
(DTA/LETI/LIRE), a program for the design and fabrication of micro-Hall
probes is currently under way.

The SPEC is also strongly connected to many laboratories of the CNRS and
the University. The "Laboratoire de Physique du Solide" (LPS, University
Paris XI at Orsay), the "Centre de Recherche sur les Très Basses Tempéra-
tures" (CRTBT, Grenoble) and the "Ecole Normale Supérieure" (ENS, Paris)
have similar activities and very close connections have long been established.
The "Laboratoire Microstructures et Microélectronique" (LMM, Bagneux) is
an essential link in the topic of semiconductor microstructures. There is also a
specific agreement with the "Laboratoire d'Hydrodynamique" (LADHYX, Poly-
technique) on the topic of instabilities and transitions to turbulence.
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International

The following list of the various "Groupements De Recherche" (GDR) in which
the SPEC is involved, gives an idea of the presence of our laboratory on the
national scene:

Ecosystems and paleoecosystems (489)
Membranes and amphiphilic films (605)
Liquid crystals in confined geometry (606)
Mixed colloidal systems (692)
Heterogeneous and complex media (1020)
Superconductors (1063)
Strongly correlated electron systems (1070)
Fluid mechanics, geophysics and astrophysics (1074)
Structures of turbulence (1112)
Magnetic nanostructures (1143)
Critical phenomena, chemical reactions, heterogeneous media and microgravity (1185)
Nanotubes (1752)
Dynamo effect (Ampere)

Most of the research at the SPEC involves international collaborations. Euro-
pean networks and funding for post docs play an important role especially in the
topics which can lead in the long term to new industrial developments. Some
networks in which the SPEC has taken part, are listed below:

XENNI (Neutron Instrumention)
HCM Magnetic nanostructures
HCM Quantum dynamics of Josephson Junctions
HCM Electrons on cryogenic surfaces
TMR Dynaspin (spin dynamics)
TMR Phase coherent dynamics on hybrid nanostructures
CERION1

ESPRIT SETTRON

There are, in addition, many relations with countries from central and eastern
Europe. Among the other international collaborations, those with the USA and
Japan are probably the most numerous and on a most permanent level.

It must be mentioned again that many more very fruitful relationships, not
quoted here, exist. They are all listed in the headings of each chapter and
appear in the section of Facts and Figures through the list of foreign visitors.

Participation in Education

A special effort has always been made towards training and teaching. The
laboratory receives many graduate and undergraduate students. It is officially
considered as "Laboratoire d'Accueil" for the following DEA (Diplôme d'Etudes
Approfondies): "Physique des Solides", "Physique Théorique", "Physique des
Liquides", "Physique Quantique", "Champs, Particules, Matière".

1 Canadian European Research Initiative on Nanostructurcs
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Some numbers give an idea of the current involvement:

Teaching 350 hours/year - 17 persons
Physicists with "habilitation" to supervise PhDs 20 in 1997, 22 in 1998
Undergraduate and graduate trainees ~ 20/year
PhD students RS 24 present at a given time
Post-docs « 10 present at a given time
"Formation par alternance" « 2 present at a given time

Evolution and Perspectives

The general evolution of the scientific program is strongly related to the steady
improvement of the capability to explore matter at ever smaller scales whether
in solids or in soft materials. An increasing effort has been devoted to electronic
and magnetic nanostructures. In soft matter, the development of a dedicated
Atomic Force Microscope has enabled more direct and local observations of
liquid interfaces.

At the same time, the investigations in the field of out-of-equilibrium statis-
tics and non-linear physics have been intensified with a very strong interaction
between experiment and theory. In the domain of magnetism and superconduc-
tivity, a closer relationship between the groups with complementary techniques
has been established.

Some of the more ambitious projects currently under consideration are :

* Electric current through one molecule (carbon nanotube)

* Dynamo effect in metallic fluid flows (experiment based on liquid sodium)

* Spin effects in mesoscopic electronic transport (spin valves based on giant
magnetoresistance)

* Short and long chains at liquid interfaces

* Dynamics of magnetic domain walls in disordered media

* Search for novel superconducting compounds and study of model systems

These are only a few examples of promising future activities which should help
maintain the laboratory at its present prominent position.
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Soft matter, interfaces and turbulence

Various situations are considered involving soft matter and complex liquids as well as insta-
bilities in fluids:

- chains at interfaces like amphiphilic molecules on a fluctuating surface or a polyelectrolyte
chain in a micelle

- wetting phenomena with various constraints (order imposed by the substrate, liquid at the
critical point, ...);

- structure of freely-suspended soap films;

- strongly associated fluids (coulombic or hydrogen bonds);

- patterns in fluids and transition to turbulence in extended systems (fluids in presence of a
thermal or velocity gradient).

Whereas these systems are studied from the point-of-view of the underlying fundamental
physics, it should be noted that most are of interest for various industrial processes (for
example, polyelectrolytes to allow the use of water as a solvent, supercritical water as a
solvent, catalysis in 2D systems in chemistry but also biology, heat transfer in liquid metals).

For soft matter and complex liquids, the development of recent measurement methods open
new fields of investigation. Indeed, it was difficult until recently to achieve clean measure-
ments at the molecular level especially at interfaces. The laboratory tries to take advan-
tage as much as possible of sophisticated techniques, especially at large instrument facilities
(synchrotron radiation at LURE, Orsay and the European Synchrotron Radiation Facility,
Grenoble or neutron scattering at the Laboratoire Léon Brillouin, Saclay) often at the limit
of their possibilities. Examples include the observation of a critical adsorption layer by neu-
tron scattering or the very weak diffuse scattering from fluid interfaces. Specific laboratory
experiments are also used, such as Atomic Force Microscopy on fluid surfaces, ellipsometry
and Brewster angle microscopy, or the combination of a force apparatus with x-ray reflec-
tivity. All these techniques allow an accurate measurement of the molecular arrangement
in various structures, for example, the many two-dimensional phases for chain molecules at
interfaces, micellar structure, or the thickness of "black films". This knowledge is completed
by measurements of thermodynamical properties: surface tension, disjoining pressure, ...).
Highlights of these last two years are: i) the first measurement of the fluctuation spectrum of
a liquid-gas interface down to the nanometric level (and so to extract new information on the
molecular mechanisms behind bending stiffness), ii) the direct observation of polyelectrolyte
micelles (controversial at the time) in water and of their structure, iii) the measurement of
the disjoining pressure-thickness characteristic in black films under various conditions.

This effort is maintained through the development of new experimental techniques. The
laboratory has been playing a major role in the development of x-ray techniques which is
recognized for instance through the organization of schools on this topic. Other important
developments are the use of Atomic Force Microscopy on soft matter or a high pressure cell
allowing neutron scattering experiments in high temperature and pressure conditions.
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A second important topic is related to instabilities in fluids and their non-linear evolution
towards more complexity and, eventually, turbulence. There are two limits where a well
admitted formalism exists at least as a reference for experiments: i) the transition to chaos in
confined fluids for which a good description can be made in terms of dynamical systems, and
ii) the fully turbulent state where due to the time and translation invariance a description
in terms of energy cascade can be used. In between there is a more obscure zone where
there is no universal description and more insight can be gained through well-controlled
experiments. In particular, two situations have been investigated which correspond to two
opposite behaviour of the primary instability:

- Fluids with a thermal gradient where the appearance of the instability (hydrothermal waves)
corresponds to a supercritical bifurcation so that a weakly non-linear analysis in terms of
amplitude equation can be made.

- The Couette flow where the bifurcation to turbulence is subcritical: consequences are
the discontinuity of the transition between turbulent and laminar state and their possible
coexistence.

For both experiments new results have been obtained. The most striking ones are: i) the
description of the behaviour of hydrothermal waves from their appearance to chaos and
the link made with what were until now rather "mathematical objects" i.e. a supercritical
Eckhaus instability of waves and van Hecke amplitude holes and ii) an impressive series
of experiments on the Couette flow which allowed to identify streamwise vortices as finite
amplitude solutions and a series of work pushing the description of the Couette flow both in
terms of dynamical system and statistical physics revealing for the first time the existence of
spatiotemporal intermittency in an open flow.

The perspectives are detailed in each chapter. In many cases, the main aim is to fully use
the techniques developed over the last two years. One can cite in particular:

- investigation of chains at liquid/liquid interfaces following the success of measurements on
vapor/liquid interfaces;

- development of force microscopy on soft matter after the first promising results obtained
on alcane droplets;

- use of black films for biology oriented research. It is envisaged to use the amphiphile films
to confine molecules of biological interest in quasi-2D configurations;

- the high pressure small-angle neutron scattering cell will be fully used to study solvatation
properties of supercritical fluids.

In other cases, the perspectives correspond to new trends:

- in collaboration with other laboratories of the CEA (with their unique expertise in sodium
technology), CNRS and University, the study of sodium flows in order to achieve and inves-
tigate the dynamo effect;

- the results obtained by the theorists on granular matter are a great incentive to design
experiments, taking advantage of the equipment and on the pluridisciplinar environment.
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(DRECAM/LLB), C. Williams (Collège de France) for polyelectrolyte investigations, C. M. Kno-
bler (UCLA, USA), M. Goldmann (Institut Curie and LURE) G. Grubel (ESRF), F. Rieutord
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(University of Maine, France) for x-ray scattering, M. Privât (University of Bretagne occidentale)
for critical adsorption, E. Lacaze (GPS, Jussieu) for liquid cristals at interfaces.

The study of interfacial phenomena involving at least one liquid phase is an
important theme of the laboratory. Research is focused on critical adsorption
or wetting in binary mixtures of liquids, structure and elastic properties of
molecular films and the surface of liquids or polyelectrolytes at interfaces. These
systems derive their importance through applications in most every industrial
field, however our interest is based upon the fundamental understanding of the
intermolecular forces that govern their behaviour. The presented work is mainly
experimental and many powerful tools including ellipsometry, Brewster angle
microscopy, light scattering, neutron and synchrotron radiation scattering, and
atomic force microscopy are used extensively, and measurements of the bulk
properties are also performed when needed. Studies on a molecular length-scale
have revealed the limitations of the mostly phenomenological approach applied
to the description of these systems.

1.1 Wetting

1.1.1 Study of the critical adsorption by neutron reflection

On approaching the critical point of a binary liquid mixture from the two-phase
region, the difference between the coexisting phases disappears at the critical
point. This vanishing difference implies that in this neighborhood "the system
will not object being pushed on either side" - the susceptibility will become

1 also at. "Pôle scientifique de la Rochelle"
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singular. Under the effect of thermal noise very large spontaneous fluctuations
will arise, visible as the critical opalescence. The consequence of the pertubation
caused by an interface on such a tolerant system (called critical adsorption) will
also be important. It was theoretically shown from very general arguments2

that the concentration profile Sc(z) should behave as a power law of z for small
distances with exponent (3/v (/? ?» 0.35 and ^ « 0.63 are the exponents related
respectively to the coexistence curve and the correlation length £) and decrease
exponentially far from the wall (a free surface also can be considered as a wall):

' \ exp(-z/£), z -> oo.

An interpolation formula between these limits has been proposed3 :

Sc(z) = ^ fl

where the parameter c determines the cross-over distance, t is the reduced tem-
perature (T-Tc)/Tc and m0 an amplitude. The spatial extension of the per-
turbation can be made to vary from a few nanometers to several hundreds of
nanometers by changing the temperature, most of the physical variables either
remaining constant or varying in a known universal way. Little experimental
work has been devoted to checking this theory. Most efforts have used optical
techniques4 which cannot probe the details of the profile because the light wave-
length is much greater than the range of the perturbation. Only one study has
been carried out using neutron reflexion at grazing angle of incidence0 .We have
mainly used this technique which also allows modifications of the contrast by
selective deuteration of one of the species. The use of this experimental tech-
nique requires much attention to avoid the numerous possible pitfalls, and most
of the work reported here was devoted to detect and correct them in part. The
greatest complication is due to the wavelength dependant attenuation of the
beam when it propagates through the wetting menisci present on the entrance
and exit windows of the cell (sometimes larger than a factor 100). The solution
was to increase the length of the cell so that the grazing incidence neutron beam
would cross the meniscus much higher. The attenuation was reduced to about a
factor of 4 and could be accounted for by a simple law deduced from auxilliary
measurements. Another source of distortion is the scattering of the neutrons by
the liquid. Finally systematic distortions of unknown origin at short wavelength
were reported by the beam-line operators.

The parameters of the Liu and Fisher profile were adjusted to fit the recorded
spectra at various temperatures. A reasonable agreement could be found be-
tween this model and our data. However the agreement is significantly better
if the profile exponent (in theory {3/v « 0.52) is allowed to decrease to values
close to zero, making the profile purely exponential. We believe that the muti-
plication by an exponential function hides the power-law variation and that the
usual interpolation formula should be reviewed.

2Fisher M.E. and de Gennes P.G., C.R. Acad. Sci. Paris 287 (1978) B207.
3Liu A.J. and Fisher M.E., Phys. Rev. A 40 (1989) 7202.
4Bcysens D. and Leibler S., J. Phys. Lett. 43 (1982) L133 and Zalczer G., J. Phys. Paris

47 (1986) 379; Law B.M., Phys. Rev. Lett. 67 (1991) 1555.
5Zhao H., Peiminckx-Sans A., Lee L.-T., Beysens D. and Janninck G., Phys. Rev. Lett.

75 (1995) 1977.
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Figure 1.1: Left: Three of the nine recorded spectra (circles) and their com-
puted counterparts (lines) at critical concentration and at temperatures 51.89° C,
52.52° C and 60° C from top to bottom. The critical temperature is approxima-
tively 51.5°C. The wavelength range\<8 Â is excluded from the fitting pro-
cedure.For sake of clarity the spectra have been shifted in the vertical direc-
tion. Right: Spectra recorded at non critical concentration (80% C§H\2,20%
CD3OD). The upward shift of the spectra when cooling shows an enrichment of
the surface in deuterated methanol.

Spectra at several non-critical concentrations were also recorded. Only prelim-
inary numerical analysis has been carried out.

1.1.2 Wetting films of liquid crystals

Ordering of liquid cristals is of technological importance and is mainly governed
by interfacial phenomena called anchoring6. This effect can be investigated
in model systems such as 4-n-alkyl-4'-cyanobiphenyl (nCB) wetting films on
Graphite and M0S2 substates. Two fields have been investigated:

Firstly, the lock-in of the liquid cristal on a high symmetry direction of the
substrate. In collaboration with E. Lacaze (GPS, Jussieu) and M. Goldmann
(Institut Curie and LURE) the details of the interface structure have been inves-
tigated, as well as their the interplay with bulk structures by Grazing Incidence
X-ray Diffraction (GIXD). Experiments were performed at ESRF (Grenoble)
on the BM32 French CRG beamline and at LURE (Orsay) on D41-DIFLIQ.
From the peak positions and widths it appeared that the 8CB monolayer is
highly organised, correlated over square micrometers, commensurate within a
few thousanths of degrees with M0S2 and that its mosaicity mimics the one
of the substrate. The peak intensities were mapped over a large area of the
reciprocical space (fig. 1.2) so that it has been possible to refine the monolayer
c(4xl6) superstructure, in particular the detailed positions of the four molecules
in the unit cell, and determine the domain ratio related to the 3-fold degeneracy
of the monolayer structure. So GIXD allowed to image the reciprocical space
of simple organic films, and the method will be extended to the complex case
of incommensurate interfaces, i.e. 11CB on M0S2 or 8CB on Graphite, and to
the correlations between interface and bulk order. Preliminary tests on thick

6Sluckin T.J., Phys. A 213 (1995) 105; Jerome B., Rep. Prog. Phys. 54 (1991) 391.
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Figure 1.2: Ze/fc: Experimental map of the reciprocal lattice of 8CB/M0S2
interface. Guidelines: first Brillouin zone (hexagon) and Bragg peaks (circles)
of MoS2-Right: Commensurate c(4xl6) superstructure of 8CB liquid crystal
monolayer on M0S2. A,B refer to the 8CB unit cell and 1-4 to the four molecules
in the unit cell (scale given by sulphur hexagons with a=3.16 Â).

films are encouraging for studying anchoring transitions, still a very active field
of research at the microscopic level on the theoretical side7 and experimental
one 8. The second important field is the thermodynamical properties of these
anistropic 2D structures. It was shown that the fusion of the 8CB/M0S2 inter-
face is brought about by a commensurate-incommensurate phase transition9 at
Tc-ic — 120° C, i.e. a temperature much higher that 8CB nematic bulk tran-
sition TNI = 40.5° C as expected from O. Lehmann10. The complex structure
and dynamics of theses films in between these two characteristic temperatures
needs further investigation. An interesting point is the crystallisation kinetics at
room temperature after quenching from high temperature thanks to the ESRF
high flux (scan duration of a few minutes). It was shown that interface ordering
is governed by a very slow organization of the films over hours. Detailed inves-
tigations of these processes will be continued by GIXD techniques at ESRF and
LURE and by STM studies in the forthcoming years.

1.2 Fluctuations and elasticity of liquid surfaces and amphiphilic films

The understanding of the structure and dynamics of liquid surfaces and fluid
interfaces has attracted much attention since the work of van der Waals u . The
distinctive property of a liquid surface is a logarithmic divergence with distance
of the roughness, only limited by gravity or the finite size of the sample. This

7Soidin R. et al, Phys. Rev. E 55 (1997) 4302.
8 Dai P. et al, Phys. Rev. B 47 (1993) 7401.
9Lacaze E., Alba M., Goldmann M., Barré J.and Scrreau J., to appear in Physica B.

10as quoted in Kelkcr H. , Mol. cryst. and liqu. crist. 21 (1973) 1.
"see: Rowlinson J.S. and Widom B., "Molecular Theory of Capillarity", Clarendon Press,

Oxford (1982).
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behavior is well described by the capillary wave model of Buff, Lovett and
Stillinger12 which implies the height fluctuation spectrum (Fourier transform of
the height-height correlation function):

(z(q)z(~q)) = -
A Apg + jq2

where q is the in-plane (qXy) wave-vector, A is the interface area, Ap is the
change in mass density across the surface and 7 the surface tension. This spec-
trum has been well characterized for many liquid surfaces by light scattering
down to in-plane wave-lengths in the range of micrometers. The role of the
molecular structure of liquid interfaces, i.e. the suggestion of higher order cor-
rections in the denominator expressing in particular the cost in free energy
related to curvature, is however still an open question.

Curvature effects become much more important when an amphiphilic film is
present at the interface because such a film may exhibit a large bending stiff-
ness in addition to decreasing the surface tension. This, indeed, is a central
problem in soft condensed matter physics where very many systems are of-
ten composed of films (monolayers or bilayers) and the role of fluctuations is
dominant. The simplest phenomenological model due to Helfrich13 predicts an
additional KqA term in the denominator of Eq. 1.2 where K is the coefficient
for bending rigidity. More generally, by equipartition the fluctuation spectrum
is inversely proportional to the Hamiltonian for surface deformations, which can
thus be investigated in detail14. Using this method, the goal of this work is to
obtain a detailed quantitative understanding of the fluctuations and of
(in-plane and bending) elasticity of amphiphilic films as a function of
basic interactions, chain packing and conformations and to identify
the relevant molecular mechanisms.

We have first concentrated on the study of Langmuir films (monolayers of in-
soluble amphiphiles at the air/water interface) which are naturally oriented,
and have a well characterized structure. Temperature and molecular area or
surface tension can indeed be fixed, the molecular structure can be determined
by grazing incidence x-ray diffraction15 and reflectivity, and the domain texture
observed in situ by Brewster Angle Microscopy or by Atomic Force Microscopy.
All those complementary methods are routinely used in the laboratory.

The method used here to determine the fluctuation spectrum is the analysis of
diffuse scattering of x-rays from the liquid surface. Our group has had an active
part in the theoretical and experimental development of such methods16. We
have demonstrated that, through the use of the European Synchrotron Radia-
tion Source in Grenoble, the measurement of roughness spectra is possible over
~ 5 orders of magnitude, down to molecular length-scales. The scattering can
be well accounted for within the "Distorted Wave Born Approximation" taking

12BuffF.P., Lovett R.A. and Stillinger Jr. F.H., Phys. Rev. Lett. 15 621 (1965).
13Helfrich W., Z. Naturforschung 28c 693 (1973).
14Notice however that the coupling of the out-of-plane fluctuations with the fluctuation

modes of any quantity of suitable symmetry may modify the energy spectrum.
15 Grazing incidence x-ray diffraction studies of the molecular structure of different Langmuir

monolayer systems also gives insight into the nature of the different 2D phase transitions in
these films.

lfiDaillant J., Bélorgey O., J. Chem. Phys. 97 5824 (1992).
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Figure 1.3: The Langmuir trough installed at the ESRF. The beam deflector,
active antivibration legs, Soller slits and linear detector are also visible.

into account refraction and absorption. For small wave-vector transfer qz nor-
mal to the surface, 7(q) oc S(qz) x (z(qxy)z(—qxy)) where S(qz) is a structure
factor normal to the interface, and the signal is directly proportional to the
roughness spectrum. The measurements were performed at the "Troika" and
"CRG-IF" beamlines of the ESRF (fig. 1.3). Since the signal scattered by the
interfacial fluctuations at large in-plane wave-vectors qxy is very low (« 10~10

of the intensity of the incident beam), extreme care was taken to limit the back-
ground by shielding of the experimental device and by a flux of He gas in the
Langmuir trough. Another very important requirement is to fix the grazing
angle of incidence below the critical angle for total external reflection in order
to limit the penetration and therefore scattering in the bulk.

1.2.1 Bare water free surface.

The intensity scattered by the bare water free-surface (from a Millipore purifica-
tion system) has been measured The scattered intensity can be calculated with-
out any adjustable parameters: the surface tension 7JJ2Q is known, as well as the
different parameters determining the resolution of the experiment (slit dimen-
sions, incident and accepted beam footprints). The data extend a wavevector
(qy « 1010 TO"1) which is more than two orders of magnitude further than that
of the best previous measurements, but can only be described with the spectrum
of Eq. 1.2 up to qy « 5 x 108 TO"1. At such large wave-vector transfers, scatter-
ing from density fluctuations (acoustic waves) within the penetration depth of
the beam (~ 4 nm) must be taken into account. This again well describes the
measured data without any adjustable parameters, and the result only depends
on the isothermal compressibility. Including this contribution indeed gives a
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better agreement, without discarding the possibility of further corrections, even
if the capillary wave model applies down to surprisingly small lengthscales. In
addition to water other simple liquid surfaces are studied (methyl-alcohol, eth-
ylene glycol, carbon tetrachloride, pentane...) as well as model systems (argon
and helium) at low temperature.

1.2.2 Elasticity of surfactant monolayers.

When a surfactant monolayer is present at the interface, its most obvious effect
is to reduce the surface tension: 7 = JJJ2Q — II, where II is the surface pressure.
This effect has also been well characterized down to nanometric length-scales by
surface x-ray scattering. Higher order corrections to the fluctuation spectrum,
i.e. effects of the bending stiffness of the film can also be evidenced. Results for
a La di-palmitoylphosphatidylcholine (DPPC) film on pure water are presented
in fig. 1.4 (left). Whereas at small qy values the scattered intensity scales with
the surface tension as expected, this is no longer true at large qy due to the
effect of bending stiffness. The data, which are the first direct evidence for
bending effects in a fluctuation spectrum have been analysed using the spectrum
Eq. 1.2 plus an additional term KqA in the denominator. We find K = (5 ±
2)kBT, which is smaller than generally expected in condensed DPPC films and
should lead to a reexamination of the molecular mechanisms generally assumed.
These experiments will be complemented by investigating different molecular
architectures and phases.

Roughness exponents smaller than 4 have been observed in the case of the very
rigid films formed by fatty acids (behenic acid: CUj, — {CH-I)IQ - COOH) on
divalent cation subphases. Uncompressed, such films exhibit a g~33 power law
which could be due to the coupling between in-plane (phonons) and out-of-plane
elasticity. Under compression, those rigid films buckle in the third dimension
as shown on fig. 1.4 (right). The buckling wave-length A « 2ir/(3 x 108m~1) «
20nm changes only slightly under compression, but the amplitude strongly in-
creases. This buckling could be induced by the asymmetry in packing con-
straints for headgroups and aliphatic chains, like in the ripple phase of lyotropic
liquid crystals where similar periods are observed. However different mecha-
nisms should be responsible for other cases of buckling, which appears to be
frequently encountered (see below).

There is an intimate relationship between the bending modulus which is the
second moment of the stress through the film and the compressibility modu-
lus (zero"1 moment). The linear compressibility of two-dimensonial fatty acid
mesophases has been determined by grazing incidence x-ray diffraction (LURE-
DCI). Surface pressure vs molecular area isotherms were reconstructed from
these measurements, and the linear compressibilities (relative distortion along
a given direction for isotropic applied stress) were determined. They range over
two orders of magnitude from 0.1 to 10 m/N and are distributed depending on
their magnitude in different sets which we were able to associate with different
molecular mechanisms. The largest compressibilities (10 m/N) are observed in
the tilted phases. They are apparently independent on the chain length and
could be related to the reorganization of the headgroup hydrogen-bounded net-
work, whose role should be revalued. Intermediate compressibilities are observed
in phases with quasi long-range order, and could be related to the ordering of
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Figure 1.4: Left: Intensity scattered by a bare water surface and a DPPCfilm at
3° com/pressed to %=20 N/m and 40 N/m. Lines are the best fits. The scattered
intensity scales with the surface tension at low qy but that is no longer true
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these phases. The lowest compressibilities are observed in particular in the
solid untilted CS phase. They are comparable to the compressibility of crys-
talline polymers and correspond to the interactions between methyl groups in
the crystal. These experiments will evolve in two directions: First a systematic
comparison to simulations should allow to get a more thorough insight into the
molecular structure and mechanisms. Secondly, the extension to liquid-liquid
interfaces of very low surface tension has successfully started. It will be possi-
ble to study bending effects in more details in a more interesting case from a
practical point-of-view.

1.3 Polyelectrolytes at interfaces

Polyelectrolytes tethered by an end at an interface have recently attracted much
attention since an interfacial structure is formed whose sensitivity to added salt
should be weak17. Moreover, the tethering of charged chains creates new situ-
ations involving polyelectrolytes, thus enabling original tests of theory18 of this
still puzzling state of matter to be performed. The experimental route explored
in the laboratory over the last couple of years consists of taking advantage of
the assembly of charged-neutral diblock copolymers at various interfaces with

17 Pincus P, Macromolecuies 24 (1991) 2912; Zhuliua E.B. ami Borisov O.V., M aero mole-
cules 29 (1996) 2618.

18Barrât. J.L. and .loauny J.F., Adv. Cliem. Phys. XCIV (1990) 1; FOrster S. and Schmidt.
M., Adv. Polymer Sci. 120 (1995).51.
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Figure 1.5: Molecular mechanism for (a) the compressibility of the tilted phases
where the hydrogen bounded headgroups play an important role, (b) the linear
compressibility along directions of imperfect ID crystallisation where positional
defects are important and (c) the direction of perfect ID crystallisation where
the compressibility is due to the repulsive interaction between well cristallized
methyl groups.

water.

1.3.1 Adsorption of charged diblock copolymers at a free surface

Water-soluble charged diblock copolymers may either form adsorbed structures
at the interface of water with a solid or the air, or self-assemble in the form of
micelles. In the first scenario, we focused on the adsorption at the air-water
interface since these charged diblocks may be viewed as surfactants, although
exhibiting an original behavior [3]. Adsorption or anchoring of a polymer at
an interface may change the elastic constants and possibly induce defects or
strain. The equilibrium of stresses can, in particular, lead to interesting sit-
uations where the surface tension is no longer the dominant force. Charged
diblock copolymers have thus been found to act as surfactants, reducing the
surface tension at relatively high concentration. The adsorbed layer was char-
acterized by x-ray reflectivity and grazing incidence x-ray surface scattering.
While sufficiently long and more symmetrical copolymers adsorb by forming
structures which do not deform the interface, short copolymers were shown to
induce buckling of the interface. We speculate that the interface deformation is
probably favored by the repulsive interactions between adsorbed chains, since
curvature may favor a larger space between chains at the same area per chain.
We recently succeeded in forming stable Langmuir films of such charged insol-
uble diblock copolymers. The preliminary results indicate a strong interface
deformation under compression.

1.3.2 Existence and structure of charged copolymer micelles

The study of charged copolymer micelles in aqueous solution has been investi-
gated to a larger extent since the question of the existence of micelles themselves
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was already under debate. Micelles of charged diblocks copolymers result from
a balance between the gain in energy of the hydrophobic core and the penalty
imposed to the corona of charged chains due to the stretching and/or electrosta-
tic interactions. This balance is not favorable a priori for such highly charged
chains (~ 90%) and dissymetrical diblocks19 (the hydrophobic moiety is much
smaller than the charged one to ensure solubility) However, we showed the ex-
istence of such micelles behaving as weakly interacting objects and showing an
apparent large polydispersity [3]. The weak interactions may be explained by
the trapping of the majority of the counterions within the corona, a feature sim-
ilar to what is predicted for ideally dense charged brushes17. The main penalty
in energy of the corona is then due to the loss of entropy of these counterions.
We recently proposed [14] that a correct estimation of this entropy needs the
counterion condensation along the chains to be taken into account. As a result
the energy balance is shifted in favor of the micellisation and we obtained quan-
titative agreement for the aggregation number between the model and the light
scattering results [3]. Light scattering experiments showed that micelles are ex-
tended objects whose structure is sensitive to added salt. However, only very
weak contractions of the hydrodynamic and gyration radii are observed when
salt is added from zero up to one molar concentration [3]. This behavior has
been revealed in more detail by using neutron scattering in a solvent where only
the corona was visible. A spectacular rod-like behavior was observed (scattered
intensity ~ q~l, see fig. 1.6 (bottom)) on a wavevector range where intrami-
cellar interactions are not effective. This indicates that, within the corona, the
tethered polyelectrolyte chains are extended. When salt is added, the range
of rod-like behavior shrinks when some threshold in salt is overpassed but this
evolution is very moderate. The threshold is related to the inner concentration
of counterions which creates an osmotic pressure larger than outside of the mi-
celle. Even at an added salt concentration of 1M, the chains keep an extended
statistics above some threshold in wavevector [23]. Development of this work,
is currently twofold, one objective being of getting information about where the
counterions are localized within the micelle (along the arms or not) and another
objective aims at observing a chain only within the corona by means of zero
average techniques of neutron scattering.

The origin of the polydispersity of the micelles was also inspected and we found
that a micellar solution must be described as made of micelles coexisting with
fewer larger objects which cause an extra scattering of light at low angles possi-
bly supra-micellar objects held together by non-ionized hydrophobic monomers.

1.3.3 Interactions in concentrated micellar solutions

In order to better model colloidal protection by charged brushes of polyelec-
trolytes, concentrated solutions of micelles were studied and a liquid order be-
tween micelles was discovered [24]. Surprisingly enough, the persistence of the
same very order over a large concentration range, indicates that micelles do
not interpenetrate, to the contrary of what was found for neutral stars20. A
structure factor can be constructed (see fig. 1.6 ( top)) over the range of or-
dering concentration. The order is, again, found to be very weakly sensitive to

19Marko J.F. and Rabin Y., Macromol. 26 (1992) 25.
20Grest G.S., Fetters L.J. and Huang J.S., Adv. Cham. Phys. XCIV (1996) 67.
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the addition of salt, directly showing that charged brushes may prove valuable
for protecting colloids. We currently investigate whether this behavior may be
generalized to all architectures of charged diblock copolymers (a preliminary
answer is no!) by coordinate experiments of neutron scattering and rheology.

1.4 New directions

1.4.1 Liquid-liquid and liquid-solid interfaces

1.4.2 Nanodroplets

The extension of the x-ray diffuse scattering techniques to the study of liquid-
liquid and liquid-solid interfaces is of great physical interest. Both of these cases
present new situations different from that of the air-liquid interface, and often
closer to the problems of practical interest such as microemulsions, for example,
or else copolymers at the interface between two solvents, as well as problems of
adsorption at solid surfaces. Interesting non-capillary physical phenomena are
less masked as the surface tension at liquid-liquid interfaces can be very low,
and such surfaces, in general, fluctuate and diffuse more strongly than the free
surface. The important technical difficulties of x-ray absorption and scattering
in passing through the liquid can be minimized through the use of more pene-
trating, shorter x-ray wavelengths but at the cost of even lower grazing angles of
incidence. This is in contradiction with the requirement of shorter sample path-
lengths. Also, background scattering to be subtracted is more important than
at the air-liquid interface. Nevertheless, two preliminary experiments were suc-
cessfully carried-out: one studying the fluctuations of a phospholipid film at the
oil-water interface, and the other studying the adsorption of a polyelectrolyte
at the solution-solid interface as a function of the charge and concentration of
counter-ions (in collaboration with the group of C. Williams of the Collège de
France). These studies are opening the way to the understanding of of richer
and more complex systems.

There is a growing interest in imaging soft and fragile materials including simple
liquids at a submicrometer scale. Few attempts have been successful using
specific operating modes of an Atomic Force Microscope such as the tapping
mode for highly viscous polymers, or electrostatic force sensing. However a
general method appropriate to any experimental system is not yet available.
This is the case of non-contact force microscopy relying on van der Waals force
which are ubiquitous. In this non contact mode, the change in amplitude of the
vibrated cantilever is monitored as a function of the tip-sample distance.

In a first approach, we demonstrated that quantitative measurement of long-
range van der Waals forces could be performed by carefully choosing the can-
tilever and vibration amplitude [15]. These methods allow for the first time to
image liquid droplets lying on a substrate. Liquid alkanes on silanized silicon
wafers have been chosen as a typical situation where van der Waals forces are
the only relevant interactions. The profiles of tiny droplets (< 100 rum diameter)
have been obtained, enabling the measurement of contact angles at this scale.
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Figure 1.7: Hexadecane droplet on a silanized silicon wafer.

1.4.3 Towards a more qualitative understanding of chains at interfaces; molecular
architecture, new experimental techniques and numerical simulations

The use of new techniques complementary to those already developed in the
laboratory is necessary to more precisely determine the conformation of the
chains, both short and long, at the different interfaces. The x-ray standing-wave
technique, for example, where the phase and the period of the electromagnetic
field near an interface can be defined with great precision simply by varying
the synchrotron beam grazing angle-of-incidence. This field can be used to very
precisely locate the positions of certain "heavy" atoms that are thus brought
into fluorescence. Unexplored problems of knowing the statistics of the ends
of chains of polymer brushes or the conformation of adsorbed polymers can
be undertaken. Similarly, the selective deuteration of short or long molecules
studied by the scattering and reflection of neutrons is a very powerful technique
used also to study problems of chain statistics and conformational defects in
tensioactive molecules. Such synchrotron radiation and neutron experiments are
programmed for the immediate future. The synthesis of the required, specially
tailored molecules is necessary for this class of problems.

Finally, in systems where the conformation of chains and defects play in impor-
tant role, theory often only describes average behavior. Numerical simulations
will be necessary to validate the molecular mechanisms envoked to describe the
experimental results.
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2. Physics of black films
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The main activity concerns the investigation of the ultra thin organic films
(less than 2000 Angstroms) properties. Common black films (CBF) or Newton
ones (NBF), i.e. the final stages of thinning of soap films due to the draining
of water in the absence of evaporation, are generally formed from solutions of
usual surfactants. It is well known that the forces involved in membranes and
black films are essentially: Van der Waals forces, electrostatic forces (DLVO
theory), and short range microscopic forces. These forces, for example steric
forces and hydration forces, act when the thickness of the film becomes very
small (<100Â).

Free amphiphilic black films were generally studied by classical techniques (op-
tical reflectance, IR. absorption, electrical, and contact angle measurements).
X-ray reflectivity is the most powerful technique because it is sensitive to den-
sity gradients and those exhibited at the two air/film interfaces are strong . The
analysis of the experimental reflectivity curve is made using an optical method
in which the system is considered as a succession of homogeneous slabs char-
acterized by three parameters: the thickness, the density and the interfacial
roughness. Few years ago it has been demonstrated that the NBF is thinner
than usually expected and well organized with two opposite walls of molecules
without any liquid water between them1. The aqueous core is reduced to an
ultimate hydration layer of the polar heads and the roughness limited to the
capillary waves. Such features are general, even for very different chemical sur-
factants (ionic, non ionic and cationic). The NBF is thus a very good model
system for the direct study of interfacial phenomena such as interactions be-
tween surfactant bilayers2.

'Belorgey O. and Benattar J.J., "Structural properties of soap black films investigated by
X-ray reflectivity", Phys. Rev. Lett. 66, 313-316 (1991)

2Guenoun P., Schalchli A., Sentenac D., Mays J.and Benattar J.J., Phys. Rev. Lett. 74,
3628-3631, (1995)
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Figure 2.1: Left: Principle of the force balance in a thin film limited by a porous
medium. Right: Schematic view of the pressure cell.

2.1 Structure and Interactions in black films

A method for the investigation of black films has been finalized which combines
the measurement of forces to the structure determination of the film by X-ray
reflectivity. It has been applied to the study of hydration effects. A new cell has
been built based on the principle of the porous plate method and adapted for
our specific X-ray reflectivity equipment. The pressure applied on the film is
varied by means of a syringe connected to the cell, whereas the porous plate is
connected to the capillary tube at the atmospheric pressure. The pressure in the
cell is Po + AP and AP is measured by means of differential manometers. For
a film at equilibrium the disjoining pressure is given by: EtAP+27/r-Apgh,
where r and h are defined in the figure 2.1, 7 is the surface tension, g is the
gravity acceleration and Ap the density difference between the solution and the
air3.

2.1.1 A first application: evidence of hydration effects in electrolytic black films

One has investigated the interactions within free suspended black films drawn
from aqueous solutions of anionic Aerosol-OT (AOT) with two added elec-
trolytes LiCl and CsCl. The long range force law within a black film of AOT has
been accurately measured with the two electrolytes. The pressure was increased
by steps of 50 mb until rupture (the NBF has not been reached) while the sep-
aration between the molecular planes recorded as shown in fig. 2.2 (top). One
can notice that the slope above 0.05 M tends to bend at the lowest pressure and
this is the signature of the attractive dispersion forces. At 0.05 M the isotherms
for LiCl and CsCl are quasi identical. At 0.1 M an additional repulsion arises

3Schalchli A., Benattar J.J., Kolarov T., "Mesure de la structure et des forces dans les
films noirs", C.R. Acad. Sci. 319, Série II, 745-752 (1994)

Benattar J.J., Schalchli A., "Les films de savon explorés au nanometre", La Recherche
N°268, 934-935 (Sept.-1994)
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Figure 2.2: Top: Film thickness as a function of the applied pressure for various
salt concentration. Bottom: Surface tension as a function of AOT concentra-
tion in presence of LiCl and CsCl. Squares are obtained with LiCl and circles
with CsCl.

on the LiCl isotherm and a similar gap is present at 0.2 M. The shape of the
isotherms presents some features of the DLVO theory. However the difference
between Cs and Li ions cannot be explained in the frame of this theory . The
observed gap between isotherms for various cations could be due to the different
size of hydrated ions which could affect either the surface charge if the film and
the Debye screening length. Note that such a difference between Li and Cs ions
can also be observed on the surface tension isotherms (see fig. 2.2 (bottom)).

2.1.2 In-plane order in Newton black films

In order to investigate the NBF in-plane order, a surface diffraction experiment
has been done on a black film (60 Â) of the non ionic glycol monododecyl ether,
C12E6. The high brilliance of the synchrotron radiation at ESRF has been
used (4-circle multi-technique diffractometer (ID32)). There are two ways to
investigate the planar order: 1) the diffraction in transmission but the diffracted
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Figure 2.3: Top: Diffraction experiment on black films at ESRF. Bottom:
Scattering curves corresponding respectively to: a) the air diffusion through the
frame, b) the diffusion by a thick film just after its formation and c) the diffrac-
tion by the NBF have been recorded.

signal is too small compared to the air diffuse scattering, 2) a classical surface
diffraction experiment using the diffraction of the evanescent wave propagating
parallel to the layers. The film was so thin that a critical angle could not be
defined. Thus a new experiment has been imagined in which the incidence angle
is as small as possible, in order to obtain a strong component of the incident
wave vector parallel to the film. The main experimental problem was to strike
the film at glancing angle and to record the diffracted beam, also at glancing
angles; this has been achieved using the experimental set-up represented in fig.
2.3 (left). The curve (a), which exhibits the air diffusion, is indicative of the
absence of extra diffraction by the frame. The curve (b) recorded on a thick
black film does not present any diffraction peak but an extra diffuse scattering
intensity due to the water within the film. The curve (c) recorded on the NBF is
much more interesting since it exhibits one rather intense Bragg peak and few
weaker peaks, forming a modulation of the diffraction pattern. These Bragg
peaks are narrow and indicative of a 2D-long (or quasi long) range order.
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2.2 Complex black films

2.2.1 Polymer-surfactant interaction in black films and monolayers

Polymers and surfactants occur together in many industrial compounds and
natural systems like biological membranes. One investigated the structure
of mixed layers formed after deposition of one and two polymer (PDMS i.e.
poly(dimethylsiloxane)) monolayers on two kinds of surfactant sublayers the
AerosolOT (AOT), a double chain anionic surfactant, and the penta(ethylene
glycol) mono-n-decyl ether (C10E5), a single chain surfactant. The experiment
has been done for two complementary interfaces first the surface of solutions
(made by evaporation of the solvent of a polymer droplet) and second that of
Newton black films (by capillary rising in the NBF). The goal was to better un-
derstand the nature of the mixed polymer-surfactant layer (i.e. the penetration
of the polymer in the surfactant).

• The question of the polymer chain penetration mainly concerns the struc-
ture of the interface between the surfactant and the first PDMS layer. It
appears that there is a clear penetration of PDMS in C10E5 since the pure
PDMS slab is thinner (4 Â at surface solution and 3 Â on NBF) than that
obtained on AOT sublayer (7.6Â at surface solution and 7 Â on NBF).

• The properties of the second PDMS monolayer, check the PDMS ability
to form stable layers stacking. In the case of C10E5, we found that the
second layer thickness is slightly larger than the first one. This result may
be simply explained by the fact that the first layer thickness is reduced by
the penetration in the surfactant, whereas the second one is well spread
on the first one. In the case of AOT, the results are more dispersed. The
second layer thickness is only 3.4 Â; this seems rather small compared to
the value of the first layer 7.6Â; such a result is compatible with a layer
whose thickness is larger but inhomogeneous.

In conclusion, two different behaviors can be distinguished depending on the
nature of the surfactant.

2.2.2 Free standing films of long associating polymers

Emulsions of oil in polar medium are known to be thermodynamically unstable
systems. The more efficient stabilizers seem to be hydrophobically modified
polyelectroly tes since they combine the long-range electrostatic repulsion of ionic
surfactants and the steric hindrance of polymers. The motivation of this work
was to study the behavior of free-standing vertical films of such long associating
polymers in order to separate the effects produced by the confined geometry
of a film from those due to the polymer physics. The associating polymers
were the hydrophobically modified poly (acrylic acid) sodium salt (HMPAANa).
It appears that the polymer can form very stable free-standing films whose
equilibrium thickness is independent of the degree of grafting and of the salt
concentration; the only relevant parameters are the polymer concentration and
the molecular weight. A threshold at the critical aggregate concentration has
been found: below this threshold, the thickness of the films is independent of the
macroscopic property of solutions; the films is composed of solely two polymer
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Figure 2.4: Left: Film thickness as a function of the concentration of the asso-
ciating polymer (normalized to CAC). Right: Film thickness as a function of
the average molar weight of the polymer for C<CAC. A growth consistent with
the square root (i.e. the radius of gyration) is observed.

molecule walls, each of them being adsorbed to one side of the film. Above
this threshold, non adsorbed polymer molecules are trapped in the film and
are linked to the adsorbed molecules via the hydrophobic aggregates. Because
of the draining of water, the polymer concentration inside the film is possibly
slightly higher than that of the solution and the film behaves like a physical
gel. In figure 2.4 (right) one shows that the thickness of the films increases like
the square root of the average molar weight (i.e. the radius of gyration); in
figure 2.4 (left) the thickness versus the polymer concentration. Our results are
in good qualitative agreement with theoretical and experimental works, which
conclude that the thickness of film of amphiphilic polymer is controlled by the
radius of gyration

2.3 Perspectives: The two dimensional confinement of biological molecules

The last step of the experimental processes is obviously the use of NBF associ-
ated to the X-ray reflectivity, to investigate the interfacial properties of biological
systems. The present goal is to provide a methodology which could provide new
states of the biological materials, and allow an alternative of the classical 3D
crystallization. Two different ways are now emerging in collaboration with a lot
of laboratories (from CNRS and university): 1) the confinement of biological
molecules within the NBF using their interaction with surfactant molecules like
for example ADN and CTAB surfactant. 2) the formation of black films made
of pure proteins. The first results obtained on BSA (Bovine Serum Albumin)
are really promising!
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The behavior of strongly associated fluids, either pure fluids or binary mix-
tures, is studied near their critical point. Two topics are discussed: liquid or
crystallized salts in organic solvents with long range interactions, whose critical
properties are not actually well understood, and the properties of supercritical
fluids (SF), in particular SF with strong hydrogen bonding, such as supercritical
water.

3.1 Ionic Fluids

In the past year, salts which are liquid at room temperature have been synthe-
sized and well characterized. These salts can be partially miscible with organic
solvents in conditions such that a liquid-liquid phase separation occurs close to
room temperature. One expects the long-range coulombic interactions to modify
the critical properties2. Depending on the nature of interactions, phase separa-
tion in ionic systems may be classified as coulombic unmixing, or as solvophobic
unmixing. The latter has been shown to belong to the Ising-type universality
class while truly coulombic systems are expected to be mean-field. However,
short range interactions (such as hydrogen bonding), orientation correlation
and a high value of the dielectric constant of the solvent may drive ionic binary
mixtures into the Ising-type universality class.

We have studied extensively the binary ionic mixture of ethylammonium nitrate
(EAN) and n-octanol with a low dielectric permittivity (e=8). The salt melting
temperature is 14°C. Measurement of the coexistence curve [1] and of other

1 Partially funded by LFFB (Les Ulis )
2Pitzer K.S., Ace. Chem. Res. 13,333 (1980); Fisher M.E., J. Stat. Phys. 75,1 (1994).
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static properties by light scattering have shown that this mixture is mainly Ising-
like in a large domain of temperature although some weak negative corrections
to scaling could be noticed [19]. The viscosity anomaly has also been measured
[3] and follows the predictions of the dynamic renormalization group. The Ising-
type character may be attributed to clustering between ions through hydrogen
bonds. This might also explain the relatively high value of the critical salt mole
fraction of this mixture compared to other ionic mixtures.

In order to better quantify the correlation between ions, small-angle neutron
scattering has been measured up to a wave number q = 0.46 Â"1 [4, 5]. The
excess coherent spectra of the critical mixture of EAN and deuterated n-octanol
are shown in fig. 3.1 (left). As expected, the scattered intensity at low q values
due to the concentration fluctuations increases as the temperature approaches
the critical one. For q^ 0.46 Â""1, the excess coherent spectra can be described
in term of the Fisher-Langer expansion of the correlation scaling function 3

for sufficiently large values of q£, £ being the correlation length, and by an
additional contribution which takes into account the short-range correlations
between different molecular species [4, 5], fig. 3.1 (right).

Recent measurements of the electric conductivity of the critical mixture EAN-
octanol show that the anomaly of conductivity is much weaker than in aqueous
electrolytic solutions. The regular behavior similar to the one of molten salts is
observed in such a system very close to its critical point. This might result from
the high salt concentration in the mixture. In addition, conductivity measure-
ments performed in the one-phase region show that the degree of association
increases linearly as the salt mole fraction is reduced.

Other salts with more spherical ions such as tetra-n-butylammonium picrate, or
salts with ions of approximately the same size such as tetra-n-butylammonium
napthylsulfonate, which has recently been synthesized at the University of Bre-
men (Institute for Inorganic and Physical Chemistry), are under investigation.
In toluene, the last salt shows a phase separation around 51°C and a low crit-
ical salt mole fraction. This system has no hydrogen bonding. Because of the
low value of the dieletric constant of the solvent, it corresponds better to the
RPM than the EAN-octanol system. These salts are characterized by a melting
temperature close to 100°C.

3.2 Supercritical water

Supercritical fluids (SF) are largely used for extraction in industrial processes4.
Continuous tuning of pressure and temperature can be used to adjust the sol-
vation effect. Density fluctuations occuring in SF near the solvent critical point
may increase the local solvent density around a solute molecule to a value larger
than the bulk density (up to 200%). This phenomenon is known as solute-
solvent clustering, and in turn, affects viscosity, diffusivity, dielectric constant
and hence the solvation properties of SF.

Solute-solvent interactions depend strongly on their polarity, and on the capa-
bility of forming hydrogen bonds within the mixture.

3Fisher M.E. and Langer J.S., Phys. Rev. Lett. 20,665 (1968).
4Savage P.E., Gopalan S., Mizian T.I., Martino C.J.and Brock E.E., AIChE Journal

41,1723 (1995)
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Figure 3.1: Left: Excess coherent spectra of the binary ionic mixture ethylam-
monium nitrate - n-octanol at critical concentration. The excess coherent spectra
are obtained by subtracting from the measured spectra those of the corresponding
ideal mixture. Tc is the critical temperature. Right: Fitted Fisher-Langer ex-
pansion G(x) = Ci (1 + C2 x - t 1-") /" + C3x -l'u) x -P- i ) , as a function of
x= ç£, £ being the correlation length and a, v and n the critical Ising exponents.
All the spectra measured at different temperatures are fitted simultaneously in
the range 0.06 Â'1 < q < O.46 Â'1.

Supercritical water has become a subject of growing interest as a medium for
hydrothermal destruction of hazardous compounds and for its role in geochemi-
cal processes. In order to properly understand the properties and the structure
of the extended hydrogen bond network of supercritical water, a neutron in-
vestigation was started in collaboration with the Laboratoire Léon Brillouin.
Diffraction spectra of pure supercritical water have already shown that, in the
high density supercritical region, the tetraedral structure of liquid water breaks
up into dimer/trimers. To extend these results to length scales between inter-
molecular distances and the critical correlation length of the density fluctuations,
small-angle neutron scattering (SANS) up to q= 0.5 Â"1 was used. To this end,
we have constructed a cell which withstands the high pressure and temperature
required for studying supercritical deuterated water (critical temperature Tc =
643.9 K, critical pressure Pc = 216.6 bar). The cell has two thick sapphire win-
dows which allow to reach high values of the scattering angles up to 18°. Fig.
3.2 (top) shows a front view of the assembled cell. The thickness of the sample
can be changed according to the absorption of the system. This cell can also
be used for light scattering experiments and for visualization of the liquid and
vapor phases as well. fig. 3.2 (bottom) shows the cell filled with D2O at critical
density, slightly above Tc. One notices the stratification of the fluid due to its
high compressibility near its critical point. SANS spectra were measured along
the critical isochore within the temperature range 0.5°C < T-Tc < 22.0°C. The
corresponding spectra are shown in fig. 3.3. The expected increase of the scat-
tered intensity is observed when the temperature approaches the critical one.
The measured spectra are well described by the Fisher-Langer expansion.

3.3 Other research activities

In the past years investigation of heat transport in supercritical pure fluids (CO2
and SFÔ) has been investigated in microgravity conditions. Because of the strong
divergence of the isothermal compressibilty near the critical point, a speeding-up
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Figure 3.2: Top: Front view of the cell used for small-angle neutron scattering
measurements of supercritical water. The cell is made of refractory alloy which
withstands high temperatures and pressures. The internal diameter of the cell
is 12 mm and the exit diameter of the sapphire windows is 16 mm. This cell
geometry allows a maximum scattering angle of 18°. Bottom: Density strati-
fication within the cell filled with deuterated water at critical density and above
the critical temperature for two temperatures. The deformation of a grid's image
evidences the strong density gradients due to the high compressibility of the fluid
in the vicinity of the critical point. The largest density gradients form where the
meniscus should appear.
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Figure 3.3: Coherent spectra of supercritical deuterated water at critical density.
Measurements have been carried out between Tc + 0.5 °C and Tc + 22° C.

of the heat transport could be evidenced. This fast transport mechanism takes
place when a boundary layer of an adiabatic vessel is instantaneously heated.
This hot layer expands rapidly and compresses adiabatically the bulk fluid via
propagation of pressure waves [6, 7]. This research activity was a part of the
thesis of T. Frôhlich (1996).

The growth mechanism of dew condensation on a cold substrate has been the
subject of the thesis of M. A. Marcos Martin (1997) [9, 10]. A novel and com-
pact optical set-up has been developped in the framework of the thesis in order
to measure the rate of condensation on the substrate. The probe measured
the scattered light from the substrate via an optic fiber. After an accurate
calibration of the apparatus, the probe has been tested successfully in a sterili-
sation vessel which operates under a saturated atmosphere. It has been recently
patented.

Ionic binary systems will be studied with salts having spherical ions of approx-
imately the same size and with central charges. The effect of the value of the
dielectric constant of the solvent and of specific interactions, such as hydrogen
bonding, on the critical properties will also be investigated. The presence of
ions pairs and higher associates in such systems will be studied by SANS and
by electrical conductivity measurements.

Plans are to study extensively the solvation properties of supercritical fluids.
The presumably high density solvation structure around the solute molecule,
due to the high compressibility of the solvent near its critical point, should be
studied by SANS. We plan to study the solvation mechanism in apolar, slightly
apolar and highly electronegative solvents, in a wide range of temperature and
pressure in the supercritical domain. These measurements will complete the
study of supercritical water.

Protein unfolding under pressures up to 5 - 10 kbar, at low temperature, will
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4. Instability and turbulence
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Bouchaud and P. Claudin for granular matter.

Collaborations^. Manneville (CNRS) for subcritical transition to turbulence, L. Blumenfeld
(DCC/DPE/SPCP), J. Lega (Tucson University, Arizona,USA), C. Normand (SPhT) and C. Perez
Garcia (University of Pamplona, Spain) for non linear waves, J. Léorat (CNRS), J.- F. Pinton
(CNRS), S. Fauve (CNRS), A. Guigon (DRN/DER/STML) for the dynamo effect.

The topic presented here belongs to the field of complex systems, non-linear phe-
nomena, chaos and turbulence. We are first concerned with the phenomenon
of pattern formation. Patterns are simple examples of emergent, self-organized
structures which exist under non-equilibrium conditions. They are found in
many different places in nature, and if the first studies were devoted to fluids,
they are now investigated in optics, granular media and in many biological and
geological processes 1. We then study the destabilization in space and time of
such patterns, trying to show the existence of some universal phenomena. In
spite of impressive progress, the problem of the transition to chaos and turbu-
lence still offers numerous open issues. Temporal chaos is associated to systems
where few degrees of freedom are active owing to confinement effects, for which
scenarios have been identified. By contrast, turbulence involves many spatial
and temporal scales. In between one finds spatio-temporal chaos where the
dynamics of ordered structures remains an important ingredient [4].

Currently, the research is focused on the investigation of the instabilities and
the transition to spatiotemporal chaos in systems of waves, coupled oscillators
and open flows. First the non-linear dynamics of traveling waves patterns is pre-
sented. Then one shows results obtained with coupled systems before studying
the subcritical transition to turbulence in plane Couette flow. Finally, some new
trends are presented which open (new) promising areas. The first one concerns
the study of the dynamo effect in a flow of conducting fluid and the other the
statics and dynamics of granular matter.

1 Cross M.C. and Hohenberg P.C., Rev.Mod.Phys 65, 851 (1993)
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In this active field of physics, there is a very close contact between experimen-
talists and theoreticians and the presented work is done in collaboration with
several groups. Some fundamental studies are also in relation with applied
problems (cf. non linear waves experiments) and we have developed some ex-
periments related to them. The main experimental methods used and being
developed are: thermal control and temperature measurements, optical meth-
ods (shadowgraphy, interferometry..), digital image processing and laser and
ultrasonic velocimetry.

4.1 Non linear waves

To study the transition from order to spatio-temporal chaos in extended non
linear systems, physicists have first started to study systems unstable to station-
ary spatial patterns (e.g. Rayleigh-Bénard convection) and later on, oscillatory
instabilities and traveling-wave patterns. For ID waves, two mechanisms - Eck-
haus and Benjamin-Feir - have been intensively searched in several physical
systems such as binary fluid convection. This research has also been strongly
stimulated by numerical experiments on the Complex Ginzburg-Landau equa-
tion2 .

4.1.1 One dimensional hydr other mal waves

We have studied the non-linear dynamics of hydrothermal waves produced by a
surface-tension driven convective flow in long and thin channnels (rectangular
and annular) heated from the side. This work has been performed in collabo-
ration with SPhT (C. Normand), Pamplona University (C. Perez-Garcia) and
Tucson University (J.Lega). First the instability mechanisms which lead to a ID
wave pattern have been characterized and compared to theoretical predictions.
A very good agreement was found with a model of destabilization of a parallel
flow driven by surface tension and buoyancy effects 3 .

Above onset and in the annular channel, the supercritical wave pattern under-
goes a secondary instability - a supercritical Eckhaus instability- which leads to
a phase-modulated non-linear mode [33](cf. fig. 4.1). This is, as far as we know,
the first report of a non-linear phase pattern on the way to spatiotemporal chaos
for a large system. At higher forcing level, this secondary pattern is subject to
an amplitude mode characterized by traveling holes patterns, i.e. space-time
defects that change the wavenumber. They allow the system to decrease its
wavenumber and the pattern relaxes towards a non-modulated state. Further
increase of the thermal constraint produces a new Eckhaus modulation followed
again by a loss of wavelengths.The scenario reproduces itself several times until
weak turbulence arises, consisting mainly of amplitude holes defects.

These amplitude holes have been studied in details in the rectangular channel
for small depths (cf. fig. 4.2) [35]. In this case, the wave source consists in a
ponctuai source randomly located on the cold side, whereas for higher depths a
linear source is present.

2Shraiman B. et al., Physica D 57, 241 (1992)
3Mercier J.F. and Normand C, Phys. Fluids 8, 1433 (1996)
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Figure 4.1: Spatiotemporal diagram showing the local wavenumber of an Eck-
haus modulated traveling wave pattern in an annular convection channel. The
wavenumber is no more uniform in space and time but a small modulation
(higher wavenumers are clearer, lower are darker) propagates slowly along the
channel at the group velocity of the basic wave pattern.

When the temperature difference is increased, defects emitted by the source
appear in the travelling wave pattern and propagate in the same direction as the
waves. They seem to be related to an instability of the source connected with the
perturbation due to the boundary effects. The study of these amplitude holes
reveals that they are closely related to hole solution of the Complex Ginzburg-
Landau equation (CGLE) either Nozaki-Bekki holes 4 or van Hecke holes5. This
result confirms that hydrothermal waves are a good experimental prototype for
the study of CGLE.

4.1.2 Related experiments

Experiments have also been performed in a different experimental system, using
a local heating in a fluid which presents a free surface -hot wire experiment-[29].
The heating is provided electrically along a straight wire. Above a given electri-
cal power, a pattern appears under the form of ID propagative waves. Critical
properties have been evidenced in this system and they address the question of
the nature -convective or absolute- of the instability near the threshold. Tem-
porally forced wave patterns have also been studied in this experiment and the
transition from unforced traveling waves to forced standing waves when a source
defect is present in the system has been analyzed [16].

Experiments are now performed in extended geometries and with very thin
liquid layer in order to study 2D wave patterns. The first results exhibit spiral
patterns and their characterization is currently under progress (cf. fig. 4.3).

In parallel with these fundamental studies, we have performed experiments in
collaboration with Direction du Cycle du Combustible on SILVA process. In
two similar experiments using two different fluids -oil and mercury-, the liquid
is set in a cooled cylindrical vessel and heated by a heat flux across the center
of the free surface. Coupled buoyancy and thermocapillary convection lead to a

4Bekki N. and Nozaki K., Phys.Lett. A 110 133 (1985)
5Van Hecke M., Phys.Rev.Lett. 80, 1896 (1998)
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Figure 4.2: Space-time diagram showing amplitude holes in a system of
ID hydrothermal waves in a rectangular cell (2x25cm) filled with silicon oil
(h—1.3mm) and subjected to a temperature difference of 5.0 K across its small
side.

convective motion of the interface which drastically changes the heat and mass
transfer across the liquid layer. In the case of oil, the instabilities of the basic
flow and the weak turbulence regime have been studied [15, 20]. For mercury
(collaboration with Madylam, Grenoble) and in spite of many precautions, the
thermocapillary effect is reduced to zero due to impurities at the interface and
only the buoyancy forces induce a weakly turbulent flow [14]. Finally, results
concerning heat transfer have been compared to available theories [21].

4.2 Coupled oscillators

4.2.1 Different experimental systems

Another interesting way to investigate the route to complexity in spatially ex-
tended systems is to couple many identical systems. Two attempts have been
made in the past namely coupled Froude oscillators (i.e. stick slip systems) [17]
and coupled weakly unstable jets [2, 9]. An attempt has also been made to
investigate superposed convection cells separated by a thin plastic film. How-
ever it appeared that the latter system was poorly suited to investigation about
coupling. Most of the recent work has been dedicated to the understanding of
the physics ruling the behaviour of jet arrays.

4.2.2 Lattice of coupled instable jets

A jet impinging from below on a water air interface causes a bump to appear.
Beyond a threshold velocity the bump starts rotating at a frequency UJQ. An
interesting features is that when several jets are assembled in a regular array
their rotation velocity can be coupled i.e. all jets locks exhibiting phase patterns
depending on the jet velocity and on the array geometry [2, 9]. Experiments
based on set of two or four jets and then on larger arrays have been made to
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Figure 4.3: Shadowgraphic pattern showing a spiral pattern of hydrothermal
waves in a cylindrical geometry (diameter 10cm).

understand and to modelize the coupling. The key ingredients of the underlying
physics are the following:

• The coupling is ensured by surface wave which propagates between jets
according to their phase velocity

• Two directions of rotation are possible and observed. Only jets with the
same direction of rotation are coupled

The observed phase patterns have been successfully described using for each
jet (labelled by m) an amplitude equation with a cubic saturation term leading
to the limit cycle observed with a single jet and a sum of interaction terms
proportional to the amplitudes of the other jets (labelled n) with a complex
weight factor Cmn containing the propagation of the waves (phase shift and
attenuation).

^t + 7 (1 - <&) am+ £ Cmn (u0 + I m ( ^ ) an = 0
A subtle non linearity is introduced through the frequency dependence of the
coupling term. The equation can be solved analytically for infinite networks or
numerically. The results about the phase patterns, the observed mode transition
and their frequency agree well with experiment [32, 38].

4.3 Subcritical transition to turbulence

4.3.1 The plane Couette flow (PCF) case

In trying to identify steps in the transition to turbulence process, a first dis-
tinction can be made from the nature of the primary bifurcation. Supercritical
transitions are characterized by continuous growth of the distance to the basic
state in the direction of some known unstable mode. Rayleigh-Bénard convec-
tion or hydrothermal waves are typical examples. A scenario then develops,
for which classical tools of (weakly) nonlinear analysis are available. Another,
strongly different, situation occurs when the primary bifurcation is subcritical.
In that case, our understanding is much more limited and entirely relies on our
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Figure 4.4: Spatiotemporal record of the light diffused by iriodin particles along
a vertical line in a plane Couette flow locally forced by a bead showing temporal
intermittency.

capability to determine branching solutions that become stable at finite dis-
tance of the basic state. In the realm of hydrodynamics, the plane Couette
flow (PCF) corresponds to this situation since it is known to be linearly sta-
ble for all Reynolds number R, whereas transition to turbulence is observed in
experiments. The PCF therefore seems to be a good prototype for studying
"globally subcritical" transitions to turbulence [28]. This work has been done
in collaboration with P. Manneville (LadhyX).

In order to reach nonlinear solutions the most direct way is to excite the flow by
an instantaneous localized perturbation which serves as initial condition [1]. It
was shown that the critical Reynolds number for the onset of turbulence strongly
depends on the disturbance strength and that below Rc ~ 325, turbulence is
never sustained even if long-lived transients may be observed. Turbulent spots
generated in that way present a core of small scale turbulence surrounded by
streaky structures which are also observed when spots relax [31].

4.3.2 Streamwise vortices as finite amplitude solutions

Another possibility has been explored by considering slight modifications of the
original PCF configuration. Experimentally, this has been done by introduc-
ing a thin wire parallel to the spanwise direction [3] which stabilizes stream-
wise counter-rotating vortices. The basic velocity profile, as measured by Laser
Doppler Velocimetry, is shown to approach continuously the original linear ve-
locity profile as the radius of the wire is decreased. On the other hand, the vor-
tices remain almost unchanged and their appearance threshold remains bounded
from above by the global stability threshold below which turbulent spots relax
spontaneously. This supports the conjecture that a related nontrivial nonlinear
solution exists in the pure PCF [31]. These observations have been compared
to numerical stability calculations of the modified flow and to finite amplitude
solutions to the PCF problem with a different tunable modification. As these
vortices play a role in the transition at the limit of the pure PCF, we studied
the transition scenario involving their breakdown along the wire leading to a
quasi-lD spatio-temporal regime [24].

4.3.3 Intermittency in a locally forced PCF

In an attempt to understand this complex spatio-temporal regime, we consid-
ered a modified experiment where a bead is introduced in the central plane of
the flow. In this case, only few vortices are generated, localized around the
bead and their destabilization occurs via a new type of temporal intermittency
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Figure 4.5: Same as in figure 1.4 in a pure plane Couette flow exhibiting spa-
tiotemporal intermittency for R=335.

(cf. fig. 4.4) [24]. This intermittency appears to be hard to understand within
the framework of dynamical systems. In some sense, the structure is spatially
frozen and spatio-temporal intermittency is converted into temporal intermit-
tency. But this intermittency in fact develops in an extended system and keeps
a trace of the large number of degrees of freedom that can be excited. These
observations suggest implications for the study of the transition to turbulence
in other weakly confined systems.

4.3.4 Spatiotemporal intermittency

Considering the asymptotic behavior of the unmodified PCF when turbulence
is sustained, one observes inhomogeneities which develop in the form of fluctu-
ating turbulent domains coexisting with laminar ones (cf. figure 4.5). A mean
turbulent fraction can be defined and is shown to slowly increase with R, but
to remain finite at Re (cf. fig. 4.6 (left)) [37]. Also, lifetime histograms of
turbulent patches quenched below Re display a well defined exponentially de-
creasing tail (cf. fig. 4.6(right)). Both observations suggest a strong connection
with the transition to spatiotemporal intermittency observed in certain two-
dimensional coupled map lattices, which can further be interpreted within the
framework of the theory of phase transition. In collaboration with H. Chaté,
using large ensembles of similar experiments, we show the existence of a well-
defined treshold Reynolds number above which a unique, turbulent attractor
coexists with the laminar flow. Furthermore, the data reveal that this transi-
tion to spatio-temporal intermittency is discontinuous, i.e. akin to a first-order
phase transition [5].

In order to represent the behaviour of the turbulent spots at a phenomenolog-
ical level, a nonlinear gradient term has been added to a generalized quintic
Ginzburg-Landau equation [34] (collaboration with J. Lega, Tucson University,
USA). This term is used to tune the width of pulse-like solutions. We investi-
gate the dynamics of these solutions and show that weakly turbulent regimes
can persist for long times.
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4.4 New trends

4.4.1 Dynamo effect

Figure 4.6: Left: Average turbulent fraction of transitional plane Couette flow
as a function of the Reynolds number R. The thick solid line corresponds to
R values at which turbulence never dies out and the dashed line to metastable
plateaus characterizing the weakly repelling nature of the intermittent phase be-
low threshold. Right: Cumulated lifetime distributions for quench experiments
at different values of the quench Reynolds number evidencing exponential decay.

To go further in this attempt to unify a dynamical and a statistical description,
we plan to set up a new experimental device, with larger aspect ratio in order to
avoid size effects. This work has also encouraged several numerical studies and
work in Taylor-Couette flow as well as in other shear flows in the subcritical
regime are under progress in collaboration with other laboratories (Le Havre
University and Delft University).

The medium term objective is to demonstrate experimentally that flows made
of conducting fluids can spontaneously generate magnetic field. This so-called
dynamo effect which is likely at the origin of the planets and stars magnetic
fields has up to now never been demonstrated in laboratory.

Through a CEA-CNRS collaboration, a large experiment is being designed
which will use liquid sodium (typically 6 m3 of fluid with a mechanic stirrer)
[26, 27]. The present work is to design the geometry of the flow and of the
stirrer to have the most favourable configuration for the dynamo effect to occur.
Two preparatory experiments are under way:

• Measurement of the velocity field using a model at smaller scale filled with
water. Various flows have been tested and velocity fields measured using
laser and ultrasonic techniques. These velocity fields will be introduced in
MHD codes to simulate what would occur with sodium.

• A small sodium experiment (50 1) in collaboration with J. F. Pinton (ENS
Lyon) and S. Fauve (ENS Paris). The von Karman flow between rotating
disks has been chosen because of the promising results obtained in this
configuration with liquid gallium.

54



Figure 4.7: Experimental set up to study arching effect in granular matter. The
probe {or current collection are visible at the bottom of the experiment.

4.4.2 Granular matter

The study of the statics and dynamics of granular matter is currently being
developed in collaboration with J.P. Bouchaud and P. Claudin6. It is well
known that stresses in granular matter are rather irregularly distributed 7. An
experiment is being developped to investigate the electrical analog of this effect
(electrical arching). It consists in a two dimensional stack of about 1800 steel
balls diameter 6 mm (cf. fig. 4.7). An electrical current is injected and collected
on various electrodes which allow to measure the statistic distribution of the
current path.This distribution is expected to have a behaviour similar to the
one of the stresses.

The dynamics of a two dimensional stack of balls will be carefully investigated
during transcient phenomena namely avalanches and interaction with a flow.
The main tool will be a fast camera which should allow to follow each particle.
This tool will allow to investigate quantitatively the BCRE model8 and derived
models of ripple formation 9.

6The latter participates to these experiments. The theoretical part is described further in
the report.

7Claudin P. and Bouchaud J.-P. , Phys. Rev. Lett. 78,231 (1997)
8Bouchaud J.-P., Cates M.E., Prakash R., Edwards S.F., Phys. Rev. Lett. 74, 1982 (1995)
9Terzidis O., Claudin P. and Bouchaud J.-P. submitted to European Physical Journal
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Solid State and novel materials

The activity in this field is devoted to magnetism, superconductivity and very low tempera-
ture physics. It is described in chapters 5 to 11. Seven groups are involved and their respective
contributions have been grouped according to topic, rather than according to group. This re-
flects an important evolution of the organization of the laboratory, with closer collaborations
between the groups on specific selected subjects.

The first subject on Dynamics of disordered and glassy systems is essentially related to the
domain of statistical physics. A very strong interaction exists between experimentalists and
theorists, which was certainly an important factor of success. Significant results were obtained
in the very controversial problem of the crossover between thermal activation and quantum
tunneling in the response of small magnetic particles. Concerning glassy materials, the non-
trivial aging phenomena of spin glasses have been studied in connection with general theories
of out-of-equilibrium statistical mechanics. In contrast no aging was found in vortex glasses,
but the observed slow dynamics and 1/f noise has given evidence for frustration and glassiness
even in the absence of an external field.

Two chapters are devoted to Strongly correlated electron systems and High Tc superconduc-
tors. In these systems the interplay of magnetic and transport properties is still a puzzling
question. The investigations on Kondo lattices were mainly focused on the magnetic in-
stability points in order to clarify the nature of the ground states and the transition from
localized magnetism to Fermi liquid behavior. In the case of the superconducting cuprates,
a specific very subtle Mossbauer study has shown that local moments and superconductivity
can coexist. Special efforts were made to maintain our lead in growing high quality single
crystals of the mercury cuprate family and in determining their properties. Many of these
crystals were used in other laboratories and their investigation has brought about significant
progress.

Very elaborate NMR studies have been performed. The methodologies for high resolution
NMR have been refined and the novel approach of Multiple Quantum MAS spectroscopy has
been developed. This technique has been implemented on solid state NMR spectrometers
and used in particular in a study on cement degradation. In another approach, the study
of the relaxation, induced by paramagnetic centers, enabled the measurement of the fractal
dimension of polymers.

The topic of Magnetism at reduced dimensions is very recent in our laboratory but very crucial
results have already been obtained. Magnetic thin films have been extensively studied by
neutron reflectometry. The new field of spin electronics using the spin of the electron for
field sensitive devices has been explored. A special tunnel spin valve was designed and
characterised, and very promising results were found at low temperature. This specific field
is bound to develop quickly.

The laboratory has been collaborating in a wide program for search of Dark Matter and
development of cryogenic detectors. During the last two years, decisive improvements were
obtained in the design of such detectors. Very sensitive and reliable heat/ionization detectors
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were built and one of them is running since 1997 in an experiment installed in the under-
ground laboratory of Modane. The know-how for these detectors has been transferred to the
department which manages the Dark Matter program.

All of the previous activities use low temperature techniques and rely on the Cryogenics
laboratory for the design of specific dilution refrigerators. The group has acquired a well
recognized competence in such refrigerators and many cryostats have been fabricated for
other laboratories. Recently some of the techniques developed were transferred to industry.
Finally, the laboratory for Electronic developments has designed and fabricated many very
reliable special purpose electronic devices. This activity has been very useful for important
experiments in the department.

As a conclusion, the main trends in this area are threefold. First, there is obviously a grow-
ing interest in magnetic nanostructures, especially in the development of dedicated devices
like spin valves. The laboratory will certainly continue to improve the capabilities of film
deposition and nanofabrication. Second, there is a general need for a better understanding of
disordered systems, which are indeed the systems most commonly encountered. This implies
an improved knowledge of out-of-equilibrium statistical mechanics and further work on model
systems like spin glasses or vortex glasses. In this context, new experiments are planned on
the dynamics of domain walls in ferromagnets with random impurities. The third topic con-
cerns the magnetic instabilities in strongly correlated electron systems, the local magnetic
properties of the superconducting cuprates and the further search for novel superconducting
materials along with the experimental investigation of model systems like spin ladders.
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5. Dynamics of disordered and glassy systems

Permanent staff, physicists: P. Bonville, J. Hammann, G. Le Bras, M. Ocio, E. Vincent.

Permanent staff, technician: L. Le Pape.

PhD: C. Gilles ( 1997 -*), R. Sappey (thesis presented 09/97).

Visitors: L. Gurevich (Chernogolovka, Russia) in 1996, R. Hammida in 1997, K. Jonason (Up-
psala University).

Theoreticians involved in this topic: J-P. Bouchaud, L. Cugliandolo (ENS).

Collaborations: E. Chudnovsky (CUNY, USA), F. Chaput and J.-P. Boilot (P.M.C. Ecole Poly-
technique, France), R. Perzynski, S. Neveu and D. Zins (Paris VI University) about nanoparticles.
M.P. Piléni (DRECAM/SCM and SRSI/Paris VI) about superparamagnetism. Y. Joh and R.
Orbach (U.C.R., USA), P. Nordblad (Uppsala University) about spin glasses. M.V. Feigel'man
(Landau Institute Russia) for granular superconductors.

5.1 Nanometric particles in the low temperature limit

The smallest magnetic particles that can now be prepared have a size of a few
nanometers (102 —104 spins), which makes them presumably of a single domain
structure. The reversal of the net magnetic moment, which a priori consists in a
uniform flip of all spins, involves crossing an anisotropy energy barrier. The tiny
size of the particles makes the barrier small, and blocking of the magnetization
can only occur at low temperature. But blocking - and thus the ability of
information recording - can possibly be hindered by quantum tunneling of the
magnetic moment through the barrier1. It is a challenge to try evidencing such
quasi-macroscopic quantum mechanical events [6]; there is an abundant and
controversial literature on that subject2. However, an important part of the
challenge is also to question the usual hypotheses that are commonly used in
this field, and hence to improve our understanding of matter at the scale of a
few nanometers [6].

The work reported here has been done on samples prepared by chemical methods
(e.g. ferrofluids), with about 1013 — 1015 particles, distributed in size. This
was the subject of a collaboration with F. Chaput and J.P. Boilot from the
Laboratoire PMC at the Ecole Polytechnique, and S. Neveu and D. Zins from
the Laboratoire de Physico-Chimie Inorganique at the Université Pierre et Marie
Curie.

1 Chudnovsky E. and Gunther L., Phys. Rev. Lett. 60 (1988) 661
2Barbara B. and WernsdorferW., Current Opinion in Solid State and Materials Science

Vol.2, April 1997
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Figure 5.1: Left: Peak temperature of the ZFC curves for various field am-
plitudes, showing a non-monotonic variation. Right: Peak temperatures of the
combinations defined in the text, showing a normal behaviour.

5.1.1 Magnetic characterization of the barrier distribution

In the magnetic characterization of such ensembles of small particles, the peak
temperature of the zero-field cooled (ZFC) magnetization is usually considered
proportional to a typical blocking energy. In several papers, an astonishing in-
crease of this blocking temperature with the field has been reported, while the
normal effect of an increasing field is to lower the energy barriers. From recent
results on antiferromagnetic particles of ferritin3, the effect has even been dis-
cussed as a possible indication of resonant spin tunneling. We have addressed
the question of the origin of this anomalous behavior in experiments [4] on two
different samples: one of 7 — Fe^Oz ferrimagnetic particles, and the other of
commercial ferritin. In both samples, the announced ZFC-anomaly is clearly
found (Fig. 5.1 (left)), but can be assigned to an increase of the effective barrier
distribution with field rather than to a quantum effect. This has been shown by
analyzing the field dependence of some simple combinations of two measurable
quantities, like the difference Mpc ~ MZFC of the field-cooled (FC) and ZFC
magnetizations, or equivalently the sum MFC + MR-TRM, where MR-TRM is
the relaxing magnetization after field cooling and reversing the applied field.
Under some common approximations (log-normal distribution), these combina-
tions do not depend on the width of the distribution, yielding a more direct
characterization than obtained from simple ZFC measurements. In both stud-
ied samples, the blocking temperatures deduced from these combinations are
indeed found to vary regularly with the field (Fig. 5.1 (right))[4].

5.1.2 A new relaxation procedure

The low temperature limit of the magnetic moment reversal can be investi-
gated in measurements of the magnetization relaxation after a field change.
The measured relaxation rate ("magnetic viscosity" S = dM/dLnt) is an intri-
cate combination of the effective temperature T*(T) with the distribution P(U)
of anisotropy barriers [1]

3Tejada J., Zhang X.X., del Barco E. and Chudnovsky E., Phys. Rev. Lett. 79 (1997)
1754
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m(Uc) where Uc = kBT*(T) hi — ; (5.1)

Uc is the typical barrier that is crossed at T* after t, and m(Uc) is the magne-
tization change due to flipping the moment of a particle of anisotropy barrier
Uc- T*(T) is the quantity of interest; it is equal to T for thermal dynamics, and
should level off to some low temperature plateau for quantum dynamics1. How-
ever, the sizes and anisotropy constants are distributed; an accurate knowledge
of these distributions is out of reach, particularly for the very small barriers.
A new experimental procedure has been developed [2, 6], which aims at deter-
mining T*(T) independently of an exact knowledge of the barrier distribution.
The principle is the following: thermal dynamics is strongly accelerated by a
temperature increase, whereas quantum processes should be much less affected.
In this spirit, one studies the fraction of the relaxation rate at a given T that
survives to a stage at a slightly higher temperature xT (Fig.5.2). After the field
change at T that triggers the relaxation, we heat the sample to xT (1 < x < 3)
for a while, and then measure the viscosity at T. This viscosity is normalized
to that measured without heating to xT. In the resulting "Residual Memory
Ratio" (RMR) [2, 6], P(U) is (to first order) eliminated. More precisely, this
point has been checked by a full computation with various choices for P(U)
(Fig. 5.3). RMR(x) is found to be nearly insensitive to P(U), while clearly
picturing the thermal or quantum nature of the dynamics.

Relaxation measurements have been performed down to ~ 50mK . Our setup
is a home made combination of an r.f. SQUID magnetometer and a special
purpose dilution refrigerator (this setup is one of the very few SQUID systems
that are coupled to a dilution refrigerator). The refrigerator has been designed
and built at the SPEC by P. Pari and Ph. Forget.
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Figure 5.3: Calculated RMR(x) for i) thermal dynamics, ii) quantum dynamics
in a plateau hypothesis, and for 3 choices of P(u) m(u). The insert shows T* (T)
in each case.

5.1.3 Thermal or quantum dynamics ?

The RMR procedure has been applied to the sample of 7 — FezOz particles.
Below 500mK, the low-field results [2] show strong deviations from the expected
thermal scenario. However, when going to very low temperatures, the relaxing
objects are by far smaller than the typical size of ~ 7nm, and cannot be easily
characterized. In order to study quasi-macroscopic particles (close to the peak
of the distribution), measurements using higher fields have also been performed
[3, 5], which lower the anisotropy barrier of larger objects. These experiments
are more delicate to realize (see details in [3, 6]). The results are presented
in Fig.5.4 (left); as in the low field case, the measured RMR shows important
deviations below ~ bOOmK. Thus, the dynamics of the larger (better defined)
objects also deviates from the thermal expectation at very low temperature.

We have further applied this method to a sample of CoFe?.O± particles, for which
the anisotropy energy density is of order 10 times higher, thereby enhancing the
possibility of quantum tunneling events1. The results [6] show deviations at
low temperature, but these deviations persist up to ~ 10K, a region in which
a pure thermal behavior should be recovered (as we have found in the system
of 7 — FezOz particles above IK). This anomaly is still unexplained; the effect
of possible inter-particle interactions, which could become non-negligible in this
system, should influence the RMR value in the opposite direction (the growth
of inter-particle correlations at low temperature should increase the effective
anisotropy barriers). This assumption has been qualitatively tested by applying
the same RMR procedure to a bulk spin glass, in which spin-spin correlations
are known to develop at low temperature (Fig.5.4 (right)). Clearly, the growth
of the free energy barriers upon decreasing temperature makes the effect of the
heating cycle still stronger than for fixed barriers; this is at variance with the
observed trend in Fig. 5.4 (left).
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Other RMR measurements on ferritin are in progress.

The observed anomalies indicate that the common picture of a distribution of
independent, well-defined magnetic objects, which relax by thermally crossing
an anisotropy barrier, does not hold in the limit of low temperatures. Two lines
of interpretation are possible. On the one hand, if we stick to the assumption
that the dynamics is thermally activated (with no significant quantum effects),
the most likely explanation is that the barrier distribution P(U) is not temper-
ature independent as is usually assumed. This could be related to inter-particle
correlations, but these correlations should make the relaxation easier (avalanche-
like processes), instead of blocking the dynamics by a classical freezing effect.
Another possibility is that the relaxation at low temperature is more influenced
than expected by defects at the surface of the particles. It has been suggested
that the surface spins may be in a magnetically frustrated arrangement, which
would give rise to a variety of low energy barriers4. In that case, the effective
barrier distribution could be very different of the distribution of particle sizes,
and vary with temperature. Experiments on samples with different particle
surface coatings should help checking this possibility.

On the other hand, at some stage quantum mechanics should be applicable to
the magnetic particles. For our 7 — Fe-iOz results [2, 3], which exhibit the
same deviations at low and high field (therefore for smaller and larger magnetic
objects), this is the most plausible explanation. However, a more quantitative
comparison with quantum mechanical predictions is needed for giving a clear
proof of a quantum limit to the blocking of nanometric magnetic particles.

5.1.4 Superparamagnetism

In collaboration with the DRECAM/SCM and SRSI/Paris VI University lab-
oratory, the superparamagnetism of nanometric particles of cobalt ferrite has

4Kodama R.H., Berkowitz A.E, McNiff E.J. and Foner S., Phys. Rev. Lett. 77 (1996) 394
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been investigated by 57Fe Mossbauer spectroscopy and magnetometry. Due to
the presence of the Co2+ ion, the magnetocrystalline energy density K in these
particles is rather large, and was estimated to be: K ~5 106 ergs/cm3. The
analysis of the data for increasing particle size (2, 3 and 5 nm) has shown that,
in the smallest particles, the anisotropy has an axial character, whereas it has a
cubic character in the bulk material. Our data also suggest that the anisotropy
energy density K increases as the particle size decreases. These findings can be
accounted for by considering the growing influence of surface magnetic moments
as the particle size decreases. The surface atoms indeed have a very distorted
crystalline environment and the anisotropy at these sites is expected to have a
different symmetry and an enhanced magnitude with respect to the bulk. For
more detail see [18] to [24].

5.2 Slow dynamics and aging in spin glasses

The dynamic properties of the spin glass phase feature its out-of-equilibrium
situation: the response to a field variation is logarithmically slow, and, in ad-
dition, depends on the time spent at low temperature (aging phenomenon).
These effects have been widely studied, and our group has already contributed
significantly to the experimental description and analysis of the overall behavior.
Recently, important progresses have been made in the theory of non-equilibrium
dynamics, as well in simulations of finite-dimensional systems as in mean field
models5. Aging is now found within general situations of the statistical mechan-
ics of disorder. In this context, the older data have been discussed at length,
raising novel questions which motivate further experiments. The recent exper-
imental work, without showing new spectacular breakthroughs, proceeds in a
continuous interaction with the theory, and progressively becomes a reference
for the study of other disordered systems6.

5.2.1 Stationary and non-stationary dynamics

Analytical developments of simplified mean-field spin-glass models7 yield aging
solutions for which the "weak ergodicity breaking" scenario8 is retrieved. The
auto-correlation function is split in two additive parts5: a stationary term and
an aging term. This is in good agreement with the ac susceptibility experiments,
which show at low frequency an important aging contribution, superimposed to
an equilibrium asymptotic value that is the dominant term at higher frequencies.
Correlatively, in the thermo-remanent magnetization (TRM) experiments, a
corresponding scaling of the relaxation curves obtained for various waiting times
should be possible. This is what is displayed in Fig.5.5, where very accurate
relaxation data are presented versus a usual time scaling variable [7]. Obviously,
the curves in Fig.5.5 (left) are systematically crossing each other, while an almost
perfect scaling is obtained when a stationary part (estimated from the ac results)
is subtracted from the decaying magnetization [7].

5Bouchaud J.P., Cugliandolo L.F., Kurchan J. and Mézard M., in "Spin Glasses and
Random Fields", Young P. Editor, World Scientific 1998, cond-mat/9702070, and references
therein.

6Alberici F., Doussineau P. and LevelutA., Europhys. Lett. 39,(1997), pp 329-334
7Cugliandolo L.F. and Kurchan J., Phys. Rev. Lett. 71 (1993) 173
8Bouchaud J.P. , J. Phys. I (France) 2, (1992) 1705
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5.2.2 Hierarchical barrier model

Following a previously developped hierarchical picture, a model has been de-
signed to precisely account for the spin glass dynamics after a change of mag-
netic field. In this model, aging at constant field is viewed as a continuous
spread of the system over more and more distant states separated by ever larger
barriers and characterised by a constant magnetisation. At a given waiting time
tw, the system has equilibrated over a phase space region limited by the highest
barrier which could be probed during tw. The effect of a magnetic field change is
to empty out all states with barrier heights smaller than the change of Zeeman
energy. The other populated states empty out slowly with time by hopping over
the remaining barriers. Measurements of the short time response as a function
of field gives thus information on the population rate of the sub-space delimited
by the Zeeman energy [8]

From the predictions of this model, a close comparison with the Parisi mean
field solution can be made. Indeed, in the limit of very large waiting times,
the population distribution within the probed sub-space is close to the Parisi
physical order parameter P(q). An accurate determination of the short time
magnetisation change as a function of field directly gives the variation of the
population rate with the distance in phase space, providing a way to extract
a (very small) part of the Parisi distribution function P(q)[9, 10]. This whole
work has been inspired by and done in close collaboration with R.Orbach and
Y.Joh from the University of California at Riverside.

5.2.3 Memory and chaos effects

The effect on aging of slight temperature variations has revealed some striking
properties: aging at different temperatures does not lead the system towards
the same equilibrium states (chaos-like effect9), and the memory of a previous
aging at a given temperature can be recovered after cooling and heating back
(memory effect) (see ref. in [7]). These phenomena have been observed on

9Bray A.J. and Moore M.A., Phys. Rev. Lett. 58 (1987) 57
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different samples in several laboratories, but the differences between the various
experimental protocols have resulted in contradictory analyses (see e.g.10).

We are presently taking data in collaboration with the Uppsala group, using
new experimental protocols [11]. We measure the low frequency out-of-phase
susceptibility x" as a function of temperature, with a special cooling procedure
in which the system is allowed to age for a long time at one or two distinct
intermediate temperatures. When, after aging during a long time at one tem-
perature, the sample is further cooled, the measured \" increases back towards
a virgin curve: aging at a given temperature does not contribute to aging at a
lower temperature, reflecting the chaotic temperature dependence of the equilib-
rium configurations9. After aging at two different temperatures, upon heating
back, the memory of these different aging evolutions is retrieved in the value of
x" at these specific temperatures (Fig.5.6). For a longer aging time, or a smaller
temperature difference, both evolutions are shown to interfere. Remarkably, the
observations are the same in two very different spin glass samples: one insulator,
and one inter-metallic system [11].

A detailed description of these effects has previously been developed in terms of
a hierarchical organization of the metastable states as a function of temperature
(see ref. in [7]), allowing enlightening connections with general mean field re-
sults. But we do not yet understand how these phenomena can be mapped onto
the real space of spins. If we try to understand aging in terms of the delayed
growth of correlated domains, as proposed in scaling theories11, then these do-
mains must allow the simultaneous memory and chaos effects that are observed.
At variance with a simple domain growth picture, cooling slowly a spin glass
does not help getting closer to equilibrium, since the equilibrium configurations
are different at different temperatures. Indeed, the weak cooling rate influence
which can be seen in the measurements is only due to the very last temperature
interval, in which the chaotic effects become negligible. From our results, we
emphasize the various experimental features [11] which should help building a
real space picture of spin glasses, despite the lack of an obvious ferromagnet-like
symmetry.

5.3 Glassy behavior of the granular superconductor

The behavior of a granular superconductor mainly depends on the properties
of the disordered network of intergrain junctions. The usual picture of such a
network predicts equal phases in all the grains (no intergrain currents) as long as
there is no applied magnetic field. The application of a field produces intergrain
currents whose circulation along any closed loop must satisfy the quantization
condition. This introduces frustration since each junction belongs to many
randomly oriented loops. Recent theories then predict a low temperature glassy
phase known as a gauge glass with many characteristic and interesting features.

An experimental study of a granular sample of the Lai.gSro.2Cu04 superconduc-
tor has been carried out and analysed in close relation with the recent theoretical
predictions and in collaboration with M.Feigel'man from the Landau Institute
in Moscow. Classical methods of SQUID magnetometry, and very recently, local

10Andersson J.O., Mattson J. and Nordblad P., Phys. Rev. B48 (1993) 13977
11 Fisher D.S. and Huse D.A., Phys. Rev. B38 (1988) 373
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Figure 5.6: Memory and chaos effect on y!'aging in a Cd Cri.rr Ino.3 Sn spin
glass sample. The memory of aging at T\ and Ti during the temperature decrease
is retrieved upon heating back.

induction detection by Hall microprobes were used. The most striking results
are the following:

* the system is intrinsically frustrated, which means that even at zero field the
superconducting phases of the grains are not equal. This shows that the network
contains a large fraction of TT junctions which are certainly due to the d-wave
nature of the superconductivity in this compound.

* the shielding current grows sublinearly with the induction in the material,
which is a very unusual behavior .

5.3.1 Nature of the glassy state: the origin of frustration.

The basic theoretical model corresponds to an XY hamiltonian in which the
superconducting phases of the individual grains interact with a strength pro-
portional to the maximum Josephson currents. The electromagnetic vector
potential A generated by an external magnetic field Hext and by the screen-
ing currents induces extra phase differences a y between the grains. Hence the
presence of a non-zero external field makes the system randomly frustrated since
magnetic fluxes penetrating plaquettes between neighbouring grains are random
fractional parts of the flux quantum 3>o- When the external field is sufficiently
strong, Hext ~> HQ = $O/ÛO (here ao is the characteristic intergrain distance),
the random phase differences ay = |?L J? Adr become of the order of TT or larger,
which means complete frustration of the intergrain couplings - i.e. the system
is then expected to resemble the XY spin glass. Generally a y depends on the
total magnetic induction, but in our case the effects produced by the screening
currents are weak and can be neglected, so that a y can be considered as being
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Figure 5.7: Flux noise power spectrum measured by the classical SQUID tech-
nique in a cylindrical sample of Lai^SrQ^CuO^. S represents the flux power
spectrum at the input of the SQUID.

fixed by the external field.

The model described above, with fixed o^'s and Hext 2> Ho is usually called
a "gauge glass" model. On the basis of analytical as well as numerical results,
it is expected that the gauge glass model in 3D space exhibits a true phase
transition into a low-temperature glassy superconductive (nonergodic) state. In
the absence of external magnetic field, the lowest-energy state for the "gauge-
glass Hamiltonian" is, clearly, a macroscopically superconductive state with all
grain phases equal to each other.

The behavior of the granular Lai.8Sro.2Cu04 system studied here does not fol-
low such a simple scenario. In this material, the onset of collective screening by
Josephson currents occurs at about 29 K while the critical temperature of the
bulk material is 32 K. Figure 5.7 is a plot of the results of flux noise measure-
ments performed below 29 K with no externally applied magnetic field. The flux
noise is clearly of 1/f type, showing that the system is glassy in the low tem-
perature phase, even in the absence of field induced frustration. This striking
conclusion is supported by the results of the static screening response from the
zero field cooled state at 10 K, which gave an estimate of the low temperature
critical current density of Jc ~ 3.7A/cm2. This rather small value only leads
to a consistent estimate for the individual coupling strengths (/c « 25fiA) if
frustration is present. Indeed if there were no frustration, the resulting estimate
would lead to a glass temperature Tg much smaller than the observed value of
29 K.

Thus, it appears that the system is intrinsically frustrated, even in the absence of
an applied field, i.e. there is a large amount of junctions with negative coupling
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energy (TT junctions). The origin of this frustration can be the d-wave nature
of the superconducting wave function in Lai.sSro.2Cu04, combined with the
randomness of the grain orientations in the ceramics.

5.3.2 Irreversibility at small field. A fractal model of diamagnetic response.

The d.c. and a.c. magnetization responses have been studied at very small
excitation fields and at temperatures far below Tg. Measurements have been
performed after cooling in static fields Hpc in the range 0 — 8 G ; the d.c.
response was recorded for an increase of the field AH by steps of 10 mG; a.c.
susceptibility was measured at 1.7 Hz with a.c. fields in the range 30 p,G —
30 mG. The response of the intergrain Josephson currents was extracted from
the total response of the system (which involves also the response of the grains
themselves), following a method developped in [13].
The d.c. results clearly show that, in the very low field regime, the permeability
1 + 4TT(M(HFC + AH) - M(Hpc))/AH varies roughly as a power law of AH
with an exponent of about a = 0.5. Use of the Maxwell equations leads in
the case of small penetration to such a power law, if one supposes that the
Josephson currents behave like J oc A B 1 - a . Therefore, the shielding current
grows sublinearly with the increase of the applied field.

In the a.c. experiments, it was verified that, at the working frequency, the
susceptibility is almost frequency independent, which insures that the results
are mainly determined by the (quasi) static part of the response. Figure 5.8
represents the values of x" versus the a.c. amplitude Hac for several values of
the static field, in a log-log plot. One can see that the response is irreversible
down to the smallest a.c. amplitudes, and that the curves show a rough power
law behavior with again an exponent of about 0.5. Curves of 1 + 4irx' exhibit
the same power law behavior. These results emphasize the anomalous nature of
the irreversibility. For instance, in the classical Bean case, both x" and 1 +4TTX'
are proportional to Hac. It can be shown that, in case of a static irreversibility,
the ratio R = x"/(l + 4TTX') for small penetration is independent of Hac. In the
Bean model R = 4/3TT ; here, it is about 0.28.

These results are being complemented presently with measurements of the local
induction by a Hall microprobe technique. From the whole set of experiments,
a description of the hysteresis can be derived: i) the shielding current depends
sublinearly on the induction, i. e. A J oc AB 1 "" , with a between 0 and 1
as long as its variation is monotonous; ii) as in the Bean case, if the sign of
variation of the induction is reversed, the current starts a new evolution similar
to the initial one with reversed sign.

To account for this behavior, a model has recently been proposed [13]. The
sublinear field dependence of the currents is obtained by using a generalization
of the London relation, dJ/dA — —&;)Çff{J), where the current dependent
"effective penetration depht" is given by Ae// = \i\J/J\\K- For a monotonie
field variation applied to a state with uniform induction, one recovers J oc
AB1~a with I — a = (1+K)~1. The specific irreversible properties are recovered
by assuming a fractal organization of the energy minima as a function of AA.

The model can be well matched to the experimental results.
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5.4 Technical activities

5.4.1 Hall micro-probes with HgCdTe technology

The semiconductor solid solution Hgi_xCdxTe with x= .2 presents electrical
characteristics (N« 1014cm~3, n > 105cm?V~1 on n-type) which makes it an
optimal candidate for the elaboration of sensitive Hall microprobes (10x10 //m2)
by MESA technology on epitaxial layers. In order to develop a genuine gener-
ation of microprobe lines, a collaboration between the DSM/SPEC, DSM/LSI
and DTA/LETI has been held this last year. The preliminary studies have been
performed at the LIR laboratory at Grenoble. Till now, the result is not opti-
mal, but the obtained probes can be used down to 4.2 K, which is not the case
for the usual 2D layers AsAlGa probes.

5.4.2 Commercial magnetometers

We have two SQUID magnetometers built by Cryogenic Ltd (U.K.). Our techni-
cal support allows their use by other groups who need to perform magnetization
measurements. One of both machines is specially dedicated to this task; almost
constantly running, it has mainly been used by other groups of the SPEC (45%),
by the nanoparticle group of the SCM (20%), and by other users from the LLB,
LSI etc... The other machine is devoted to more specialized experiments, and
is also used for testing new technical solutions in collaboration with Cryogenic
Ltd.
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6. Strongly correlated electron systems

Permanent staff, physicists: P.Bonville, J.Hammann, J. Hodges (CNRS), M.Ocio, P.Pari.

Permanent staff, technicians : Ph. Forget, N. Genand-Riondet, J-F Lericque.

Collaborations:/'. Dalmas de Réotier, A. Yaouanc (DRFMC/SPSMS), K. Krolas (University
of Krakow, Poland), E. Bauer (Technical University of Wien, Austria) about Kondo lattices, Y.
Miyako and T. Takeuchi (Osaka University) about Fermi liquid and magnetic instabilities.

The systems with strongly correlated electrons display very contrasted proper-
ties and raise difficult theoretical problems. The characteristic competition be-
tween the on-site Kondo effect and the long range RKKY interaction between
moments leads to the possibility of both nonmagnetic and magnetic ground-
states. The studies reported here concern two main topics.

The first one is an experimental investigation of ytterbium based intermetallic
Kondo lattices by local hyperfine techniques. The ytterbium ion is indeed well
suited for Môssbauer experiments. Detailed 170Yb Mossbauer absorption mea-
surements as well as positive muon spectroscopy have been performed, and the
complementary technique of perturbed angular 7-7 correlations (PAC) in 172Yb
has been applied. The main interests behind these experiments were to check
the existing theories describing the Kondo lattices (i.e. those materials where a
modest 4f-band electron hybridisation is present), to investigate the disappear-
ance of long range magnetic correlations in Kondo systems close to the magnetic
instability; and to look for new phenomena linked with the presence of 4f-band
electron hybridisation.

The second topic reported addresses the problem of the interplay between mag-
netism and fermi liquid in the phase diagram of Ce(Rui_xRhx)2Si2. This com-
pound is well known for the existence of two magnetic phases, a localised anti-
ferromagnetic phase and a spin density phase which coexists with a Fermi liquid
behavior. At the point where the localised magnetic moment vanishes, a non-
fermi liquid behavior has been recently observed. In the work described here,
accurate very low temperature resistivity measurements have been made. They
show the cross over from the spin density and the fermi liquid to a non-Fermi
liquid before the onset of the localised magnetic state.

6.1 The Yb-based intermetallic Kondo lattices

The theoretical predictions concerning the behaviour of magnetic Kondo lattices
are based mainly on the single ion Anderson hamiltonian treated in various ap-
proximations. The fluctuation rate of the paramagnetic (Yb3+) moment, under
the influence of its coupling to band electrons, has been predicted to follow a
\/T law at high temperature1, instead of the well known T-linear Korringa law.

'Bickers N.E., Cox D.L.,Wilkins J.W., Phys.Rev. B36 (1987) 2036
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Figure 6.1: Left: Electronic fluctuation rate in YbAuCu^ measured by fiSR
spectroscopy. The lines are the NCA calculations with Ta = 20K, assuming
a cubic Yb site (dashed line) and a site perturbed by the fi+electrostatic inter-
cation (solid lines). Right: 170Yb Môssbauer absorption spectrum at 0.12K in
YbCu3.25Ali.75. The dashed lines correspond to an extra phase with non mag-
netic with Yb ions (probably YbCu^Al). The solid line is a fit using the varia-
tional calculation with Tx = J^K and Tex = 5K.

Relatively few quantitative experimental checks of this prediction have been car-
ried out. As the fluctuation rate of the rare earth moment is very fast at high
temperature (~ a few THz), the positive muon spectroscopy (/xSR) is a con-
venient technique for its measurement. Its "frequency window" ranges indeed
from a few MHz to tens of THz. The cubic Kondo lattice YbAuCu4 was chosen
for the /j,SR experiments; it offers the advantage that the level splittings due to
the crystal electric field interaction are known from inelastic neutron scattering.
The measured electronic fluctuation rate T^SR, shown on Fig6.1(left), reveals
indeed a VT-lïke thermal variation, which was interpreted using a Non-Crossing
Approximation (NCA) calculation 1. The dashed line on Fig.6.1 (left) represents
the calculated V^SR, obtained via an extension of the standard NCA model by
including the crystal electric field splittings, and assuming an unperturbed cubic
site for the Yb ion. The solid line, which agrees much better with experimental
data, was obtained with the assumption that the Yb site is distorted by electro-
static repulsion due to the intersticial fi+. The strength of the 4/-conduction
band hybridisation, namely the Kondo temperature, is found to be Tj<— 20 K.

Another prediction concerns the ground state of the Yb3+ ion in the mag-
netically ordered phase. The variational method applied to Kondo systems2

predicts that the electronic variables, i.e. the magnetic moment (oc (Jz)) and
the quadrupolar moment (oc (J^)) decrease as hybridisation increases. The
reduction of these quantities with respect to their "hybridisation free" values
is a function of Tic/Tex for (Jz), where Tex is the exchange energy, and of
Tff/A for (Jj), where A is the energy of the first electronic excited state. We
have developed an ab initio method for computing the Mossbauer spectrum
on 170Yb at T=0 using the variational method, and we have applied it to the
data obtained in the series YbCus-^Alx (collaboration with E.Bauer, Technis-
che Universitât Wien, Austria). In this series, decreasing the Al content (from

2Gunnarsson O. and SchOnhammer K., Phys.Rev. B28 (1983) 4315
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x — 2) increases the 4/-band hybridisation, and leads to a progressive disap-
pearance of long range magnetic ordering, i.e. to a decrease of the saturated
Yb moment and of T/y. In Fig.6.1(right) is shown the spectrum at 0.12 K in
magnetically ordered YbCu3.25Al1.75, together with the mean field variational
calculation with TK = 4 K and an exchange energy Tex=5K. A small dis-
tribution of crystal electric field parameters was introduced to account for the
inhomogeneous linewidths. The very good agreement between experimental and
calculated spectra shows that the variational approach to the Kondo problem is
well adapted for describing the ground state of such systems; in YbCu3.25Al1.75,
the reduction factor of the Yb moment due to the Kondo fluctuations is almost
two.

In the paramagnetic phase of these materials, at low temperature, the 4/
quadrupole moment measured by 170Yb Mossbauer spectroscopy decreases as
the Al content (x) increases, reflecting the decrease of {J%)T=O as hybridisa-
tion increases. The variational approach allows the Kondo temperature TK to
be derived from the (J^) value, and the result is shown in Fig.6.2 (left) for
the YbCus-^Ala; series. On Fig.6.2 (left) is also plotted the magnetic tran-
sition temperature T r̂, obtained from Mossbauer and magnetic susceptibility
measurements, and the exchange interaction Tex, derived from the mean field
variational calculation of the T — 0 Yb3+ magnetic moment. This phase dia-
gram reflects the competition between the exchange and Kondo interactions3,
and it shows that the magnetic instability occurs around a critical concentration
xc ~1.6. In this concentration region, a non-Fermi liquid behaviour has recently
been evidenced in the specific heat data (E.Bauer).

The degree of délocalisation of the correlated 4 / electrons in the presence of
hybridisation is also an interesting issue. In the heavy electron ferromagnet Yb-
NiSn (Tc=5.65 K), our /J,SR measurements have evidenced an unusual behaviour
which could shed light on this question. The n+ relaxation rate Az is found to be
very sensitive to the magnetic field: as shown in Fig.6.2(right), a field as small
as 10 mT strongly reduces the relaxation rate. In usual 4/ electron materials,
a small magnetic field has no influence on the fj,+ relaxation rate, which reflects
the rapid fluctuations of the 4/ magnetic moments. In YbNiSn, the 4/ electrons
behave as a two-component system: a delocalised slowly fluctuating component,
giving rise to the main contribution to the zero field Xz, which vanishes for fields
larger than 10mT; and a localised rapidly fluctuating component, giving rise
to the contribution to \z which is field independent and (almost) temperature
independent. Such an anomalous field dependence of the fi+ relaxation rate has
been observed in other heavy electron systems (see DRFMC report).

An interesting feature in Yb-based intermetallics is the possible occurence of
a heterogeneous valence state, i.e. the coexistence of the two charge states
Yb2+ and Yb3+ ions in the material. Such a state had been inferred in Yb5Si3
by previous measurements. By combining Mossbauer, PAC and X-ray Lm edge
absorption experiments, we have shown that YbsSi3 is actually a material where
two hybridisation states of the Yb3+ ion (and not two charge states) coexist,
which is the first example of that kind so far.

The rare earth borocarbides are recently discovered superconductors where su-
3Doniach S., Physica B91 (1977) 231
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Figure 6.2: Left: Phase diagram for the series YbCu^-xAlx in the (T,x) plane,
derived from magnetic susceptibility and 170 Yb Mo'ssbauer absorption measure-
ment. The magnetic instability occurs around xc=1.6. Right: Thermal varia-
tion of the fi+ relaxation rate Xz in the heavy electron ferromagnet YbNiSn for
various applied magnetic fields. The lines are guides for the eyes.

perconductivity (Tc ~10 K) coexists with antiferromagnetic ordering of the rare
earth moments. We applied 166Er Môssbauer spectroscopy to investigate the
incommensurate magnetic structure below 6 K and the electronic fluctuations
in ErNi2B2C. More details can be found in [1-11].

6.2 Magnetism and fermi liquid behavior in Ce(Rui_xRhx)2Si2

This work deals with the Cei_:rLaxR,U2Si2 and Ce(Rui_2;Ilhx)2Si2 compounds
[12, 1, 2]. This study has been the subject of a collaboration with the cryogenics
group (P. Pari) and the group of Professor Y. Miyako at Osaka University, where
the single crystal samples were grown and where heat capacity, susceptibility
and neutron experiments were performed. Two experimental setups previously
developed for general purposes were used; a classical 4He system covering the
range of temperatures between 30QK and 1.5K and a dilution stick system
usable between 2.5K and 20mK. In the high temperature system, resistivity
is measured by an improved d.c. method resulting in a sensitivity about lO~5Cl
with a current of order 1mA. In the dilution setup, a low frequency a.c. method
is used. The same sensitivity is obtained with currents as small as lOfiA rms. The
resistivities in both families for several values of the dilution x were measured
along the a and c axes.

The high degree of resolution of the results allowed us to determine precisely
the T2 dependence of the resistivity revealing a Fermi-liquid behavior along the
a-axis in Ce(Rui_xRhx)2Si2 with x < 0.4. In this compound, for x between 0.03
and 0.4, nesting of quasi-particle bands leads to a SDW with a gap opening in the
c direction. This is seen in the c-axis resistivity which increases with decreasing
temperature below the SDW transition. For x = 0.5, which corresponds roughly
to the critical point of the large x antiferromagnetic phase, the Fermi-liquid T2

like behavior is no longer observed, the resistivity increasing rather as a power
law with exponent between 1 and 2. The nature of the ground state of the
system in that case is still controversial.
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7. High Tc superconductors
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Collaborations: Collaborations : C. Marcenat (SPSMS/DRFMC-CEA Grenoble) for specific
heat measurements, L. Schmirgeld-Mignot (SRMP/CEREM- CEA Saclay) for chemical analysis,
L. Fruchter (LPS-University of Orsay) for torque measurements, A. Sacuto, N. Bontemps, P.
Monod (LPMC-ENS Paris) and M. Cardona (MPI, Stuttgart) ) for electronic Raman scattering,
C. Berthier (LSP-University of Grenoble) for NMR of 63Cu, H. Alloul (DRECAM/LSI-CEA Saclay
and LPS-University of Orsay) for NMR of 170, F. Rullier-Albenque (DRECAM/LSI-CEA Saclay)
for electron irradiation effects, I. Mirebeau, M. Hennion, P. Bourges (DRECAM/LLB-CEA Saclay)
for neutron scattering experiments, P. Dalmas de Rhéotier, A. Yaouanc (DRFMC/SPSMS-CEA
Grenoble) for muon scattering experiments.

7.1 Magnetic properties of superconducting cuprates

Measurements have been carried out on non-perturbing 170Yb3+ Môssbauer
probes diluted into specific members of the YBa2Cu3C>7 family of compounds
with a view to obtaining information on two distinct centres of interest. The
first concerns the use of the probes to detect the molecular fields which are
locally present when the Cu(2) are locally magnetically ordered. In specific un-
derdoped samples, this study has evidenced a previously unexpected state with
the microscopic coexistence of Cu(2) short range magnetic order and supercon-
ductivity. The second concerns the use of the probes to examine the induction
produced by applying an external field. This study has provided information
concerning the penetration lengths and the directional properties of the vortex
lattice which are governed by the combined influence of the intrinsic (effective
mass) anisotropy and the pinning centres [1, 3, 4] .

7.1.1 Local Cu(2) magnetic order

The samples of YBa2(Cui_xMa;)3O7 (M = Co, Fe) are fully oxydised and con-
tain from 1 to 4% of Co or Fe. They are underdoped. We find that a substitution
level of 2%, where Tc the superconducting transition temperature remains above
80K, is enough to ensure that all the Cu(2) carry correlated magnetic moments.
For the 1% substitution level (Tc ~ 90K), a fraction of the total sample volume
comprises locally magnetically correlated Cu(2) whereas the remaining volume
does not. This latter situation is analogous to that of the phase separated state
we previously encountered in YBa2CusOx (6.4 < x < 6.6).
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Figure 7.1: Left: Thermal dépendance of the average fluctuation rate of the
Cu(2) derived field acting on the spin 170 Yb3+ Môssbauer probe in the four com-
pounds. The dashed lines indicate the accessible frequency window. Right: From
measurements on 170 Yb3+ Môssbauer probes in grain oriented YBa^Cu^Or^he
angle between the average vortex lattice direction (B) and the applied field di-
rection (Hap) as a function of the direction relative to the crystal c-axis of a
field of 0.3T (FC and ZFC configurations).

In addition to being able to evidence the local Cu(2) magnetic order, the Môss-
bauer analysis provides information concerning the fluctuation rates of the lo-
cally correlated moments. In each of the samples, we detect the coexistence of
quite different local fluctuation rates and we find the average fluctuation rate
slows down as the temperature is lowered (Fig.7.1 (left)). This is symptomatic
of dynamical spin-glass behaviour. Although some differences in behaviour are
visible (substituting Fe rather than Co leads to a stronger thermal variation, in-
creasing the concentration of the substituted ion leads to a weaker thermal vari-
ation), the general behaviour in the superconducting compounds is analogous
to that observed in strongly underdoped non-superconducting YBa2Cu3O6.35 * •
Our recent /iSR measurements on Co substituted samples have confirmed the
existence of fluctuating magnetic order within the superconducting samples.

When the number of holes which are doped into the insulating parent compound
(YBa2Cu3Û6) is increased, it is usually considered that the holes become pro-
gressively delocalised so that there is a transition from a small to a large Fermi
surface. The results presented here show however that it is possible for both
localised holes (magnetic moments) and delocalised holes (metallic-like resistiv-
ity and superconductivity) to contribute to the formation of a common ground
state. The entwined nature of this ground state supports suggestions concerning
a possible magnetic origin for the superconductivity of the cuprates.

'Hodges J.A., Bonville P., Irabert P., Jéhanno G., Physica C 184 (1991) p 259 and 270
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7.1.2 Directional properties of the vortex lattice in

The measurements on the 170Yb3+ Môssbauer probes in YBa2Cu3O7 (Tc =
92K) have provided information concerning the local fields introduced by ap-
plying an external field. The size and direction of the local fields correspond
respectively to the local density and to the local direction of the vortex lat-
tice. The size of the field is obtained through its preponderant influence on the
energies of the absorption lines whereas the direction is obtained through its
preponderant influence on the relative intensities of the absorption lines.

The initial measurements with this novel method concerned the second moment
of the size distribution observed in the field cooled configuration. From these we
obtain values of the 4.2K London penetration lengths which agree with those of
the literature so demonstrating the reliability of the technique.

Measurements on grain oriented samples have provided information concerning
the direction of the vortex lattice as a function of the direction of the field
when applied at various angles to the crystal c-axis. This dependence is of
interest in relation to current discussions concerning the spatial variations of
the superconducting order parameter. The results at 4.2K for a field of 0.3T
both in the FC (field cooled) configuration (uniform vortex density) and in the
ZFC (zero field cooled) configuration (strongly non-uniform vortex density) are
shown on Fig.7.1 (right). In the FC case, the average direction of the vortices
remains parallel to the applied field direction. To maintain coherence with
neutron scattering data2 which show that in tilted applied fields there remains
significant vortex alignment along the c-axis, we consider the vortices do not
follow rectilinear paths but possess branches aligned sequentially along and well
away from the c-axis. This staggered behaviour is attributed to the combined
influence of the intrinsic anisotropy and the pinning centres linked with the twin
boundaries. In the ZFC case, when the applied field is tilted away from the c-
axis, the average direction of the vortices tends to tilt away from the applied
field direction towards the ab plane. Taking into account results concerning their
field and temperature dependences, it appears that the measured average vortex
directions are governed by both the intrinsic anisotropy and the anisotropy of
the critical currents.

7.2 Superconductivity of mercury based cuprates

7.2.1 Synthesis of single crystals

After the discovery of the two main members of the mercury family HgB
(Hg-1201) and HgBa2Ca2Cu3Os+6 (Hg-1223), the physical investigations were,
for a long time, only performed on powder samples. The first synthesis route to
produce pure phases was via a solid state reaction under high pressure (18-50
kbar) which prevents the decomposition of HgO and facilitates the formation
reactions. Another route was to use sealed tubes. Until 1994, none of these
methods were able to produce the single crystals needed for most of the fun-
damental studies involving X-ray diffraction, magnetism, electric transport and
spectroscopic measurements.

2Keimer B., Dogan F., Aksay I.A., Erwin R.W., Lynn J.W., Sarikaya M., Science 232
(1993) 83
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Figure 7.2: Left: Scanning electron micrograph of an Hg-1201 crystal. Right:
Normalized FC and ZFC susceptibilities of an as-grown HgBaz CuO^+b sin-
gle crystal after correcting for demagnetizing effects. The field H (10 Oe) was
applied parallel (H//) or perpendicular (HL) to the CuOz layers.

The laboratory has pioneered and developed a single crystal growth method
which appears to be specific but is not restricted to members of the supercon-
ducting cuprates of the mercury family. The first single crystals of submillimeter
size of Hg-1223 were grown by taking gold as an amalgamating agent processed
with the samples in evacuated quartz tubes [5]. Much care was taken to avoid
contamination by moisture or carbonates by operating under dried argon in
a glove box. Different pellets made out of the dried oxides are gold-wrapped
and placed in evacuated quartz tubes which are introduced into stainless steel
tubes. After running the heating-cooling programs, well shaped single crystals
appear embedded in a more or less solid matrix. The available samples include
Hg-1201, Hg-1212 and Hg-1223 [6].

Some examples of Hg-1201 and Hg-1223 single crystals obtained after reaction
of compacted pellets are given in figures 7.2 and 7.3.

Typically Hg-1201 specimens have the form of tetragonal prisms with lateral
dimension in the range of 100-200 pm (figure 7.2). Preparations have sometimes
yielded thick crystals with dimensions reaching half a millimeter, but lacking
generally definite geometrical shapes.

DC magnetization measurements using a Squid magnetometer have been per-
formed on a single crystal taken from an as grown batch [7]. The excitation
field of 10 Oe was applied either parallel (H//) or perpendicular (HJ_) to the
(a,b)-CuO2 plane. Classical Zero Field Cooled (ZFC) and field cooled (FC)
procedures were used. The normalized susceptibility curves 4TTXJ are shown
in figure 7.2 (right). The crystal exhibits diamagnetism below about 94-95K.
The screening effect is complete in the two orientations of field. The transition
width («2 K) is particularly narrow when the field is applied perpendicular
to the CuC-2 layers. The broadening of the transition profile in the parallel
configuration may be due to the lamellar structure of these compounds. The
volume fraction of the Meissner signal perpendicular to the layers is approxi-
mately 75% at 40K which could be an indication of weak pinning. All these
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Figure 7.3: Left: Scanning electron micrograph of
single crystal. Right: Normalized FC and ZFC susceptibilities of a
HgBa2Ca2Cv,3O$+s single crystal annealed 6 h at 300°C under oxygen, after
correcting for demagnetizing effects . The field H (10 Oe) was applied parallel
(H//) or perpendicular (HA.) to the CuOi layers.

features are indicative of a good crystal quality associated with homogeneous
oxygen doping.

Hg-1223 crystals frequently have the shape of parallelepipeds, and sometimes
that of truncated pyramids with dimensions up to 1 mm (figure 7.3(left)).

Magnetic measurements, in ZFC and FC procedures have also been performed
on two crystals, one taken from the as-grown batch and the other from an
annealed block [5]. The normalized susceptibilities ATTXI of a single crystal
annealed 6 h at 300°C under oxygen are shown figure 7.3(right). Through
annealing, Tc increases from 120 to 135 K. The screening effect is complete in
both directions. In contrast the volume fraction of the Meissner signal is very
small, indicating strong pinning.

Crystals where mercury was partially replaced by gold have also been synthe-
sized and investigated [8]. The composition and the homogeneity of the crystals
were studied by electron microprobe analyses and the lattice constants were
determined by X-ray diffraction. The amount of substitution is 15%. The ho-
mogeneous doping performed within single crystals involves no decrease of Tc
and the results obtained indicate that, under our synthesis conditions, a nominal
gold content of 0.05 is an important factor in the formation of the stoichiometric
phase Hg-1223.

The crystallographic structures of Hg-1201 and Hg-1223 have been determined
very precisely at 293 K (see table 7.2.1, figure 7.4) [6] by X-ray diffraction on
single crystals.

Excess oxygen, present in small quantities, is located only at the middle of the
mercury plane. This partial occupancy is respectively 0.07 and 0.19 for Hg-1201
(Tc=95 K) and Hg-1223 (Tc=135 K) with the optimal Tc [6]. In Hg-1223, the
mercury site appears to be not fully occupied and a mixed occupancy of copper
is proposed to compensate for this deficiency. Moreover, inter growth defects

85



• Hg

£• o

• Cu

© Ca

O Ba

7.2.2 Oxygen doping

Figure 7.4: Left: Structure of HgBagCuOj+s Right: Structure of
HgBas Ca2 Cus Os+s

corresponding to different values of the number of copper-oxygen planes have
been observed in single crystals of Hg-1212 and Hg-1223.

Table7.2.1: X-ray3 data at 293K of Hg-1201 and Hg-1223

Space group P4/mmm (N°123)

Hg-1201
Dimensions: 0.130x0.130x0.175 mnr3

a=3.8742(7) A
c=9.505(l) A
V=142.65(3) AA

Hg-1223
Dimensions: 0.130x0.130x0.175 mmJ

a=3.8492(4) A
c=15.838(3) A
V=234.7(5) A6

Cell parameters derived from 25 reflexions: 9 = 14.0°- 27.0° for Hg-1201 and
6 = 10.6°-24.3° for Hg-1223

Investigations of the oxygen intercalation/disintercalation process in powders
of Hg-1201 by thermogravimetry in the temperature range of 150-450°C have
shown that the process is not completely reversible[9]. This is particularly ev-
ident when looking at the isothermal curves obtained between 200 and 450° C
(fig. 7.5 (left)) relating the variations of 6, the departure from stoichiometry, to
the variations of the partial oxygen pressure.

: )KQ Mo A=0.70930 A
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Figure 7.5: Left: Critical temperature Tc of Hg-1201 versus stoichiometry
departure 6. Right: Isotherm curves log P Oi (atm) vs departure from stoi-
chiometry between 250 and 450° C for Hg-1201

By comparison to classical oxides an unconventional feature is displayed when
the pressure decreases. In the case of classical oxides, S becomes zero when the
pressure decreases, whatever the temperature. In the present case, the slopes of
the isotherms become vertical, indicating that there still remains extra-oxygen in
the structure even at a very low pressure of 10~5 atm. It is only at about 450° C
that the incorporated excess oxygen can be fully extracted. The departure from
stoichiometry 6 consists consequently of two parts, a reversible fraction Ô* and a
non-reversible residual fraction èx, so that 6 = 6* + 6r . The isobar curves show
that there is a limit of solubility for extra-oxygen of 6 « 0.2±0.005, which is
attained at about 150° C. At this low temperature limit the reversible fraction
becomes 6* = 0, and 6 = 6r, so that the incorporated extra-oxygen is no longer
extractable. Above this lower temperature limit, and up to 450°C, the reversible
fraction 6* depends on the oxygen pressure according to a law in (Po2)1/'6 which
corresponds to the insertion of interstitial oxygen and to the formation of two
holes per oxygen. The corresponding formation enthalpy 0.5 eV is rather small.

The isotherms obtained between 250°C and 450°C (figure 7.5(left)) have pro-
vided also the doping conditions to cover both the underdoped and overdoped
regimes in Hg-1201 without resorting to high oxygen pressures. The resulting
Tc versus 6 curve is approximately bell shaped (fig. 7.5(right)) with a maximum
Tc = 96 K for 6 « 0.09. The maximum is close to the value quoted above for
an as-grown crystal of Hg-1201 where Tc == 95 K for 6 = 0.07 found by X-rays.
As compared to other superconducting copper-oxides a rather extended range
of overdoping and under doping can be achieved in Hg-1201.

7.2.3 Magnetic properties, penetration depth and anisotropy

A complete set of magnetization measurements was performed on selected single
crystals of Hg-1201, Hg-1212 and Hg-1223.

Fig. 7.6 shows some of the results obtained for Hg-1201 as a function of temper-
ature for various values of the magnetic field applied perpendicular or parallel
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Figure 7.6: Zero field Cooled (ZFC) and Field Cooled (FC) magnetization di-
vided by the internal field, as a function of temperature, for Hgl201 at different
fields applied perpendicular to the Cu-0 layers (left), and parallel to the layers
(right)

to the copper-oxyde layers. Comparison of the data between the parallel and
perpendicular orientations of the field shows a large anisotropic behaviour which
is characteristic of all the studied members of the familly. The field penetration
is much easier in the parallel orientation. As shown in fig. 7.6, there is already
a qualitative difference of behaviour between the curves at 10 G and those at
80 G giving an idea of the small in-plane value of Hcl . In the perpendicular
orientation, this occurs for much higher fields, the full screening indeed persists
at low temperatures up to H « 500C In the intermediate state, as the tem-
perature increases, the zero field cooled (ZFC) curves display a sudden increase
well below Tc, followed by an inflexion point and a much smaller slope before
smoothly reaching the field cooled (FC) value. This behaviour appears in both
field orientations. It indicates a low temperature pinned state of the vortices
and a sudden depinning as the system approaches the reversible state in which
the ZFC and FC curves are identical.

With the field oriented perpendicular to the layers, there is a well denned regime
where the magnetization is reversible and varies linearly with the logarithm of
the applied fields. In this regime, according to the simple London model, the log-
arithmic slope is inversely proportional to the square of the in-plane penetration
depth. Fig.7.7 shows the logarithmic field dependence at various temperatures
for Hg-1201. The inset is a plot of the linear temperature dependence of the
logarithmic slopes. From this behavior, the penetration depth at T=0 has been
estimated within the simple two-fluids approach and the clean limit BCS model.
The values for the three considered compounds are listed below [13, 14].

Torque measurements were made in collaboration with L.Fruchter (Laboratoire
de Physique du Solide, Université d'Orsay) on the same samples as the magneti-
zation experiments [15]. In each case, the torque signal was recorded at several
temperatures for two different fields (2 T and 3 T) rotating in a plane perpen-
dicular to the CuC>2 layers. A formula derived from the anisotropic Ginzburg
Landau model was used to derive approximate values for the anisotropy factor
7 (7 = 30 for Hg-1201, 7 = 50 for Hg-1223).
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Figure 7.7: The linear reversible magnetization of Hg-1201 versus the logarithm
of the field perpendicular to the layers. The inset shows the temperature depen-
dence of the slopes of these magnetization curves, which are equal to ^
where\ is the in-plane penetration depth.

Table 7.2.3: Some characteristics of the mercury based cuprates

Single crystal
TCO(K)

London model Xab(O)(Â) ~ „ .,

BOS
Fluctuation model Xab(O)(Â) „ „ .,

7

U (A)

Hg-1201
95

- 1 4 0 0
- 2 0 0 0
~1040
~1470

30

Hg-1212
127
~1800
- 2 5 0 0
~850
~120

Hg-1223
135
~1500
- 2 1 0 0
- 1 0 6 0
- 1 5 0 0

50
20(5>

7.2.4 Other physical properties

Our single crystals have also been widely used for a variety of other physical
studies involving specific heat, conductivity, nuclear magnetic resonance and
Raman scattering.

The electric resistivity experiments and the specific heat measurements were
made at the Service de Physique Statistique, Magnétisme et Supraconductivité
(SPSMS, DRFMC CEA/Grenoble) [16, 17, 18].

The main results are characteristic of a large intrinsic anisotropy. The observed
anisotropy factor is larger than in YBCO but a lot smaller than in the bismuth
compounds. There is a wide range of large fluctuations in the vicinity of the

11 from magnetization scaling
•'from specific heat



critical temperature as shown by the specific heat data which exhibit very sym-
metric singularities at Tc. Recent NMR measurements have shown the opening
of a spin-gap at temperatures much larger than Tc, in Hg-1223 [20] and also
in Hg-1201 [21]. This latter result is at odds with recent theories according to
which the spin gap opening is due to the coupling between the superconducting
layers in the unit cell and hence should not be observed in one layer compounds.

The results of very interesting Raman scattering experiments have already been
published [22, 23, 24, 25, 26, 27]. It appears that, in contrast to all other high
Tc systems, the mercury compounds are ideally suited for observing pure elec-
tronic scattering. This provides an interesting way to investigate the anisotropy
of the superconducting gap which is found to be inconsistent with a simple
dx2_y2 model [26] [27]

7.3 Other compounds

List of publications

Since the discovery of high-Tc superconductors, compounds of barium cuprates
have become important as precursors for many of the superconducting families.
In particular, Ba2Cu03 is a precursor for the synthesis of HgBa2CuO4. Very
few studies concern this oxide which is non-stoichiometric. The thermodynamic
properties and the electrical resistance vs. the temperature and oxygen content
have been measured [28]. The compound may be considered as oxygen deficient
Ba2CuO35_5 (0 < (5 < 0.5) and the departure from stoichiometry is interpreted
in terms of oxygen vacancies with, the formation enthalpy aslow as in YBCO,
0.8 eV. For a small departure from stoichiometry, the electrical conductivity
may be explained by a temperature dependent hopping process whereas for a
large departure, a constant resistance appears.

We have obtained a metal-non metal transition by mixing two different cations
Ti4+ (d°) and Nb4+ (d1) in solid solutions BaNb1_a:Tix03 [29]. The perovskites
BaNbC>3 and BaNbi_xTixC>3 prepared from a mixture of BaTiC-3 and BaNbC>3
with 0<x<0.8 present a metallic electrical conductivity. Between x=0.7 and
x=0.8, a metal-non metal transition appears which can be explained by a model
of hopping from one site to another by an incoherent tunelling.
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8. NMR studies

Permanent staff, physicists: C. Fermon, M. Goldman, J.-F. Jacquinot.

Permanent staff, technicians: G. Le Goff, M. Eisenkremer (—* 1996)

PHD: T. Charpentier (1995,-*), P. Faucon (thesis presented 1997).

Collaborators: J. Virlet (DSM/SCM) for high resolution NMR, F. Dzheparov and S. Stepanov
(ITEP Moscow), V. Atsarkin (IRE, Moscow), T. Tabti for relaxation studies, J. Virlet (DSM/SCM),
F. Adenot (DCC/SESD) and J.M. Délaye (DTA/SRMP) for study of cement degradation.

8.1 High Resolution NMR

8.1.1 Quadrupolar systems

Solid State NMR is widely used in the characterization of a huge variety of
materials. For nuclei with spin / = 1/2 like 13C, 29Si, 1H, the MAS (Magic
Angle Spinning) technique, where the sample is rotated about an axis oriented
at the so-called magic angle {0m = 54.74°), is routinely used for obtaining high
resolution spectra in solids.

For nuclei with half-integer spin I > 1/2 subjected to a strong quadrupolar
interaction the (-̂  «-> — ̂ ) transition is affected by anisotropic quadrupolar sec-
ond order effects. They are not completely averaged by MAS and may broaden
significantly and complicate the MAS spectrum. The resolution of the distinct
sites may not be achieved for nuclei like 23Na (/ = 3/2),27Al (/ = 5/2) or 59Co
(I — 7/2) in various compounds (Fig. 8.1). Recently a novel approach has been
proposed, the Multiple Quantum MAS spectroscopy (MQMAS) 1, which re-
moves the second order quadrupolar anisotropic effect. The triple quantum MQ-
MAS experiment is the correlation of the triple quantum transition ( | <-> - | )
with the central transition ( | <-» —5) under MAS. After processing, a pro-
jection of the resulting two dimensional spectrum yields an isotropic spectrum
correlated to a single quantum MAS spectrum as displayed in fig. 8.2. The ad-
vantage of MQMAS is its easy implementation through the use of an ordinary
MAS probe. Nevertheless the MQMAS method is not quantitative, leading to
a single quantum spectrum ( filtered by the triple quantum coherence ) which
can be different from the MAS spectrum as observed in fig. 8.2

In collaboration with J. Virlet (DSM/SCM), the MQMAS technique has been
studied and implemented both on a commercial Bruker Solid-State NMR Spec-
trometer and on a home-built spectrometer and applied in collaboration with
P. Faucon (DSM/SCM) to cement materials [1, 2, 3, 4] and glassy systems
[5]. Cobaltate complexes [6] have also been studied as model systems where

'Frydman L. and Harwood J.S., J. Am. Chora. Soc. 117, (1995) 5367.
Medek A., Harwood J.S. and Frydinan L., J. Am. Chera. Soc. 117, (1995) 12779.
Massiot D., Touzo B., Trumeau D., Couture J.P., Virlet J. , Florian P. and Grandinotti

P.J., Solid State NMR 6, (1996) 73.
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Figure 8.1: MAS Spectrum of at UJROT = 9 kHz.

8.1.2 Dipolar systems

the nuclei are subjected to several interactions. Special procedures (inversion
algorithms) have been devised for amorphous materials where interaction para-
meters, like quadrupolar interaction strength, asymmetry or isotropic chemical
shift, are distributed. This has been performed with the help of a special sim-
ulation program (MQSIM) optimized for the simulation of MQMAS spectra
[7]-

More fundamentally, the quantum mechanics of spin systems subjected to a
time dependent periodic interaction has been studied. A careful analysis of the
so-called Floquet theorem, widely used in the context of periodic motion, has
led us to propose new methods for efficient simulations in MAS NMR [8]. They
have been applied to the study of some effects observed in MQMAS spectroscopy
and to the design of the MQSIM simulation program. Multispins systems under
MAS conditions are currently being studied.

As suggested by J. Virlet and in collaboration with F. Dzheparov (ITEP Moscow),
the effect of MAS on homonuclear dipole-coupled spins systems has been stud-
ied. It is known that in such systems, when the sample is static, the spins may
be prepared by RF manipulation in a so-called dipolar order. The behavior of
this dipolar order has been studied and analyzed under MAS conditions. Two
limiting cases have been considered, both experimentally and theoretically: slow
rotations (wrot -c CJ/) and fast rotations (wrot ~S> u>i). uirot is the spinning speed
and u>i is a measure of the local field. Theoretical predictions are in agreement
with experimental results [9].
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Figure 8.2: M.QMAS Spectrum of Na-^SOz at UJROT = 9 kHz with the single
quantum projection (top), the isotropic spectrum (left) and the MAS lineshapes
of the site A and B which are extracted from the MQMAS spectrum.

8.2 Miscellaneous theoretical studies

These are mostly theoretical or educational, but some have given way to exper-
iments and others are aimed at forthcoming experimentation.

1) Formal theory of spin-lattice relaxation [18]. This theory of fundamental
importance, both in theoretical statistical mechanics and as a practical tool
in Magnetic Resonance, has been reformulated so as to avoid the deficiencies
of existing presentation. It provides for the first time a complete and clean
quantum treatment of the thermal bath coupled to the spins (the " lattice" ) in
case when the main spin Hamiltonian is time-dependent.

2) Extension of former work, made in collaboration with SCM at Saclay, on the
use of spin-lattice relaxation under strong rf irradiation for investigating the
structure and dynamics of molecules in solution [13, 15].

3) Theoretical analysis of the EPR frequency shift of ionic crystal field doublets
under sample spinning [17]. This shift is directly relevant to the concept of
Berry phases. Its analysis provides a non-trivial but striking illustration of
this concept. This work is a preliminary to experiments to be performed in
collaboration with foreign laboratories (Stuttgart in Germany and MIT in the
USA).

4) Development of applications of a former theory which uses a spin-linked ap-
proach to NMR under frequency jumps (exchange or molecular location jumps),
rather than the usual configuration-linked approach [11, 19]. This makes it pos-
sible to analyse physical situations untractable otherwise.
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5) Theoretical analysis of the Doppler broadening and shift in the NMR of gases,
as a preliminary to an experimental investigation in collaboration with Ecole
Polytechnique.

8.3 Relaxation studies

8.3.1 Polymer studies

Previous studies have shown that it is possible to measure the fractal dimension
of polymers by NMR. The gist of the method is to place dilute Paramagnetic
Centers (PC) on the polymer and to study NMR relaxation of the frozen so-
lution. The relaxation is strongly non exponential and from its shape, the
distribution of nuclei around the PCs can be deduced. In collaboration with M.
Daoud (LLB) and J. Chikina (IMTPM Moscow) we have studied the possibility
to use the method for the determination of concentration profiles of polymers
at interfaces. Various cases have been examined: grafted polymers, adsorbed
polymers and polymers irreversibly adsorbed and washed by a good solvent [21].

8.3.2 Relaxation of 2-d systems by paramagnetic centers

We are currently studying relaxation induced by Paramagnetic Centers (PC) in
2-d systems. The relaxation in 3-d systems has been understood since the works
of Kutshisvili and de Gennes who found that the relaxation rate T^1 varies
as the average number (oc R3) of nuclei around each PC. Since the diffusion
time between PCs is proportional to R2, spin diffusion does not constitute a
bottleneck. The situation is different in 2-d systems, since the number of nuclei
and the diffusion time both vary as R2. The theory of relaxation [23, 24] has been
developped in collaboration with F. Dzheparov (ITEP Moscow) and preliminary
experiments have been undertaken in collaboration with V. A. Atsarkin (IRE
Moscow) and S. V. Stepanov (ITEP Moscow).

8.4 Applications: study of cement degradation

Short-lived, and possibly longlived, radioactive waste is, or will be, stored in
concrete containers (casks, disposal structures, etc.). To predict the safety of
these containers, the composition and structure of the material when degraded
must be known. In the short- and medium-term water degradation of a cement
paste is principally due to transport of matter between the healthy zone and the
aggressive solution through diffusion of ionic species inside the pore solution of
the cement paste. In the long-term dissolution of the surface may occur.

Various cement pastes were prepared and leached with continually demineralized
water. After a critical time, which depends on the type of paste, it was possible
to observe the regime where the dissolution of the surface layer in contact with
water controls the degradation kinetics. The diffusive and chemical properties
of the degraded layer are therefore fundamental for the prediction of the long-
term behaviour of concrete in contact with water: its durability as well as its
capacity of retention of radionucleides. Since a cement paste contains primarily
Calcium Silicate Hydrates (CSHs) that are ill-cristallized materials, the study
of the degraded material was undertaken by means of NMR and Môssbauer
spectroscopy (in collaboration with P. Bonville).
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Figure 8.3: Structure of a pure CSH (left), of an iron substituted CSH (middle)
and of an Iron and Aluminum substituted CSH (right) together with their Ca
solubilities.

Prom 29Si Magic Angle Spinning NMR (MAS NMR) combined with 27A1 MAS
NMR and 57Fe Môssbauer spectroscopy we found that the superficial layer is
formed by CSHs with a molecular structure close to that of the tobermorite
mineral and with a low calcium to silicium (Ca/Si) ratio. NMR and MOssbauer
spectroscopies have allowed us to demonstrate the fundamental role of cationic
substitutions occurring during degradation [25, 26].

It was found that Al can substitute for Si and that Fe can substitute for Ca. The
resulting structures are shown on fig 8.3 together with their Ca solubilities. The
observation of Ca-Fe exchange and of its consequences had not been anticipated
and is one of the most important result. Thus it was observed that an iron
(Fe3+) containing paste has a degradation kinetics much slower than a paste
without iron. This slowing down was unambiguously related to the low calcium
solubility of iron substituted CSHs [38, 40].

To understand the mechanisms of substitutions Molecular Dynamics simulations
have been performed (in collaboration with J.M. Délaye from DTA/SRMP) on
pure and Al3+ substituted CSHs [31, 35, 39].

The retention capacity of CSHs was also studied (in collaboration with C. Richet
from DCC/SESD). It was shown that a decrease of the Ca/Si ratio can in-
crease strongly the retention capacity for caesium [32]. This is related to the
semi-zeolitic structure of low Ca/Si CSHs as inferred from NMR spectroscopy.
In addition CSHs because of their large number of surface defects should be
able to immobilize actinides very efficiently (provided that portlandite is not
present).Our results were used to model the cement paste behaviour taking into
account the diffusion and the dissolution of the material.
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9. Magnetism at reduced dimensions

Permanent staff, physicists: C. Fermon, H. Glàttli, M.Viret.
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Collaborations: C.Chappert (I.E.F. Orsay) for deep selective magnetometry, A. Marty and B.
Gilles (DSM/DRFMC/SP2M) for surface diffraction on domain walls, J.P. Contour, M. Drouet,
J. Nassar and A. Pert (UMR Thomson CSF) for tunnel spin valves, F. Oit (DRECAM/LLB).

The study of magnetism of nanometer scale objects started at the laboratory
five years ago. Thin films and multilayers offer the opportunity to reduce the
size in one dimension. The neutron reflectometre PADA has been conceived to
analyse in a sensitive way magnetisation profiles in these systems. Since 1995,
this reflectometre has been programmed full time as a national facility and it is
now used by many different French and European teams.

The logical next step is to reduce the size in the other two dimensions. The
technique of electron lithography of thin films has allowed us to produce large
arrays of permalloy dots of lateral dimensions below lOOnm. In this range,
the dots are in the single domain regime and their interaction is dipolar. The
magnetisation reversal of such dot arrays was studied. These model systems
have the potential to help us understand magnetic coupling and magnetisation
nucleation in two dimensions.

An other application of magnetic size reduction is in magnetotransport. The
new field of "spin electronics" aims at utilising the spin of the electron in field
sensitive devices. A good example of a simple spin device is the tunnel spin
valve in which two magnetic electrodes are separated by a thin insulator through
which a current can tunnel. Due to the spin polarisation of the charge carriers,
the device resistance depends on the respective magnetic configuration of the
electrodes.

Last but not least, the oxides of formula Lai_x Sr^ MnC>3 are intrinsically inter-
esting because their magnetic structure was predicted to be inhomogeneous at
the nanometer scale. Indeed, several models to explain the peculiar electronic
transport properties of the manganites involve the existence of magnetic entities
called spin polarons. The small-angle polarised neutron spectrometre PAPOL is
well suited for studying nanoscopic magnetic configurations. Measurements on
a Lao.75 Sr0.25Mn03 single crystal allowed us to conclude against spin polarons
in the vicinity of the Curie point of manganites. In an other interesting mea-
surement, we recently evidenced the presence of conical arrangements below Tc
in this system.
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Figure 9.1: Left: reflectivity curves for substrate/Pt(98À) /Co(7.6Â) /Pt(SSÂ)
/Co(3.8Â) /Pt(S2Â) sample R++ white squares, R- - black squares. Right:
moment inferred for each Co layer (white squares corresponds to the 3.8Â layer
of Co and black squares to the 7.6Â layer).

9.1 Magnetic thin films and polarised neutron reflectometry

Polarised neutron reflectometry (PNR) has been extensively developed in our
group during the last two years. We are in charge of the reflectometer PAD A
installed in the reactor Orphée of the LLB which is a fully programmed na-
tional facility. Besides the task of local contact of external teams (about 15
each year), we have investigated new ways of using PNR for the magnetic char-
acterisation of thin films. Two main innovations are the techniques of depth
selective magnetometry and surface diffraction on domain walls in FePd.

9.1.1 Depth selective magnetometry

Full PNR measurements consist of recording the reflected intensity as a function
of the incident angle for different states of incident (+,-) and reflected (+,-)
neutron polarization. Four different reflectivity curves called R++,R+-,R-+
and R- - are measured. From theses PNR spectra, one can obtain the atomic
density and the in-plane magnetization as a function of the depth in the thin
film. The resolution depends strongly on the structure of the thin film but it is
about 5-10 Â. A full PNR measurement takes about 12 to 24 hours for a 1 cm2

sample and gives the information at a single value of temperature and magnetic
field.

A very interesting problem is to study sequential magnetisation reversal of the
N layers composing a magnetic multilayer system. A full scan at each step in
applied field is not possible because of beam time limitations. The idea of the
newly developed method is to measure one full PNR curve at a saturating field.
After analysis of this first scan, it is then sufficient to measure the reflectivity
for N+l different angles as a function of field to determine the variation of the
moment in the N different layers.

Figure 9.1 (left) gives the full reflectivity curve obtained from a multilayer of
composition: substrate /Pt(98Â) /Co(7.6Â) /Pt(33Â) /Co(3.8Â) /Pt(32Â).
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Figure 9.2: MFM image of magnetic stipes and the corresponding small angle
neutron scattering pattern.

From the dependence of the reflectivity as a function of field for 4 different
q values (0.02,0.035,0.045 and 0.12 Â"1) we have obtained the moments sepa-
rately for the 2 different Co layers as shown in figure9.1 (right).

9.1.2 Surface diffraction on domain walls in FePd

An epitaxially grown Fe(50%)Pd(50%) alloy can present an ordered structure
which induces a strong perpendicular anisotropy. For thick enough films (500Â),
the structure at zero field is a mixture of small domains aligned perpendicular
to the plane of the sample. In that configuration, the domain size is very small
(about 50-100nm). We have performed magnetic diffraction on these domains.
The diffraction is performed at grazing angle just beyond the total reflectivity
plateau. Analysis of the reflectivity curves allowed us to determine the amount
of in-plane magnetization in the domain walls.The diffraction patterns we obtain
and the intensity of the different Bragg peaks give information about the shape
of the domains.

Figure 9.2 (left) shows a diffraction pattern obtained at an angle larger than
the critical angle of the Fe Pd alloy. For this experiment, we have used both the
small angle diffraction spectrometer (PAPOL) and the reflectometer PADA.

9.2 Tunnel spin valves

The resistance of tunnel junctions with magnetic electrodes depends on the
respective electrodes magnetisation direction. This is due to spin polarised
carriers being injected into bands which can or cannot accept them. At low
temperature, spin flip events are rare and the barrier transmissivity can be
very sensitive to the electrodes magnetisation. The higher the carriers spin
polarisation the greater the effect.
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Figure 9.3: Geometry of the tunnel spin valve.

The mixed valent manganite Lao.7Sro.3Mn03 is an ideal candidate to generate
large effects because its spin polarisation is expected to be close to 100% at the
Fermi level. This material belongs to the perovskite family of general formula
Ai-xB^MnC^ (A = La, Nb, Pr, Sm and B = Ca, Sr, Pb, Ba). These compounds
are "colossal magnetoresistive" materials whose resistivity can drop by several
orders of magnitude near their Curie point and at high applied fields (in the
Tesla range). It would be very useful for potential applications in magnetic read-
heads to get such effects at low field and room-temperature. More basically, the
double exchange theory predicts that the ferromagnetic manganites should be
fully spin polarised near the Fermi level. This polarisation is of great importance
to explain the observed correlation between magnetism and transport. Until
now, no direct determination of the spin polarisation at the Fermi level in these
compounds has been reported.

In a collaboration with the UMR Thomson/CNRS, we have produced all-oxide
tunnel spin valves with manganite electrodes and tunnel barriers made of in-
sulating oxides like SrTiÛ3, CeÛ2 and PrBa2(Cu,Ga)3O7. Several tri-layers
were synthesised by pulsed laser deposition and made into the tunnel devices
by optical lithography and ion beam milling. The system was designed so that
current lines go in-plane through the bottom electrode and then out-of-plane
through the insulator. The tunnel barrier and top electrode are made into a
6x6/im square on top of which copper electrodes are attached (Figure 9.3). The
resistivity is measured in the 4 point probe geometry at the junction level. The
different shape anisotropy of the electrodes induces two different coercive fields
which insure that the parallel and antiparallel configurations can be obtained
during sweeping of an external magnetic field. All the tunnel devices generated
large effects of the order of 400%. The best spin valve was obtained with a 3nm
SrTiC>3 barrier separating two LaSrMnO electrodes of 20 and 30 nm thickness
respectively. At 4.2K, the junction resistance was multiplied by 5.5 below 100
Oe at the coercive field of one of the electrodes (Fig. 9.4). Such effects at low
fields constitute a record in the field of magnetoresistance. Unfortunately, these
results at low temperature were not sustained up to room temperature. It is
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Figure 9.4: Junction resistance versus applied field at J^.2 K. The magnetore-
sistive effect reaches 450% at fields below 100 Oe.

likely here that an interface with poor magnetic properties affects charge carri-
ers polarisation at higher temperature. However, these results have shown that
the spin polarisation near the Fermi level of ferromagnetic manganites exceeds
85% at low temperature. We are presently working to reproduce the effect at
higher temperature.

9.3 Magnetic configuration in a manganite single crystal:

Small Angle Polarised Neutron Scattering (SAPNS) on a single crystalline ferro-
magnetic manganite Lao.75Sr0.25Mn03 has been carried out in order to check for
the existence of magnetic polarons. Indeed, several theoretical models attribute
the colossal magnetoresistive properties to the presence of magnetic polarons
around the Curie point. Our measurements of magnetic coherence above Tc

have shown that long-range magnetic correlations extend to high temperatures
in these compounds. These results can be quantitatively explained by taking
an anomalous spin correlation function. In any case, our measurements are
not compatible with the existence of magnetic polarons in this ferromagnetic
manganite.

An other set of SAPNS data was taken below the Curie point. The measured 2D
diffraction patterns consist of a central (very small angle scattering), intensity
surrounded by a set of four diffracted spots (Fig. 9.5). This pattern can be
explained by the existence of helicoidal magnetic structures along the main cell
directions of this compound. Application of a strong external magnetic field
was able to induce, in some cases, helices at 45°. Squid measurements have
also shown that the magnetic configurations are rather conical with a main
component of more than 95% of the total moment aligned along the applied
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Figure 9.5: Small angle diffraction pattern on a 2D detector at room-
temperature. The scale is in 10"3 Â~l.

field. The remaining few per cent make up the helices of period around 25nm.
Theoretical models favour canted arrangements and our measurements are the
first to evidence conical configurations. This configuration is also consistent
with the magnetic coherence behaviour above Tc in the frame of the " Lifshitz
transitions" model.
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10. Dark matter and cryogenic detectors
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(LPUB, Dijon), P. Garoche et al. (Lab. Phys. Sol., Orsay), L. Stab et al. (IPN, Orsay), F. Ladieu
(DRECAM/Lab. Pierre Sue) for detector development, G. Chardin, L. Mosca et al. DAPNIA-SPP
(Saclay, CEA), L. Dumoulin et al. (CSNSM, CNRS-IN2P3, Orsay), D. Drain et al. IPN (Lyon,
CNRS-IN2P3), G. Notiez et al. IAP (Paris, CNRS-INSU) for the Edelweiss project.

10.1 Cryogenic detectors development

One of the main requirements for non baryonic dark matter research is mas-
sive detectors able to distinguish between nuclear recoils due to the expected
WIMP (weakly interacting massive particle) interactions and radioactive back-
ground (7 or /3-rays). Cryogenic detectors measuring simultaneously the heat
and the ionization (i.e. the number of electron-hole pairs) generated by the
particle have been proposed a few years ago. Until now, they remain the most
powerful devices to achieve a high level of discrimination, which is based on
the fact that the amount of ionization is four times smaller for a transfer of
the particle energy to an atom than to an electron. Such detectors have been
developed for the Edelweiss program. Their good performances allowed the first
experiments with particle discrimination at the Modane Underground Labora-
tory. Efforts were concentrated on understanding and improving the ionization
channel performances (time stability, energy resolution, etc.). Contrary to usual
semiconductor detectors operated at higher temperatures, no thermal excitation
of the electrons and holes in the conduction and valence bands is expected, hence
the carriers trapping and space charge building-up play an important role. At
the beginning, many questions were open such as the mechanisms responsible
for the time stability and the space charge evolution, the origin of the break-
down voltage limiting the bias, the contribution of trapping to the resolution,
etc. Clear experimental answers to those questions have been given, thus allow-
ing several noticeable improvements of the performances, in comparison with
previous results or with data from other groups. In what concerns the heat
channel, a detailed investigation of the detector as a thermal network has been
made. Our studies open the way towards larger masses, improved resolutions
and discrimination, and the use of other materials than germanium. Cryogenic
detectors are also promizing tools for other fields, such as materials analysis,
and an experimental study of YSi as a possible thermal sensor for this kind of
application has been performed.
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10.1.1 Development of 70 g heat/ionization detectors

The detectors consist of n-germanium monocrystals with two metallic faces re-
alized by B and P ion implantation. The prototype studies (see next section
and previous report of activities) led to a design which minimizes the ionized
trap densities in order to improve the ionization channel performances. The
crystal purity was improved, the implantation profile optimized to reduce the
tails, reach the surface and avoid any destruction due to mechanichal holding
or electrical connexions. A procedure of fast annealing has been developped to
minimize the diffusion of impurities in the crystal. A p-i-n scheme was chosen
instead of p-i-p or n-i-n because, in spite of the very low temperature, it still ex-
hibits a much stronger current blocking power. The thermal sensors are 2 mm3

NTDs, the conductance of which obey a Mott-Efrôs-Schlovskii law. The first of
those detectors has been tested in the temperature range 15-50 mK [1, 6, 4]. The
detector realization was performed in collaboration with the CSNSM (Orsay),
LPUB (Dijon), LPS (Orsay), IPN (Orsay).

Fig. 10.1 (left) shows a ionization spectrum obtained with an 155Eu source.
The 86.5 keV peak resolution ranged from 0.96 to 1.2 keV (FWHM), which is a
noticeable improvement with respect to previous results or to data from other
groups for this energy. It is due to a reduction of the carriers trapping during
their drift in the crystal (see Fig. 10.1 (right)). The time stability has also
been dramatically improved. It is larger than several days, which is the best
result ever obtained for this kind of detector. This comes from a reduction of
the space charge which is progressively built-up through impurities ionization.
Those improvements are due not only to the reduction of the traps density
but also to a reduction of their ionization rate by IR photons or by carriers
injection, and to a reduction of the carriers trapping cross section. The latter
is related to our choice of a p-i-n scheme, allowing to increase the bias while
keeping low currents. This reduces the so-called dead layer too, which is of
crucial importance for the dark matter research (see section 10.2)

The energy resolution obtained at L.S.Modane for the heat channel was 1.25
keV (FWHM) at 122 keV, for a charge collection bias of 2 V. To study how
to improve this (already good) performance, we modellized the detector as a
network of five thermal "baths" (Ge absorber, electrodes, NTD electrons and
phonons). Fig. 10.2 gives the NTD electronic temperature as a function of the
injected electrical power. It shows that the NTD electron bath is connected to
the heat sink through two thermal conductances in series obeying a power 6
(electron-phonon coupling) and 4 (Kapitza) law. Figure 10.3 shows the shape
of the heat pulse together with a prediction of our model for the case of a
thermalization of the phonons in the electrodes. The two decay time constants
are predicted, although their magnitude is approximate. The risetime constant
allowed a new determination of the still controversial value of the NTD electrons
specific heat.

Those detectors, designed, built and tested at SPEC have been used by the
collaboration Edelweiss at the Modane Underground Laboratory for the first
WIMP research experiment using this kind of device. The know-how has been
transferred to DAPNIA for the continuation of the Edelweiss program.
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Figure 10.1: Left: The X/j spectrum of 155Eu measured with our 70 g ion-
ization detector at T=20 mK, for a charge collection bias of 2 V. Right: Con-
tribution of carriers trapping to the ionization channel energy resolution as a
function of the trapping mean free path in a 70 g detector, for 86 keV gammas.
The curve labeled "Trapping Stat" gives the contribution of the trapping fluc-
tuations; and the curve labeled "Trapping+Stat.Io." includes the fluctuations
of the number of pairs generated. The "Total" curve contains all the contribu-
tions, including the baseline resolution. In comparison to our experimental data,
it shows that we have reduced the trapping by a factor more than 5. The study
of the pulse heigth as a function of the bias leads to attribute it to a decrease of
the trapping cross sections due to the rather large bias, and to a decrease of the
density of ionized traps to below 2. 108 cm~3.
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Figure 10.3: The heat pulse shape: comparison of the experimental data to the
result of a simulation including five thermal baths.

10.1.2 Study of ionization detectors at very low temperature

The working of ionization detectors at very low temperature became a topic of
growing importance last years because of the necessity to improve the double
detection (heat + ionization) performances for dark matter search, e.g. increase
the detector masses, improve the energy resolution and time stability, minimize
the incomplete charge collection zones, go from Ge to Si (to investigate the
WIMP mass range), etc. The ionization measurement can be interesting for
other applications too, such as ion detection and identification, etc. The ba-
sic detector mechanism is the drift of the electrons and holes generated by the
particle, under a potential difference in the Volt range. The trapping of car-
riers on impurities and defects and the space charge due to ionized impurities
plays an important role for all the points mentionned above, however when we
started our study, the understanding of the mechanims involved was far from
being reached. The experience accumulated in the field of usual semiconductor
detectors (operated at 77 K or above) was of little help because the usual junc-
tions description based on the diffusion, recombination and thermal excitation
of the carriers is no longer valid. In addition, the carriers transport and trapping
properties at such low temperatures are unknown.

Systematic studies of germanium and silicon ionization detectors were performed
with electrodes realized either by aluminium evaporation or boron + phosphorus
implantation [1, 2, 4]. The detectors were tested at temperatures between 20
and 80 mK using 241Am and 155Eu X/7 sources, for biases ranging from 0 to
±10 V.

The first adressed question was the origin of the limited time stability. The
measured ionization pulse heights decreased after a given time, with a time
constant Tjy. It has been proven experimentally, using the pulse heights and
polarities of different X/7 rays from 155Eu with different penetration lengths,
that it was due to a progressive volume space charge building up. It leads to
a cancellation of the electric field in the detector, hence to smaller or negative
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pulses. The alternative explanations in terms of plane faces charging or carriers
trapping were rejected. To study the origins of the underlying traps ionization,
a cold IR-source was built to illuminate the detector. The results (see fig 10.4)
confirm the volume space charge interpretation and show that the low temper-
ature ( < 10 K ) surfaces present in a cryostat emit enough IR photons to limit
the time stability. A modelization of the system including trapping, IR and
radioactive ionization, and drift + diffusion processes accounts for most of the
data, which are explained by a progressive space charge generation. In Si, a new
behaviour was found: the pulse heights first decrease as a function of time, and
then increase to reach a plateau. This is due to two different ionization rates
for P donors and B acceptors. An an original method has been also developed
to map the electric field inside the detector by using the average pulse heights
of the three X/7 peaks of 155Eu, as a function of the bias.

Our second field of investigation concerned the effect of carriers trapping on
the energy resolution (see fig 10.1). One performed experimental studies and a
modellization of the carriers trapping contribution to the X/7 peaks positions,
widths and shapes. In Ge, the (good) energy resolution of 1.2 keV (FWHM) at
86 and 105 keV is due to ionized traps densities below 5 108 cm"3. When those
densities exceed 109 cm"3, the shape of the X/7 peaks becomes asymmetric
and their centers are shifted towards lower values. The peak positions were
analyzed as a function of the bias within a hot electron model. One checked
the consistency of our space charge and carriers trapping analyzes, taking into
account the compensation ratio of the crystal. Experimental procedures were
developped to minimize the ionized traps densities. For silicon, one found that
the trapping on neutral impurities - using the densities obtained by neutron ac-
tivation - roughly accounts for the experimental resolutions (FWHM=1.5 keV
at 14 keV). In those studies, the results of deep and shallow donor and accep-
tor impurities measurements were used (collaborations with Lab. Pierre Sue
(Saclay), GPS (Paris 6-7), and PHASE (Stasbourg)). A study of the dead layer
width (volume where no signal is detected) was also made and it was found that
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it contributes significantly to the global efficiency in Si for low biases.

Finally, the question of the optimal ionization bias was re-examined. The usual
belief is that it must be as low as possible because of the additional heat gener-
ated by the carriers drift. However, in practice, it is often limited by the advent
of a large breakdown current which occurs at 0.7 V for p-i-p detectors. Low
currents (<10 pA) are needed to induce an increase of the detector temperature
lower than a few mK, a contribution of the shot noise to the energy resolution
below 0.5 keV (FWHM), and a negligible neutral impurities ionization rate. It
was shown that the naive expectation that any metal-semiconductor contact for
which the Fermi level is in the gap would be convenient because the carriers are
frozen is not valid. A mechanism was proposed for the apparition of the break-
down current based on the I(V) characteristics we obtained using procedures
developped to overcome the hysteritic behaviour of the system. The choice of a
p-i-n scheme allows to increase the bias to values much larger than 0.7 V while
keeping the current in the pA range. This leads to a decrease of the trapping
cross sections, thus to an improvement of the different detector performances.
For the aluminium electrodes, the current remained below a few pA for large
biases, thus demonstrating the very interesting issue that the evaporated met-
allization was an alternative method for the electrodes realization.

10.1.3 Study of YSi as a thermal sensor

10.2 Dark matter

A promizing application of cryogenic detectors is materials analysis using X-
ray fluorescence or Rutherford backscattering, etc., because of their best energy
resolution in comparison with semiconductor detectors. Resolutions around 10-
30 eV FWHM for low energy X-rays have been obtained by several groups. In
collaboration with Lab. P. Sue (F. Ladieu), the properties of sputtered YSi
were investigated as a possible new thermal sensor for such detectors. The
hope was that the non linear I(V) characteristics found in the studies of this
compound as an insulator close to the metal-insulator transition would lead
to large temperature sensitivities. One obtained ^ = 10 K"1 at 400 mK,
among the best values for this kind of sensor. The use of YSi as a capacitive
sensor was also investigated: suppressing the sensor Johnson noise is a very
interesting issue, and the dielectric susceptibility e divergence at the transition
should lead to good sensitivities. We found 3̂5?= 0.1 K"1 at 600 mK, which
is only a factor 3 below ferroelectric compounds tested elsewhere. Finally, one
checked the rapidity of an YSi thermometer by injecting heat pulses with an
original technique involving an electrical heater held on two 25 mm Al wires.
The (thermal) time constants lay in the ms range at 500 mK. Such values are
partly due to the rather high specific heat of the sensor.

The SPEC,with Pari's and our group, is strongly involved in the search of cold
Dark Matter which is supposed to be a neutralino (stable Lightest Supersymetric
Particle, LSP) ([12]to[28]). If any, it interacts elastically with the target nuclei
and give a recoil exponential energy spectrum, with an average energy around
a few keV. The main problem is the scarcity of event, due to the (unknown
in size) weak interaction between the particle and the target. To try to solve
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Figure 10.5: Scatter plot of the heat and ionization energies for our 70 g detector
exposed to neutrons emitted by a 25Z Cf source (corresponding to nuclear recoils)
and to photons emitted by a 57Co source, for a charge collection bias of 2 V.
The clean separation between the two classes of events appears clearly.

the problem, a bolometer running at very low temperature measures the energy
left by the particle, but also the ionisation, less by a factor four for a recoil
than for ordinary radiation (a,/3,j,X). This has been concretized in the first
experiments with the 70 g heat/ionization detectors (see section 10.1.1) in the
Edelweiss cryostat at the Modane Underground Laboratory : i) adaptation of
the low noise electronics and wiring to the induced new experimental conditions,
ii) measurements of the detector rejection ability, iii) radioactive background
reduction, iv) first dark matter research experiments. This has been done in
the framework of the Edelweiss collaboration, which, in addition to our group,
includes DAPNIA-SPP (Saclay, CE A), CSNSM (Orsay, CNRS-IN2P3), IPN
(Lyon, CNRS-IN2P3), IAP (Paris, CNRS-INSU). Fig. 10.5 shows the clear
separation between the nuclear recoils and the gammas, for a charge collection
bias of 2 Volt. The energy resolution at 122 keV obtained with a removable 57Co
source was 1.25 and 1.3 keV in the heat and ionization channels respectively,
and the corresponding baseline resolutions were 0.85 and 1.1 keV. From those
data, a (very good) rejection factor of 98 ± 1 % in the 12-70 keV energy range
can be extracted.The radioactive background data yield a 90% C.L. limit on a
dark matter signal of 0.55 event.keV/Kg.day (preliminary result). In the 10-20
GeV/c2 WIMP mass interval, the limit on the scalar coupling cross section is as
shown in fig. 10.6 improved by more than an order of magnitude with respect
to the best experimental sensitivity obtained presently with a high purity 3 kg
Ge diode (Heidelberg-Moscow collaboration). In the 20-1000 GeV/c2 interval,
the improvement with respect to the 1995 Edelweiss data (see previous report
of activities) is by a factor 103.
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Several improvements of the radioactive protection (installation of the roman
lead chamber, etc.) led to a decrease by a factor 2.5 of the radioactive back-
ground, hence we are already close to the best global experimental sensitivity
obtained by the Heidelberg-Moscow collaboration: 0.2 event.keV/Kg.day. Fur-
ther improvements of the radioactive background protection, together with an
increase of the detectors mass should lead to a global sensitivity well below this
value within a few months. Those data were obtained for a large charge col-
lection bias of 6 V, for which the rejection efficiency is improved by more than
60 % with respect to lower values (see Fig. 10.7). Such a high bias is allowed
because of the original features of our detector (see section 10.1) which allows
biases larger than 0.7 V without any generation of a large breakdown current.
Furthermore, it produces an enhancement of the total heat (Neganov-Luke ef-
fect) which has been studied. Our interpretation of the improvement is that the
higher electric field helps collecting the carriers generated close to the electrodes
(the so-called "dead layer" found by the CDMS experiment). In the near future,
a 70 g detector with electrodes made of evaporated aluminium (see section 10.1)
will be tested in order to study in particular this problem.
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11. Cryogenic and electronic developments

Permanent staff, physicists: G. Francinet, P. Pari.

Permanent staff, technicians: Ph. Forget.

Other status: L. Lignac (SORIME company), Th. Gautier (I.F.A.).

Collaborations: M. Rotter (University Charles of Prague) for thermometry, Edelweiss project.

11.1 Cryogenics at very low temperature

The activity of the laboratory consists mainly in the development of very-low
temperature refrigerators for various experiments. In additition we develop the
thermometry for such temperatures. This activity is accompanied by transfer
to industry of some of the techniques developed at the SPEC as well as by the
organization of training and teaching sessions on the He3-He4 dilution method.

11.1.1 Achievement of prototypes

In the years 1995 to 1997, the cryogenics group developed various propotypes
for low temperature experiments.

• For experiments on the magnetism of nanoparticles, a small dilution refrig-
erator was developped with a plastic sample holder well suited for accurate
magnetization measurements with a SQUID magnetometer. This device
allowed successful measurements of the dynamics of magnetic moments of
nanoparticles at temperatures as low as STmK1.

• The dilution stick of the laboratory has been equiped for a double use.

— Characterization of samples for heavy fermion studies in collabora-
tion with the laboratory of Pr Miyako from Osaka University [1, 2].

— Development of capacitive thermometers of the pure dielectric type
(doped SiO2) for measurement in presence of a magnetic field. The
advantages of this thermometry technique are the absence of magne-
tocapacitance, dissipation and eddy current heating. These thermom-
etry technique is being developed in collaboration with Pr Rotter of
the University Charles of Prague.

• A new "medium flow rate" refrigerator has been designed to reach a low-
est temperature of 5 mK and to sustain a power, up to 100 //Watts
at 100 mK (in collaboration with a student of the Paul Sabatier Uni-
versity of Toulouse). This achievement is being transferred to industry
(S.O.R.I.M.E. company).

1Sappcy R. Thèse de Doctorat de l'Université de Paris XI Orsay soutenue le 23
septembre 1997 "Etude de la dynamique de l'aimantation de nanoparticules magnétiques
dans la limite des très basses températures"
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Figure 11.1: Dilution refrigerator built at SPEC for the Edelweissl experiment.

» A dilution stage is being designed in collaboration with Pr Rotter for the
study of nuclear orientation [13].

11.1.2 Developments for wimps detection

The laboratory plays an important role in the cryogenics of the wimps detection
experiments (for more details see the section 10.2). For the EDELWEISS I ex-
periment (a 70g detector for the feasibility study), we built a dilution stage now
in operation at the Modane underground laboratory. This device enables cooling
the detector down to 10 mK in an uninterrupted run for several months (see fig.
11.1)[1, 4, 7, 6]. In collaboration with the S.E.D/D.A.P.N.I.A we achiewed an
automatic pumping system allowing a remote control of the experiment through
a computer network. The EDELWEISS II project aims at cooling down cryo-
genic detectors of several tens of kilograms. In 1997 a high power pumping unit
for such an experiment has been studied. A transfer to industry is in progress
with the "Air Liquide" company.
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11.2 Electronics

11.2.1 Prototypes

The task of the electronics laboratory is the following :

• to conceive and realise specific circuits adapted to each experiment and
for which no commercial equivalent can be found.

• to assure the best conditions for the acquisition and treatment of the
physical data.

The main activity of the laboratory is centered on three main axes : Devel-
opment of application-specific circuits, data acquisition and interfacing to mi-
crocomputers. For an efficient execution of these tasks, the laboratory has
been equipped with the necessary software tools like Computer Assisted Design
(CAD) and programming of Programmable Logic Arrays (PLA).

Conversion of any physical quantity by different sensors or detectors (e.g. for
light, ionising radiation, temperature etc) produces electrical signals which can
be treated by electronic circuits. These signals can be digitized and analysed by
computer. For weak signals buried in noise, powerful signal recovery techniques
can help to extract the information ( e.g. lock-in detection, signal averaging
and spectral analysis). The resulting information obtained from the measured
physical quantities can be used to monitor the evolution of an experiment and
to control permanently all parameters. All this can in general be done by means
of a Digital Signal Processor (DSP) or of a microcontroller chip. These modern
circuits combine processing power and low cost. They are at the base of a
rapid development of the electronics and informatics applied to the analysis
and control of physical processes.

11.2.2 Specific applications

From 1995 to 1997, the electronics laboratory has developped many different
electronic devices as specific applications to numerous experiments. A few ex-
amples will be given below:

• For the experiment on dark matter, a low noise (1.2 nV/\fHz) charge
amplifier has been conceived. It uses a FET first stage, located on top of
the dilution refrigerator which contains the sensing element (bolometer)
at 20 mK. The amplifier operates with direct coupling in current feed
back mode. This technology has been chosen for its advantages over more
conventional designs, in particular its extremely high input impedance.
The detailed comparison between current and voltage feed-back can be
found in the existing literature2.

• In the magnetometry experiment using Hall-effect microsensors, a pream-
plifier has been built which reaches a sensitivity in the milligauss range.
This is at present between one and two orders of magnitude better than
the published performances. The set-up consists of ten sensors in line

2Burr-Brown IC Data Book, linear products 1994, Analog Devices Linear products Data
Book 1990/1991, Linear technologie Corporation, Linear Data Book supplement 1992
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with ten preamplifiers at the front end. The sensors operate in AC mode
with lock-in detection. The corresponding AC current sources have been
developed in our laboratory. The preamplifiers have a voltage gain of 500
and a noise voltage of 1 nV'j\[Wz 3.

• Design of a data acquisition system for a four-element photodetector aimed
at studying non-linear waves on liquids. It comprises an ultra-precise
regulation of the liquid level.

• An Ultra High Vacuum enclosure for thin-film deposition has recently
been installed in our Service. It is composed of three connected chambers
specific for different operations (MBE, sputtering, edging). The samples
have to be moved between the different chambers. To realise this, we
developed a set of five controls with stepper motors and optical position
encoders with digital display. The whole system is built around a specific
microcontroller (CY 500 of CYBERNETIC MICRO SYSTEMS4 ), inter-
faced to a standard PC microcomputer via a PIA on an interface card
developed in our laboratory.

• Implementation of an automatic control for the gas-handling system of
dilution refrigerators is in progress. It is based on a 16 bit microcontroller
(Philips Semiconductors ° ) and will be used by the cryogenics laboratory
of the SPEC.

• Design and manufacture of a PC interface card containing 4 digital to
analog (DAC) channels with 16 bit resolution. Design and manufacture
of a PC interface card containing 8 independent RS 232 channels. These
PC cards are of general use in many experiments.

[1] Takeuchi T., Miyako Y., Ocio M., Pari P.and Hammann J., "Electrical re-
sistivities in Cei_xLaxRu2Si2 and Ce(Rui_xRhx)2Si2- ", Czech. J. Phys. 46
(1996) Suppl.S4, 2085

[2] Miyako Y., Kawarazaki S., Taniguchi T., Takeuchi T., Marumoto K.,
Hamada R., Yamamoto Y., Sato M., Tabata Y., Tanabe H., Ocio M.,
Pari P. and Hammann J., "Spin density wave and heavy electrons in
Ce(Rui_xRhx)2Si2 and Ce1_xLaxRu2Si2", Physica B 230-232 (1997), 1011.

[3] De Bellefon A., Berge L., Berkes I., Bobin C, Broszkiewicz D., Chambon
B., Chapellier M., Chardin G., Charvin P., Chazal V., Coron N., Dejesus
M., Drain D., Dumoulin D., Giraud-Heraud Y., Goldbach C, Guerrier G.,
Hadjout J.P., Kemmather B., Leblanc J., L'hôte D., Marchand D., Messous
Y., Navick X.F., Nollez G., Pari P., Pastor C, Perillo-Isaac M.C., Prostakov
Y., Tourbot R., Yvon D., "Status report of the Edelweiss experiment" 8e
International Conference Particle Astrophysics, Blois, France, June 1996,
Eds. Frontières, Gif/Yvette, 1997

•'Burr-Brown IC Data Book, linear products 1994
4Cybernetic Micro Systems CY500
"Philips Semiconducteurs P51XA-Xtend

126



[4] L'hôte D., Berge L., Berkes I., Chambon B., Chapellier M., Chardin G.,
Charvin, Dejesus M., Drain D., Dumoulin D., Goldbach C, Juilliard A.,
Marnieros S., Miramonti L., Mosca L., Navick X.F., Nollez G., Pari P.,
Pastor C., Pecourts S., Distephano P., Tourbot R., Yvon D., "Dark matter
search using a 70 g. germanium bolometer in the Préjus underground labora-
tory", 7th International Workshop on Low Temperature Detectors, Munich,
Germany, August 1997-Proceedings p.237.

[5] Berge L., Berkes I., Chambon B., Chapellier M., Chardin G., Charvin, De-
jesus M., Distephano P., Drain D., Dumoulin D., Goldbach C, Juilliard
A., L'hôte D.,Marnieros S., Miramonti L., Mosca L., Navick X.F., Nollez
G., Pari P., Pastor C, Pecourts S.,Tourbot R., Yvon D., "Status of the
Edelweiss experiment", Workshop TAUP 97, Gran Sasso, Italie, Sept. 1997.

[6] L'hôte D., Navick X.F., Chapellier M., Chardin G., Djotni K., Mangin J.,
Marnieros S., Torre J.P., Tourbot R., "A 70 g ionization/heat detector for
dark matter search : design, fabrication and test results", 7th International
Workshop on Low Temperature Detectors, Munich, Germany, August 1997.
Proceedings p.240

[7] Yvon D.et al, " Evidence for signal enhancement due to ballistic phonon con-
version in NbSi thin films bolometers", Nuclear Instruments ands Methods
in Physics Research A 370 (1996) 200-202

[8] Rotter M. et al, " The new Nuclear Orientation Facility at Charles Uni-
versity Prague", Proceeding of the 21 st International Conference on low
temperature Physics Prague 1996.

NEXT MOK0) I
127



Quantum condensed matter

The constituent atomic or molecular objects of condensed matter must be described by
quantum mechanics, if only because the energy level spacings are not continuous on the scale
of energies where matter is condensed. But much of the behaviour of the asssembly can
be understood in terms of classical mechanics without having to take account of extended
wave properties. The first collective quantum effects are felt in the statistics for which the
canonical example is surely the electron gas model of metals. The consequences of extended
wave functions are most dramatically felt in the behaviour of superfiuids. In normal, non-
superfluid matter the coherence of the matter waves is quickly destoyed by interaction with
the environment: the phase information is dispersed into too many degrees of freedom.
Coherence can nevertheless be maintained over many inter constituent spacings and on that
scale normal matter too reveals quantum behaviour. But because of the low energy scales
of condensed matter physics probing these properties demands low temperatures and small
probe lengths or sample size: in practice, sub-Kelvin temperatures and sub-micron lengths.
Suddenly, over the past 15 years, this previously forbidden domain has become accessible
to experimentation, principally as a result of technological progress in materials and micro-
fabrication.

Nearly all the investigations of the Quantum Condensed Matter Laboratory (LMCQ) are con-
cerned in some way or other with the influence of quantum coherence and quantum statistics
on the properties of matter. Most of the effort is directed toward fundamental understand-
ing, but in some instances the understanding acquired has given rise to the construction and
demonstration of prototype proof-of-principle devices, such as the superfluid gyrometer, the
electron pump, the superconducting transistor, the electron interference transistor...

The systems studied are made up of low mass particles like electrons or helium atoms to
accentuate the importance of quantum effects, sometimes self supporting and sometimes
embedded in a host material, sometimes condensed at a material interface. Often the effective
free kinetic dimensionality is reduced to D=2,l or 0 by shaping the host material or container
or by electrostatic confinement. Practically always, even for the superfiuids, either the sample
or the probe has a micrometre or sub-micrometre length scale. Some of the studies of the
Laboratory are summarized below, but a more complete description of this and other work
will be found under the group headings further on.

Statistics

The shot noise of current in a wire is probe of the statistics of outgoing electrons. In the
case of a single 1-D quantum conduction channel, the Fermi-Dirac statistics establishes a
long range temporal order between incoming electrons. The noise of the electron arrivals is
then no longer the usual Shottky result for a non-correlated Poisson distribution, but instead
reaches the limit for partition between transmitted and reflected scattering channels where
the spectral density of the current becomes d(I2)/df = (1 —T)2e(/}, T being the transmission
coefficient. A careful, sensitive noise measurement using an original correlation technique to
eliminate lead noise clearly demonstrated this quantum silence.
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A multichannel, mesoscopic resistor also displays reduced shot noise. On the length scale on
which only elastic collisions occur, the noise is reduced tol/3, but if electron-electron collisions
start to be important before electron-phonon relaxation occurs, the noise increases to \/3/4
of the Shottky value. In a collaboration with NIST at Boulder, these factors were verified
by experiment, but it was discovered that the second regime takes over at anomalously short
lengths. A novel diagnostic experiment was then undertaken in Saclay to determine directly
the electron energy distribution function along the current carrying wire by means of a series
of point tunnel contacts to a superconductor of known density of states. For short length, the
distribution is a superposition from left and right reservoirs, but at longer lengths it showed
rounding characteristic of an unexpectedly high electron-electron interaction.

Interference: Rotation, Geometry and Disorder

The phase of a neutral superfluid in a rotation field varies in a way analogous to a charge
in a magnetic field, the quantum of rotational flux (circulation) being h/m. Investigations
of vortex emission in superfluid helium 4 flowing through a sub-micron orifice demonstrated
the importance of the phase shift around the connecting fluid loop. The emission probability
being periodic in the number of quanta of circulation, it can be used to detect a rotation
induced phase variation around the loop. The Saclay team were the first to make a working
gyrometer based on this principle and as a demonstration they were able to measure the
rotation of the earth to better than 1%.

In normal matter, the particle wavefunctions interfere with themselves when elastically scat-
tered or reflected elastically over lengths short compared with the distance between electron-
phonon phase breaking collisions . The simplest manifestation is geometrical reflection in a
box-like structure. On connecting an input and output channel to the box, the transmission
coefficient becomes sensitive to the internal interference. One experiment of the laboratory
has concentrated on modifying the internal reflections in a way to make a useful transistor
device and also to investigate the effects of strong ( "open" ) contacts. The question of con-
tacts to dots or islands has also been treated in the context of Coulomb blockade leakage,
first for dilute system 2-D dots with a single dominant entrance channel and recently for
the dense metallic island where there are very many entrance channels, but each is weakly
coupled.

More difficult is the problem of interference from random scattering centres, the famous
statistical problem of localisation. Experiments on a system where the Fermi energy can be
tuned across the mobility edge has been used to make a study of the statistics of resonant
tunnelling peaks in the vicinity of the metal-insulator transition. The conclusion is that the
statistics is well accounted for by a non-interacting localisation picture.

Interaction and disorder

Interaction between particles introduces correlations which can lead to crystallisation. Al-
though for electrons Coulomb driven (Wigner) crystallisation is opposed by the strong quan-
tum zero-point energy, it can be realised either by reducing the density or by adding a
magnetic field. In the framework of quantum and classical melting, experiments are being
set up to measure the intrinsic shear modulus of the quantum solid and the structure factor
of the classical realisation. The Wigner solid is also a canonical example of a periodic elastic
system in a random field. One of the more interesting results in this connection is the discov-
ery from the Hall effect that, in the sliding conduction regime, a minimum force is required
to induce motion transverse to the current.
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Starting from the other limit of electrons localised by the disorder field, much theoretical
interest has been directed lately to the possible delocalising effect of interaction. Several
types of calculation suggest a delocalizing tendency. The idea has also received experimental
credibility lately with the discovery by several laboratories of a crossover from insulating
to metallic-like thermal dependence of the conductance of high purity 2-D systems at zero
magnetic field. The crossover is not far from the density at which the zero-field Wigner
transition is expected to occur, underlining the close connection to the Wigner solid studies.

Normal to superconductor proximity

The possibility of microprobing electronic properties has reawakened interest in the proximity
effects at normal-superconductor interfaces. Using the the method of superconducting point
contacts described above, it has been possible to probe the electron energy distribution
function on the normal side of a junction as a function of the distance from the interface.

Quantum coherence and single Cooper pair manipulation

An experiment to measure the quantity of charge transfered from a superconducting electrode
into a superconducting island has shown it to be 2e suggesting that it is possible to manipulate
single Cooper pairs. Furthermore the results suggest that the transfer is a coherent process
involving the superposition of two quantum states and could possibly be used to develop a
quantum bit device.

Conduction through a single atom contact

Atomic-size contacts are obtained by mechanically drawing down a microbridge link to break-
point and then bringing back together the two resulting metallic electrodes. Experiments in
the superconducting state reveal that the number of conduction channels that a single atom
contact can accommodate is given by the chemical valence of the element.

Excitations: FHQE quasiparticles

A 2-D electron gas in a magnetic field of p flux quanta per electron exhibits a Fractional
Quantum Hall Effect plateau with a quantised Hall conductance e2 /ph. It has long been
thought that the current carrying quasi-particles in this state bore fractional charge e/p,
but no unambiguous experiment had been devised to check the idea. The recent Saclay
experiment measured the Poissonian shot noise in an artificially induced tunnel current of
quasiparticles in the p = 3 state and found it to be d{I2)/df = 2(e/3)(I), the first clear
demonstration that the current carrying quasiparticles do indeed have fractional charge.
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12. Quantronics

Permanent staff, physicists: M. Devoret, D. Estève, P. Joyez, H. Pothier, C. Urbina (CNRS).
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Post doc: M. Goffman (3/98^), E. Scheer (08/95 to 08/97), A. Steinbach (5/98-*).

Visitors: N. Birge (Visiting professor, 09/95-08/96).

Collaborations: Dr J. Martinis (NIST Boulder, USA), Prof. H. Mooij (TU Delft, Netherlands),
Prof. H. Grabert (Freiburg Universitât, Germany), Dr G. Mikhailov (Chernogolovka, Russia),
Prof. J. van Ruitenbeek (Leiden University, the Netherlands), Profs. A. Lévy-Yéyati and N. Agraït
(UAM, Spain).

12.1 General theme of research activities

The rapid progress of miniaturization has shrunk electronic devices so much
that their dimensions now become comparable to the size of atoms. Field-effect
transistors with a length of the order of a few hundred nanometers are already on
the market. In the laboratory, state-of-the-art nanofabrication sometimes even
reaches the ultimate stage: it is possible to make certain individual structures
consisting of a few atoms or molecules. A novel situation appears: the quantum
behavior of electrons can emerge at the level of collective electrical variables
described by the macroscopic concepts of voltages, current, resistors, capacitors
and so on.

It is important to note that in microelectronics, quantum mechanics only en-
tered so far to explain material properties and did not play a role in the electrical
functioning of circuits which always remained classical. What new phenom-
ena arise when electron quantum coherence span a whole device and
can influence its global behavior? The aim of the research performed by
the " QUANTum physics and electrRONICS" group is to answer experimentally
this question. Using electron-beam lithography, low-temperature and ultra-low-
noise techniques, we design, fabricate and measure metallic circuits in which
quantum effects manifest themselves directly on measurable, macroscopic elec-
trical quantities.

12.2 Single electron phenomena

We have shown in 1990 (see reviews [1, 2]) that it is possible to count elec-
trons one by one in a macroscopically measurable current with devices like the
"single electron turnstile" (work done in collaboration with the Delft group)
or the "single electron pump". These devices were based on a property which
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remained to be elucidated: in a tunnel junction whose resistance is large com-
pared to the resistance quantum RK = h/e2, the charge transferred through the
junction is an integer multiple of the charge quantum e. Conversely, when the
tunnel resistance becomes low compared to RK, which is desirable to increase
the current, the number of electrons transferred through the junction fluctu-
ates quantum-mechanically and induces errors in electron counting. Indeed, a
junction completely transparent to electrons would behave as a uniform piece
of wire, for which charge transport is a completely continuous process and does
not display any sign of charge quantization.

A fundamental problem thus arises: how does charge quantization disappears
when the junction resistance diminishes? We have answered this question by
performing experiments on two simple systems based on low-resistance and low
capacitance tunnel junctions. These two systems are the Single Electron Tun-
neling (SET) transistor and the tunnel junction in series with a resistor of high
value [28]. The variations of the low-voltage conductance of these systems as
a function of temperature follow a characteristic logarithmic law on a range
which increases when the nominal, high temperature value of the tunnel re-
sistance decreases [16, 29]. The quantitative analysis of this effect shows that
virtual electron-hole pairs coupled to the charge transferred through the junc-
tion "dress" its geometrical capacitance. This dressing effect is all the more
important that the temperature and the nominal tunnel resistance are low. The
increase of the effective capacitance diminishes the charging energy, and there-
fore Coulomb blockade (see fig. 12.1).

Our results establish experimentally the theoretically-developed analogy be-
tween the suppression of charge quantization due to strong tunneling and the
well-known Kondo effect1, the archetypal many-body effect, which is the su-
pression of the susceptibility of a magnetic impurity in a host metal due to the
exchange interaction beween conduction electrons and the spin of the impurity.

12.3 Quantum coherence with a single Cooper pair

Given that it is now possible to design circuits in which electrons are controlled
one-by-one, can we transpose these single charge manipulations to Cooper pairs
in a superconducting circuit? To answer this question, we have performed an ex-
periment [13, 15, 13] which is the extension of the single electron box experiment
with which we had observed macroscopic charge quantization on an metallic elec-
trode [1, 2]. The experiment consists of a superconducting electrode of small
dimensions (island) connected to another superconducting electrode which acts
as a Cooper pair reservoir (see fig. 12.2). One applies a voltage difference be-
tween the reservoir and a gate electrode influencing the island electrostatically.
This induces an electric field in the junction and around the island. The number
of excess electrons in the island adjusts itself to minimize the total energy of
the system which consists of an electrostatic energy part, the work done by the
voltage source and the pairing energy of electrons in the island.

Using e-beam lithography, we can fabricate an island with a total capacitance
CT. = Cj + Cg of the order of one femtofarad (Cj and Cg are respectively the gate
and junction capacitance). The capacitance Cs sets the characteristic energy

'Matvoev, K.A., Sov. Phys. JETP, 72, 892 (1991)
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Figure 12.1: Measurement of the conductance G of a tunnel junction in series
with a resistor R, as a function of temperature. The value GT is the asymptotic
conductance of the junction at high temperatures where the Coulomb blockade
effect is negligible. For a junction whose conductance is large compared with
GK = e /h, the measured conductance diminishes logarithmically with temper-
ature. The theoretical curve in dashed line does not take into account quantum
fluctuations of the charge transferred across the junction and depends solely on
its capacitance. The curves in full line are theoretical predictions treating these
charge fluctuations in a way analogous to the mean-field treatment of the Kondo
effect.

Ec — e2/(2Cs) corresponding to the electrostatic cost of an extra electron on
the island.

The second characteristic energy of the system is the free energy Â of the odd
electron number state relative to the even electron number state, which in a
BCS superconductor at T = 0 is equal to A, the pairing potential. The third
characteristic energy is the Josephson coupling energy Ej corresponding to the
entrance or exit of one Cooper pair by tunneling though the junction. As shown
by Josephson, this energy is a macroscopic quantity scaling with the area of the
junction, since all the Cooper pairs participate in phase to this process.

If we set the parameters of the system in such a way as to have ksT <C Ej <C
£ c C A at the lowest temperatures, then the system chooses for almost all gate
voltages a well-defined, even number of excess electrons in the island. This can
be shown by measuring the total charge of the island with a SET electrometer as
a function of the gate voltage. A staircase variation is observed (see fig. 12.3).
A control experiment is performed by submitting the sample to a sufficiently
strong magnetic field which destroys superconductivity and thereby suppresses
the pairing energy. One observes then a staircase with steps twice as small
corresponding to the entrance of electrons one-by-one in the island and with a
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Figure 12.2: Single Cooper pair box. A superconducting metallic electrode (is-
land) is connected to a superconducting reservoir through a tunnel junction.
Cooper pairs are driven one-by-one in the island with a gate voltage U.

rounding corresponding to the influence of thermal fluctuations. The rounding
of the steps in the superconducting state is too large to be assigned to thermal
fluctuations, considering that the Coulomb energy for a Cooper pair is four
times as large than for an electron. The rounding is however well explained
quantitatively by the value of the Josephson energy measured by an independent
experiment. The shape of the rounding shows that for values of the gate voltage
corresponding to an odd number of electrons on the gate, the island is in a
macroscopic quantum superposition of two charge states differing by one Cooper
pair.

This Josephson effect with only one Cooper pair is a first step in the implemen-
tation of a "quantum bit" using a solid state device. Quantum bits are basic
elements of quantum computers which have been considered mostly so far in the
context of atomic or ion physics2. In atomic physics system implementations of
quantum digital information processing, the decoherence time of quantum bits
can be rather long but the connections between the quantum bits lack flexibility.
This last problem can be easily overcome in a solid state device with metallic
wires, but the question of whether the decorence time involved in macroscopic
superpositions of charge state will be sufficiently long is still open. It will be
the subject of our future experiments in this field.

12.4 Mesoscopic superconductivity

The full understanding of superconductivity in metals has suffered from the fact
that a good description of the pairing of electrons in real space has been lacking
until quite recently. Let us recall that in the 60's specialists of superconductiv-
ity had studied the interface between a superconductor (S) and a normal metal
(N) in great details3. This system is the simplest one breaking translational
invariance and necessitating a truly real-space formulation of the theory of su-
perconductivity. They had established the existence of two seemingly distinct
effects. For the explanation of equilibrium properties like transition tempera-

2Doutsch D. and Ekert A., Physics World, March 1998, p. 47
3 De Germes P.-G., "Superconductivity of metals and alloys" (Benjamin, New-York, 19G6)
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Figure 12.3: Average number of Cooper pairs in the electron box as a function of
the gate voltage U (solid black line). Dotted line: theoretical prediction involving
quantum superposition of single Cooper pair charge states. Dashed line: theo-
retical predictions without broadening due to quantum superposition of states.
Grey line: detail of step of single electron staircase in the normal state from
which electron temperature is inferred.

ture and supercurrent, the "proximity effect" prevailed: superconducting order
contaminates the normal metal while the presence of the normal metal weakens
the order parameter in the superconductor. The transport properties, on the
other hand, were explained by Andreev reflexion, a process by which an elec-
tron from the normal metal trying to enter the superconductor is reflected into
a hole.

A great revolution has arisen from experiments on mesoscopic NS systems, i.e.
systems whose dimensions are smaller or of the order of the electron coherence
length. It has been understood in the past couple of years that the proximity
effect and Andreev reflection are two facets of the same phenomenon [19]. This
unification is described by a theory which contains both BCS and Ginzburg-
Landau (GL) as two limiting cases. In this theory, the superconducting order
parameter is not a complex number depending on space like in GL, but a com-
plex function of energy and space. Both equilibrium and transport properties
are determined by this function.

In a sample with sufficient disorder, but with little phase breaking processes,
which is the case corresponding to mesoscopic samples, this function obeys a
simple equation called the Usadel equation. The solutions of this equation
can now be found for all cases of interest, particularly the cases where correct
theoretical predictions could not be obtained from the elementary theories like
BCS or GL. We have performed two experiment to test these new predictions.
One experiment [8, 10] adresses the density of states in a semi-infinite normal
wire in contact with a superconducting reservoir (see theoretical predictions in
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Figure 12.4: Density of states at a one-dimensional NS interface as a function
of the energy E and distance x for electrons with a diffusion constant D. The
sampling distance is 0.2 ^/HD/A. The transparency of the interface is unity
and spin-flip processes are absent. The superconductor is assumed to be a perfect
BCS superconductor with gap A.

fig. 12.4). In the measurement, we obtain the density of state of the normal
wire from the differential conductance of tunnel junctions between the wire and
small normal fingers probing the wire at different locations. Fig. 12.5 shows our
results for 3 fingers Fl, F2 and F3 placed at 200, 300 and 800 nanometers from
the NS interface. The measurement shows very good agreement with theoretical
predictions taking into account residual phase breaking processes and Coulomb
blockade effects. The density of state tends to the normal value on the scale of
the Thouless energy KD/L2, where D is the diffusion constant in the metal and
L the distance of the probe to the NS interface. On length scales less than the
phase-breaking length, the superconducting order decreases thus like L~2 and
not like exp(—L/C).

The other experiment [9] is based on a SQUID for which one superconducting
electrode in the loop has been replaced by a normal one with mesoscopic di-
mensions. The conductance through the SQUID (and not its critical current
which is zero) displays almost 100% modulation by the flux through the loop.
The modulation dies with the applied voltage on a scale given also here by the
corresponding Thouless energy. Again, the results are in. excellent quantitative
agreement with mesoscopic superconductivity theory. The lack of space and the
fact that the data of this experiment "NS-QUID" have been discussed in the
last report prevents us to detail it further.

138



0.5 L
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

V(mV)

Figure 12.5: Comparison between experiment and theory for the density of states
of a metallic wire in contact with a superconducting electrode. The spin-flip
scattering rate is treated as an ajustable parameter.

12.5 Shot noise and electron-electron interaction in a mesoscopic resistor

In constrast to vacuum tubes and tunnel or p-i-n junctions, metallic resistors
are said in electronics textbook not to display shot noise. As shown by recent
theories by Biittiker and Beenakker, charge flow which is continuous in a macro-
scopic resistor can become discrete in a mesoscopic resistor when the energy of
electrons is no longer relaxed by phonon emission. Moreover, these authors
made a surprising prediction: for a resistor whose length L is shorter that the
length Le_e for which electrons can equilibrate their energy among themselves,
but sufficiently long compared with the elastic mean free path £, the shot noise
intensity is 1/3 of the classical value found for instance in a vacuum tube. This
can be understood from the distribution of electrons considered as a function
of both energy and space. In the regime ^ « L « Le-e, the distribution func-
tion inside a disordered wire joining two reservoirs at different potential (see fig.
12.6, solid lines) will be a a two-step function at T = 0, each step coming from
the Fermi distribution of electrons having diffused from one of the reservoir to
the position under study. This shot noise prediction was verified in a collabo-
ration with the group of John Martinis at NIST Boulder [7]. But the surprise
came when we measured longer wires in the regime Le-e « I « ie-p/u where
Le-Ph is the electron-phonon thermalization length. In that case the shot noise
intensity is somewhat larger, i.e. a fraction \/3/4 of the classical value. This
small difference is due to the electron-electron interaction process which rounds
the distribution function and turns it in a local Fermi distribution at an ele-
vated temperature (dotted lines in fig. 12.6). These effects revealed that the
electron-electron interaction could be measured in a detailed manner by an out-
of-equilibrium transport experiment. In Saclay, we thus devised an experiment
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Figure 12.6: Schematic of experiment in which the distribution function profile of
electrons in a metallic resistor placed between two well-defined metallic reservoir
is measured using tunnel junction probes. The voltage U is applied to the resistor
while the voltage V is applied to the tunnel junction probes by means of a low
temperature switch. The staircase curve in full line show the distribution profile
in the case of non-interacting diffusive electrons whereas the smooth dotted curve
show the case of electrons having interacted sufficiently to reach a local thermal
equilibrium during their traversal of the resistor.

to directly measure the distribution function in presence of a voltage difference
U between the reservoirs in the intermediate regime where L ~ Le_e. This was
achieved using again tunnel junctions between the wire and a metallic finger
(see fig. 12.6). However, in this novel experiment [20, 21], we used a supercon-
ducting wire with a known density of states. The distribution function can thus
be obtained by deconvolving the voltage dependence of the differential conduc-
tance. We have shown, using this method, that the measured electron-electron
interaction is much stronger than predicted by the largely accepted theory of
Altshuler, Aronov and Khmelnitskii (1982) for disordered mesoscopic samples4.
In particular, we have been able to show, using the dependence of the distribu-
tion function on the applied voltage U, that the interaction stength diverges at
small energy much strongly than predicted. Our result set also an upper bound
on the lifetime of Landau quasiparticles in a mesoscopic wires which is much
shorter than expected theprectically. New experiments are now being carried
out to explore the origin of these puzzling discrepancies.

12.6 Current through one atom

It is now possible to fabricate ultra-small metallic contacts which present them-
selves as necks of atomic dimension separating two metallic wires (see fig. 7).
When these nanocontacts [5] are opened by pulling mechanically on the wires,
the neck is reduced at one point to a single atom. Beyond this point, a tun-
nel contact is formed. We have measured very precisely the dependence of the
current through these contacts as a function of both the applied voltage and

4 Altshuler B.L., Aronov A.G. and Khmelnitskii D.E., J. Phys. C 15, 7367 (1982)
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Figure 12.7: Set-up of experiment on transport properties of atomic-size metallic
contacts. The neck at the center of the contact can be pulled precisely to obtain
a one-atom constriction.

elongation of the contact at low temperatures [17, 30]. This measurement ne-
cessitates a very good mechanical stability, which is achieved by making the
metallic wires by nanolithography, thereby giving us a mechanical loop of the
smallest dimensions, as well as by filtering electrical lines using novel filter tech-
niques [11].

Our nanocontacts are fabricated from a metallic bridge of aluminium (diam.
lOOnm) which is suspended above a flexible substrate (see electron micrograph
on fig. 12.7). In a dilution refrigerator, a mechanical constraint is applied to
the substrate and breaks the bridge. The two remaining wires can then be
reassembled to form a nanocontact of variable dimension. This atomic metal
cold working is possible in the ultra-high vacuum of the refrigerator can. The
degree of mechanical isolation is so good in this setup that the stability of the
separation between the \vires is as low as 1 pm/hr.

The measurements of the the low-voltage conductance of the contact as a func-
tion of the contact elongation yields an irregular staircase pattern, the height of
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12.7 Perspectives
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Figure 12.8: Schematic of one-atom contacts made with different metals illus-
trating the notion that the chemical valence of an element determines the number
of conduction channels through the contact.

each step being of the order of the conductance quantum 2e2 /h. The staircase
has been interpreted as a manifestation of the discreetness of the mode lat-
eral index in a smooth hard wall constriction containing independent electrons.
This model, which is very successful to explain conductance quantization in
point contacts formed with 2D electron gases, appears now to be too simplistic
in 3D atomic point contacts [17, 16, 32].

Our measurements of the full I-V characteristics of nanocontacts with supercon-
ducting wires give strong support to this point of view. The non-linearities of
the I-V can be used to measure the individual transmission of each conduction
channel. This represents a more complete and less ambiguous information on
the contact than the sole low-voltage conductance which only yields the sum
of all channel transmissions. By examining several contacts made of different
elements, we show that the number of channels when the contact is reduced to
a single atom is given by its chemical valence (see fig. 12.8). In the case of an
aluminium atom, for instance, there are 3 channels, whereas in gold there is only
one channel. In both cases, the total transmission of the contact is around unity,
which shows that the three orbitals of aluminium are only partly transmitting,
in contrast with the predictions of the hard-wall constriction model.

Molecular electronics is a research domain where expectations have been for a
long time too much ahead of concrete realizations. This field however is en-
tering now a mature stage due to the combination of two new factors: i) the
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availability of large molecules like single-wall carbon nanotubes which can be
easily manipulated and visualized by near-field techniques, and ii) the possibil-
ity through advanced nanolithography to realize metallic electrodes sufficiently
small to make several electric contacts on these molecules for non-ambiguous
transport measurements.

We have recently participated to experiments performed in the Delft group
which have demonstrated the metallic character of a variety of single wall nan-
otubes [24] as well as the existence of significant electron-electron correlations
in the ground state of these molecules [31]. A rich variety of new experiments
along this direction are possible, like for example, the measurement of predicted
electro-mechanical effects5, the measurement of the Luttinger-liquid character of
nanotubes and the measurement of possible very small supercurrent [11] through
this molecule. We are also investigating at present the possibility of doing trans-
port spectroscopy experiments on smaller molecules placed directly in the gap
of an atomic contact [33].
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13. Quantum mesoscopic physics
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The study of electronic transport in the presence of quantum coherence has
been developed emphasizing the role of the interactions and of the disorder.

In ballistic two-dimensional electron gas, the existence of the fractionally charge
quasiparticles of the correlated Laughlin liquid has been shown through shot
noise measurements.The universal change of the localization length, associated
with time reversal symmetry breaking, has been shown through magnetocon-
ductance measurements in disordered wires. Theory has been developped in
order to include the effect of electronic correlations in chaotic billards and in
disordered systems where the one-body states exhibit Anderson localization.
In addition, quantum interference effects in other correlated systems, such as
hybrid normal-superconducting quantum conductors, have been studied.

13.1 Quantum mesoscopic physics and ballistic transport

Ballistic quantum transport is best observable in the very low disordered con-
ductor realized by confining electrons in two dimensions at the interface of semi-
conductor heterojunctions. In this regime a variable constriction comparable to
the Fermi wavelength, called a Quantum Point Contact (QPC), allows to con-
trol the transmission of the electronic quantum modes one by one. By the fine
tuning of the transmission and by combining conductance and current noise
measurements very fundamental predictions of quantum mechanics have been
tested by our group :

1 present adress: DRFMC/SPSMS Grenoble
2 Also at Nice University
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1. we have shown for the first time that fractional charges can carry the
current. This is shown in a high magnetic field regime where the fractional
quantum Hall effect regime set in [1].

2. we have given the first demonstration that the current noise generated by
electrons scattering off a QPC reaches the quantum partition noise limit.
The result, due to the Fermi statistics, contrast with the quantum optics
analog where a beam of scattered photons, which are bosons, never can
reach the partition noise limit [2].

3. QPCs provide tunable tunnel barriers to connect a few hundred electron
artificial atom (Quantum Dot QD) to external leads. Multiterminal mea-
surements on a four-contact QD allow us to determine the Hall resistance
when electrons flow one by one [3].

4. A QD can be viewed as show a very sensitive to the charge due to the
Coulomb blockade effect. We show that the charge sensitivity can reaches

^ 1kHz [4].

13.1.1 Fractionally charged quasiparticles

Many fundamental phenomena lead us to think that the quantum of charge is
indivisible. Indeed, above a typical lengthscale of a few Fermi, all the free ele-
mentary charged particles carry the same charge quantum e. At a macroscopic
level, charge conservation requires that the total charge of an isolated system be
also a multiple of e. This robust property, established by Millikan in 1911, has
been even extended to non isolated systems. When the electrons of a conductor
are delocalized by tunneling into a macroscopic circuit, single electron tunnel-
ing effects show that e is still the quantum unit which governs the transport
properties.

At a microscopic level, it was less evident that, for conductors made of a large
number of interacting electrons, the elementary excitations above the ground
state carrying the current, the quasiparticles, should necessarily be associated
with the quantum of charge e or its multiple.This was nevertheless observed in
all known conductors up to now.

During the last fiveteen years it has been predicted that low-dimensional sys-
tems may exhibit quasiparticles with fractional charge. These systems - one-
dimensional commensurate conductors, 2D electrons in high magnetic fields,
and the theoretical one dimensional integrable models such as the Calogero-
Sutherland model - share the common property that the number of single par-
ticle quantum states involved to built the ground state is larger than the number
of particle and the ratio can be fractional. An elementary excitation above the
ground state is built by simply emptying a quantum state thus leaving a hole
with unbalanced fractional charge.

2D electrons in perpendicular magnetic field were the best candidate to show
this effect. While the electron number N is fixed by construction, the number
of quantum states iV$ can be varied at will by the magnetic field, one quan-
tum state for one flux quantum <j>0. A measure of the ratio N/N$, also called
filling factor is, is the Hall conductance eN/B which indeed can be re-written
as (e2/h)N/N<p where e2/h is the conductance quantum. When by varying the
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magnetic field the ratio approaches an integer p one observes the Integer Quan-
tum Hall Effect signaled by a quantized Hall conductance pe2/h. A gap occurs
resulting from the Landau level formation and the Fermi statistics. The exci-
tations above the gap still carry charge e. More interesting, when the ratio is
a simple fraction p/m, m an odd integer, one observes the Fractional Quantum
Hall Effect signaled by a Hall conductance (p/m)e2/h. A gap occurs due to the
interactions. An elementary excitation above the gap is a hole in the collective
ground state wavefunction with the size of a flux quantum, i.e. an empty a
quantum state, with fractional charge —e/m.

How to detect these possible fractional excitations? The idea is to realize a
tunnel effect through the correlated quantum fluid in the fractional quantum
Hall regime. For weak tunneling one expects that the tunnel current show
temporal fluctuations, called Shot Noise, as the carriers are randomly transfered
according to a poissonian statistics. From the Schottky fromula 5/ = 2ql the
power spectrum of the current noise gives a direct measure of the charge q of
the carrier. How to make the quasiparticle tunnel? The experiment is made
at filling factor v = 1/3, i.e. three available states (or three flux quanta) for
one electron, where the quasiparticle charge should be q = e/3. In a Quantum
Hall state no current can be found in the bulk as the correlated electrons rotate
around fixed cyclotron orbit center. The current flows on the edges where the
permanent confining potential makes the orbit centers drift via the Lorentz
force. Using a QPC it is possible to bring two opposite edges suffiiciently close
to each other to induce a weak interedge tunneling current. Our experiment
can both measure the tunnel current and the associate noise. The extremely
low current requiring a sensitivity of 0.3 fA/\/Hz in high field and at dilution
refrigerator temperature was an experimental challenge. The shot noise data
displayed in fig.13.1 show that fractional charges e/3 actually carry the current.

13.1.2 Quantum partition noise of electrons

The intensity of a light beam or of an electrical current tell us how photon or
electron waves propagate in an optical or conducting medium. The temporal
fluctuations of the light or of the current intensity tell us how the particles
associated with the waves are randomly transmitted. Intensity and fluctuations
are complementary informations, the latter being purely quantum : without
light or charge quanta no noise in the phototube or in the circuit would be
observed.

Partition noise is the direct expression of the probablistic laws of quantum
mechanics. A simple gedanken partition noise experiment, is a particle in an
incident state scattered into a transmitted or a reflected state. This can be a
photon incident on a semi-transparent mirror or an electron on a tunnel barrier.
After interaction with the environement (phototube or circuit), the particle
cannot stay in a superposition of transmitted and reflected states but randomly
appears in one of these states, following a binomial law. After averaging over
many identical experiments, the mean square fluctuations of the transmitted
particle number nt is An^ = nj(l —tit). The binomial law can be view as the
Poisson's law multiplied by a reduction factor (1 — nt) = 1 — T where T is the
transmission. A similar result holds for the reflected particles and events in the
reflected and transmitted channels are anticorrelated AntAnr < 0.
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Figure 13.1: Current noise Si versus backscattering tunneling current for weak
tunneling. The data are in good agreement with the poissonian shot noise of
charge e/3 : 5/ = 2(e/3)JB.
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Figure 13.2: Schematic view of the sample with the Point Contact inducing the
tunneling between opposite edges of the sample where quasiparticle flow. The
incoming quasiparticles (current IQ) are partionned into backscattered quasi-
particles (current Ig) and forward quasiparticles (IQ — IB); The experiment
measures both Is and {<5/g(O)<5/g(i)).
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Figure 13.3: Reduction noise factor observed for the first two modes. The
dotted curve indicate the theoretical prediction. The dashed curve that including
heating effects. On a conductance plateau the shot noise suppression is above
90%.

In a real experiment many incident particles are present and the quantum sta-
tistics builts non trivial correlations between incident particles, eventually af-
fecting the partition noise observation. Partition noise has been considered in
quantum optics as early as 1957 (Hanburry Brown and Twiss) but this is only
in 1986 (Grangier) that it has been clearly observed. Indeed Bose-Einstein
statistics makes the incident beam noisy as photons like to bunch together.
Super-poissonian noise and positive correlations An tAn r > 0 are found unless
delicate sub-poissonian photon generation techniques are used.

In mesoscopic physics, quantum partition noise is a very recent field. Here
physicists are lucky as electrons are fermions and the quantum statistics builts a
noiseless incident flow of electrons. Indeed, at low temperature, each wavepacket
is occupied by only one electron and the previous gedanken experiment is au-
tomatically realized. A one dimensional tunnel barrier thus generates only the
binomial partition noise. Prom the Schottky formula for poissonian current
noise 5/ = 2e7 and from the binomial reduction factor 1 — T,the quantum par-
tition noise at finite transmission is thus: 5/ = 2e/(l — T). For several quantum

V"* rp I •* rp \

modes, transmission^, the full prediction is Si — 2el^ g^v—

Our experiment has given a quantitative check of quantum partition noise for
electrons. The scatter is a QPC whose conductance is G — (2e2//i) ^ T n . By
varying the negative voltage of the gate one can transmit selectively one by
one the quantum modes. The knowledge of the transmission through the con-
ductance, combined with simultaneous shot noise measurements, show that the
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quantum partition noise limit is actually reached. Noise correlation technique
and calibrated with Johnson-Nyquist noise allows absolute noise measurements
free of adjustable parameters. Predictions and experiments are is remarkable
agreement. In fig. 13.3 the experimental noise reduction factor is displayed for
the first two modes and compared with predictions.

13.1.3 The Hall resistance of a Quantum Dot

A small number of electrons confined in a submicronic 2D island show energy
level quantization at sub-Kelvin temperature. They form an artificial atom, or
quantum dot (QD). The energy spectrum can be probed by the resonant tun-
neling observed when transfering electrons between leads connected by tunnel
barrier through the QD. The conduction process necessarily involve an inter-
mediate state with one extra electron (or hole) in the QD. The cost to put an
extra electron is the cost to find an empty state, the energy level spacing A,
plus the capacitive cost to electrically polarize the Dot e2/C, the charging en-
ergy. A conductance peak is found each time the energy level of the Dot with
an extra electron alines with the Fermi level of the leads while the conductance
is suppressed otherwise, therefore allowing for tunnel spectroscopy.

The unusal conduction process where electrons tunnel one by one through the
dot led us to ask us what could be the Hall resistance in this regime com-
pared to the usual continuous flow of electrons. In the orthodox Single Electron
Tunneling model, electrons tunnel sequentially. The QD is considered as being
always in equilibrium. No voltage drop and thus no Hall voltage is expected. A
second order tunneling model taking into account the quantum fluctuations of
the charge allows two electrons to tunnel simultaneously via the virtual charged
state of the Dot. The conduction is restored conduction in a regime where the
orthodox theory would predict no tunneling. However the sates, including the
virtual states correspond to an internal equilibrium of the Dot. No voltage drop
occurs. We have shown that only a résonnant tunneling model, which include
both the internal quantum states of the Dot and the charging effects and pre-
serves the quantum coherence, gives rise to a mesurable voltage drop and in
particular a Hall voltage.

Four point measurements on the Quantum Dot have been done. The experimen-
tal difficulty was in the fine tuning of four tunnel barriers and in the very small
internal voltage drop compare to the two terminal voltage conventionally mea-
sured in Single Electron Tunneling studies. In the Quantum Hall regime where
the Hall resistance is usually given by the resistance quantum, we showed that
the Hall resistance is reduced in the ratio of the QD perimeter on the inelastic
length. More generally we showed that four point measurements is only sensi-
tive to coherent trajectories in the QD while two point measurement contains a
dominent contribution of of less informative incoherent contributions.

13.1.4 Sensitive Quantum Dot electrometer

A Quantum Dot with a few hundred electrons, is large enough to give a quantum
energy level spacing A much smaller than the Coulomb charging energy e2/C.
For voltage bias comparable to e/C, only charging effects are observable and
the QD becomes a sensitive electrometer. When current biased, a periodic
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variation of the drain-source voltage is observed when sweeping the voltage on
a gate close to the QD. The period correspond to the addition of a single charge
e in the Dot. This single electron effect has been used in metallic systems which
were found to be very sensitive electrometers. No experimental determination
of the charge sensitivity of a Quantum Dot electrometer were available, we have
measured it using our noise detection technique. We showed that telegraphic
noise limits the noise at temperature below lOOmK and at higher temperature
noise increases and becomes 1/f noise. This is consistent with the picture of 1/f
noise as thermal activation of a large energy spectrum of two-level traps. We
showed that the noise sensitivity can reaches 10~5e/\/Hz above lOOHz, below
50mK. This is comparable to the best results obtained in metallic systems.

13.2 Quantum Mesoscopic Physics and diffusive transport

In collaboration with the CNRS-LMM, we have made experiments where in-
teractions in mesoscopic structures based on GaAs doped with Silicon plays
a major role. GaAs:Si is a particular case of a diffusive conductor with a low
density-of-states. With a gate it is possible to shift the energy of electrons below
the mobility edge, where GaAs:Si enters into the dielectric regime.

13.2.1 Zero bias anomaly in superconducting SnPb/GaAs:Si junctions

Interferences in a metal (or a semiconductor) at the proximity of superconduct-
ing contact change drastically the conductance of the superconductor-normal
conductor junction (mesoscopic aspects of the Andreev reflection). If the trans-
parency of the junction is low, as for SnPb/GaAs contacts, the zero bias conduc-
tance could be enhanced (as compared to the subgap conductance). This effect
is due to the coherent backscattering of carriers to the junction by disorder in
the normal metal. Indeed we have observed a large enhancement of the zero bias
conductance in our annealed SnPb/GaAs junctions. This enhancement is very
sensitive to the magnetic field and to the temperature, and attributed to the
confinement of carriers near the junction by the disorder in the semiconductor
[11].

13.2.2 Interaction in diffusive GaAs in the Shubnikov-de Haas regime

Many aspect of the mesoscopic proximity effect depends crucially on the inter-
actions in the normal metal. In GaAs it is possible to quantify these interactions
by measuring the temperature dependence of the conductance at various mag-
netic fields. Interactions produce an anomaly in the density of states at the
Fermi level, which reflects itself on the conductance. In GaAs this anomaly is
responsible for few percents of the total resistance. For the first time in GaAs we
have shown that the correction changes this sign as UICT = 1 (we is the cyclotron
frequency and r is the elastic mean free time). More precisely the correction is
proportionnai to (1 — (wcr)

2). We have also shown that the absolute amplitude
of the correction is increased when U>CT > 1, and given precisely by the exchange
(Fock) contribution of the screened Coulomb interaction [16].
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Figure 13.4: SEM picture of the GaAs.Si submicronic MESFET. The 0.5 mi-
crometer thick aluminium Schottky gate is visible on the bottom. The GaAs
(doped at 1023 Si m~3) 300nm thick layer is etched to form 4 large contact pads
to the active region under the gate. AuGeNi ohmic contacts are visible on the
right and the left. The volume of the active region is estimated to be 0.2 x 0.2
x 0.5fj,ms (taking into account depletion layers for VQ—0 V).

13.2.3 Tunneling in submicron insulating GaAs wires

For small density of electrons, GaAs:Si is a disordered dielectric. GaAs wires
(length 0.5fim) doped at ~ 1023ra~3 has been done in CNRS-LMM and mea-
sured in our laboratory. These wires have a Schottky gate that permits to vary
continuously the density of carriers in the wire (see fig. 13.4). We have studied
the dielectric regime near the Anderson metal-insulator transition. At very low
temperature, conductance resonances as function of the gate voltage - or energy-
have been attributed to resonant tunneling on localized levels. The statistics
of the conductance in this regime (average spacing, amplitude of conductance
fluctuations) has been compared satisfactorily with zero temperature models
based on independent electron hypothesis. These models have to be contrasted
with those implying dominant interaction effects to explain the occurrence of
the dielectric regime and the presence of large resonances in that regime (Mott
insulator, charging effects).

13.2.4 Magnetoconductance versus channel number in the dielectric regime of GaAs wires

The effect of a magnetic flux is important to discriminate interferences and
interaction effects. In our insulating GaAs wires, we have studied the mean
positive magnetoconductance (after averaging the conductance fluctuations) as
function of the mean density of electrons in the wire, or equivalently the number
of channels (cross section divided by the Fermi wave length).

It has been predicted that the length over which electrons are localized in an
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Anderson insulator is sensitive to a magnetic flux: in a quasi ID wire, the
localization length is doubled by application of a magnetic flux. This result has
been confirmed already in large insulators. The exact prediction in quasi ID
wires is in fact the following3:

2-/3) (13.1)

where £ is the localization length, TV is the number of channels, £ is the elastic
mean free path and /? = 1 in zero magnetic flux and = 2 in presence of few flux
quanta through the localization domain. For large number of channels one has
indeed:

< He) = 2Ç(H = 0) =

-2,3 -2,2

Vg(V)
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H-0T
H-2T

Figure 13.5: Left: ln(G) versus gate voltage for two magnetic fields
mK in a L = 0.5 fxm sample. Right: The numerically averaged ln(G) versus
gate voltage.

But when the number of channels TV is one, the dependence in 0 (or in field) is
lost (see equation 13.1). The magnetoconductance is very sensitive to variation
of the localization length because ln{G) <x £. We have precisely studied the
magnetoconductance as function of N in our wires and found a good agreement
with the exact prediction (see fig. 13.5 and 13.6).

13.3 Quantum mesoscopic physics and theory

13.3.1 Random matrix theory of quantum transport in chaotic billiards and disordered
systems

Quantum transport of Landau quasi-particles can be described by a random
matrix theory that we have developed (see previous reports) for the scattering
matrix S expressed in terms of the transmission eigenvalues. We have finished
a series of studies where electron-electron interaction was assumed negligible
(single quasi-particle approach). We have mainly studied the energy depen-
dence of the scattering matrix for quasi-one dimensional disordered wires and for
chaotic billiards, discussing the limits where one finds the universal random ma-
trix behavior and the complications yielded by short time dynamics, transverse

3Pichard J.-L. in "Quantum coherence in mesoscopic systems" edited by B. Kramer, NATO
ASI series B, Phys. Vol 254 p369-400 (1991)
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Figure 13.6: For T=100mK, the mean positive magnetoconductance
<lnG(H=0T)>/<lnG(H=2T)> versus <lnG(H=2T)> . The dotted line is
the fit based on equation £ = £(/3N + 2 — j3). We obtain a quantitative agreement.
The dashed line is a fit supposing <lnG(H=0T)>-<lnG(H=2T)>^

dynamics and localization. We have considered the fluctuations and the para-
metric statistics of the scattering phase shifts ([17, 18]) and of the transmission
eigenvalues [19, 20, 21]. Superconducting boundaries and spin-orbit scattering
have been considered in [24]. The equivalence between the phenomenological
random matrix approach and a more microscopic cr-model formulation has been
proven [22, 23, 26].

13.3.2 Disorder and Interactions

Our interest for this new field was motivated by the pioneering work of D. Shep-
elyansky in Toulouse: A tendancy towards delocalization due to the interaction
was proposed in 1994, in contrast to the opposite belief which was at that time
more commonly accepted. The experimental observation by Kravchenko (1994)
that electron-electron interactions drive a metallic behavior in two dimensions
(metal-insulator transition in Si-MOSFET) clearly favorizes "Shepelyansky's
point of view". Delocalization by sufficiently large interactions was confirmed in
1997 for two dimensional hole gases in Si-Ge ans Ga-As heterojunctions. These
recent discoveries are partly related to our studies of simpler cases and give the
direction for our future research. We hope that our theoretical investigations
will be soon confronted to experiments developed in Saclay or Grenoble.

Two interacting particle delocalization

The localization of a single particle by a random potential is not an easy prob-
lem. This explains why the combined role of disorder, electron-electron inter-
action and kinetic energy is complex and controversial [25]. To understand if
interaction weakens or re-inforces localization is a fundamental problem that we
are investigating in some simplest cases: e.g. two interacting particles in a one
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Figure 13.7: Two interacting particle spectral fluctuations in ID for size
L=L\=150 and U=l. The statistics are characterized by the distribution p(s) of
the spacings between consecutive energy levels and by the variance ̂ ( -E ) of the
number of energy levels inside an energy interval E. The curves are the same
than for the single particle spectrum at the metal-insulator transition in 3D

dimensional random potential. We are going to reach a precise understanding
of a rich variety of behaviors.

A first approach is based on extensive numerical studies [26, 27, 28, 29] of two
electrons with opposite spins in a disordered chain with on-site interaction U.
We have found [31] that this problem can be critical in a certain range of U, and
displays behaviors (spectral fluctuations, two body quantum motion, multifrac-
tal wave functions) similar to the single particle problem at the mobility edge in
three dimensions or to certain pseudo-integrable quantum billiards ( e.g. Kepler
problem, polygonal billiards with all angles equal to rational multiples of 2TT,
rough billiards). This is partly the consequence of a duality transformation map-
ping the behavior at weak U onto the behavior at strong U. Around the fixed
point of this transformation, the mixing of the one body states is maximum.
However the two particle system cannot be fully chaotic (with Wigner-Dyson
statistics) in one dimension, but can only exhibit weak chaos with critical sta-
tistics (see fig. 13.7).

A study [30] of the hopping terms induced by U has led us to this unexpected
result: When the one body states are localized over a length L\, the set of
directly connected non interacting states is not homogenous, but very sparse:
more precisely multifractal. We have shown that the fractal dimension associ-
ated to the second moment of the hopping term characterizes the Golden rule
decay of the non interacting states and the enhancement factor LijL\ of the
localization length. A study [32, 33] of the two particle dynamics has also con-
firmed the critical character of the system: After a short time behavior where U
slows down the quantum motion (propagation on size L < L\), one has observed
a very slow delocalization when L > L\ characterized by an anomalous diffusion
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of the center of mass R(t) with a (t/lnt)~t law untill the two particle localization
length L2 » Li is reached. The exponent 7 = 1/4 (sub-diffusion) and not 1/2
(diffusion). This is also consistent with a theory [34] of the sensitivity of the
two particle levels to a change of boundary conditions.

The second approach [35, 36, 37] consists in assuming simplified random matrix
descriptions (banded matrix ensemble with preferential basis, two body random
interaction models...) and to derive an analytical theory for interacting electrons
in a d-dimensional random potential. For instance, after mapping the two
particle problem on a nonlinear a model, we have exploited similarities with the
theory of disordered metals to identify a scaling parameter, investigated the level
correlation function, and studied the transport properties of the system. This
second approach may not exactly include the complicated one body dynamics, as
we have seen in one dimension, but may describe transport in higher dimensions
and weak disorder.

N fermions with two-body interactions. Onset of chaos in the iV-body spectrum

The relation between two particle delocalization and spectral fluctuations has
been studied in [38], and partly extended to the iV-body problem in [39]. We
have studied how U delocalizes the TV-body states in the basis of the one-particle
Slater determinants, and the spectral rigidity of the JV-body spectrum. Disorder
and interaction are exactly taken into account in the one body Slater determi-
nants. The maximum number gw of consecutive levels exhibiting the universal
Wigner-Dyson rigidity has been given [39] as a function of U for the bulk of the
spectrum. The onset of chaos Uc where gx « 1 has been determined. When
U <UC, there is a perturbative mixing between a few Slater determinants (Rabi
oscillations) and gN oc \U\P < 1, where P = JV/2 (even N) or (N + l)/2 (odd
N). At Uc, the matrix element of a Slater determinant to the "first genera-
tion" of determinants directly coupled to it by U is of the order of the level
spacing of the latter determinants, g^ « 1 and one begins to observe level re-
pulsion. Uc has been related to the crossover between weak perturbative mixing
and effective golden-rule decay. This onset signifies also the breakdown of the
perturbation theory in U. This (qualitative) theory has been checked by a nu-
merical study of three spinless Fermions in three dimensions. Implications for
iV-particle delocalization in real space have been discussed.

Large enhancement of the persistent current between the Anderson and Mott limits in a disordered ring

Recently, we have also studied the ground state at half and quarter filling, for
spinless fermions in a disordered ring of size M. The conductivity stiffness
D = (E(0) — E(n))M/2, giving the change of the ground state energy when
the periodic boundary conditions are replaced by anti-periodic conditions, has
been calculated. We have used a new and powerful numerical algorithm (density
matrix renormalization), allowing us to study up to 50 particles on 100 sites.
The persistent current J for a ring threaded by a magnetic flux <j> and D are
related (J = 2D(f>). When the system becomes instable between the inhomoge-
nous configuration driven by the disordered potential (Anderson insulator) and
the homogenous configuration driven by the interaction (Mott insulator, pinned
Wigner crystal...), one has a maximum delocalization effect. This can favor
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Figure 13.8: Four strongly disordered chains (L\ ^2) of M=20 sites with 10
spinless fermions. The conductivity stiffness D is given as a function of the
nearest neighbor interaction U. For intermediary values of U, the current can
be 5 orders of magnitude larger than for small (or large) U.

a metallic behavior in system which is strongly insulating otherwise. For in-
stance, in contrast to previous claims, the persistent currents in a close ring can
increased by a few orders of magnitude as shown in fig. 13.8 (the measured cur-
rents in the experiments are indeed much larger than predicted). This depends
on the studied sample, and ensemble averaging can easily hide large sample
specific effects. The high mobility observed for an interaction U in the crossover
regime from the (one body) Anderson insulator towards the (collective) Mott
insulator in a chain may not be unrelated with the metallic behavior observed
by Kravchenko et al in two dimensions.

Figure 13.9: Electronic density of the sample labelled by squares in precedent
figure, plotted as a function of U and the localisation x of the site: The large
enhancement of D corresponds to a change of the electronic configuration: An-
derson insulator at small U, Mott insulator at large U
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13.3.3 Luttinger liquid

Scattering approach for quantum wires and FQHE

Shot-noise in FQHE

List of publications

A scattering approach has been developed at arbitrary frequency for quantum
wires or edge states in fractional quantum Hall effect (FQHE) described by the
Luttinger liquid model. This approach gives a DC conductance independent
of interactions with any finite range, and equal to 2e2//i[41], as confirmed by
recent experiments on quantum wires. The AC conductance matrix is expressed
through the Fourier transform of the appropriate transmission and reflexion
coefficients for Laughlin quasiparticles, that contrary to the DC case, depend
on interactions [42, 43]. The dynamic scattering approach can be generalized to
many coupled channels, as well as to non-ideal contacts[43].

A framework based on renormalization equations has been developed to treat
weak potential backscattering at finite temperature and size[42]. The DC con-
ductance for a dirty wire is controlled by interactions in a non-universal way,
and nontrivial behavior occurs due to the suppression of Wigner crystal by the
contacts below a crossover temperature[42, 44]. The conductance fluctuations
for random distribution is studied [42, 44].

The tunnelling paths of Laughlin quasiparticles between edge states can interfer
destructively to achieve resonance. Kane and Fisher predicted that the noise
for two quasiparticles should be observed on resonance. We have shown that
this is not the case down to filling 1/3, and that the tunnelling of one qua-
siparticle dominates even on resonance, [45] in accordance with the shot-noise
measurements of D. C. Glattli probing the e/3 fractional charges.
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14. Ballistic Electron Transport in Open Quantum Dots

Permanent staff, physicist: P. Debray (CNRS).
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Glasgow, U.K.).

Electron transport in isolated or very weakly coupled quantum dots has been the
focus of considerable research interest in the last few years. Coulomb blockade
oscillations due to tunneling into a very weakly coupled quantum dot is now
a well established phenomenon. In spite of the interesting physics involved
and their potential application in microelectronics, electron transport through
an open quantum dot has been a fairly untouched subject, especially where
experimental work is concerned. This has been even more true for quantum
dots of sizes small enough such that electron transport through the device is
ballistic. The above reasons motivated us to undertake a study of ballistic
electron transport in open quantum dots.

14.1 EST and DEST Devices

A quantum dot is basically an electrostatic potential cavity that can be con-
nected to external electron reservoirs by means of electron waveguides, com-
monly known as quantum point contacts (QPCs). When the cavity has a regu-
lar geometrical shape, such as a stub, connected to external reservoirs through
two diametrically opposite QPCs, the device is called an EST (Electron Stub
Tuner). If the stub is symmetric with respect to QPC axes, the device is named
a DEST (Double Electron Stub Tuner). When the stub size is small such that
electron transport through the device is ballistic, the electron waves maintain
phase coherence as in a conventional microwave stub tuner. Hence the names.
The ESTs and DESTs used for this study were electrostatically defined by sur-
face Schottky gates in two-dimensional electron gas (2DEG) of modulation-
doped AlGaAs/GaAs heterostructures. They were fabricated at the University
of Glasgow by M. Rahman as part of a collaborative effort, fig. 14.1 shows
representative schematic drawing of an EST.

14.2 Theory and Experiments

An isolated quantum dot possesses discrete electronic energy levels that corre-
spond to localized states with infinite lifetimes. When QPCs are attached to
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Figure 14.1: Left: Scaled schematic drawing of an EST. Right: Theoretical
conductance G of a DEST. The arrow gives the length scale. In the fundamental
mode; W = 250 Â, EF = 21 meV [4j.

the dot, the electrons have a finite probability to tunnel out of the dot, and
their states become quasi-localized, the extent of delocalization depending on
the number of conducting channels in the QPCs. When the Fermi level EF lies
below the propagation threshold in the QPCs, we are dealing with a closed or
weakly coupled quantum dot. On the other hand, if EF lies above the propaga-
tion threshold in the QPCs, the device is an open quantum dot. The electronic
energy spectrum of such a dot possesses localized states for energies below the
threshold and quasi-localized states above the threshold. Electron transport
through the device depends on the position of EF with respect to the energy
levels of the dot. Conductance G of such devices is effectively mediated by
the excitation of resonant eigen states of the quantum dot at the Fermi energy,
leading to fluctuations in G each time the Fermi level lines up with a resonant
energy level. EF can be made to sweep across the dot energy levels either by
changing the dot size by applying voltages to the Schottky gates or by applying
an external magnetic field for a given dot size. For a weakly coupled dot in the
tunneling regime, a peak in G or transmission resonance results each time EF
lines up with an eigen level of the dot. For an open dot in a single-mode trans-
port regime of the QPCs, a minimum in G or reflection resonance occurs when
the resonant state is excited. The interesting observation is that whereas elec-
tron transport through a very weakly coupled dot shows transmission maximum
when resonance takes place, for an open dot resonance leads to a transmission
minimum.

Ballistic conductance through open quantum dots such as ESTs and DESTs can
be computed using either square-well or parabolic confining potentials. Our the-
oretical analysis (4, 1, 3, 2], involving calculation of the electrostatic potential
resulting from applied gate voltages and computation of the transmission prob-
abilities from numerical analysis of the Schrodinger equation, substantiates the
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Figure 14.2: Left: Measured conductance G of an EST in the fundamental
mode. Right: Theoretical and experimental results for a DEST, showing the
appearance of a new conductance minimum induced by applied magnetic field.

physical picture outlined above. Theoretical work based on rectangular cavities
with square-well confinement [4, 1, 3, 2], predicts a conductance G which is a
periodic function of a size parameter such as the length of the stub of an EST
or DEST (fig. 14.1 (right)). However, we have theoretically shown [2] that in
a real device like EST or DEST, the shape of the stub cavity does not follow,
when gates are negatively biased, the rectangular shape defined by the litho-
graphic gate edges. The stub shape is closer to Gaussian than rectangular and
has a full width close to the lithographic width. G is now oscillatory and nearly
periodic. In the single-mode regime of transport in an open quantum dot, the
broadening of the quasi-bound level is typically smaller than the mean energy
level spacing. Fluctuations in G can thus be experimentally observed, and the
resonance states probed through measurements of G at low temperatures. We
have carried out such measurements and observed well-defined ballistic con-
ductance minima which result due to excitations of the quasi-bound resonance
states in an open quantum dot of submicron size [2].This is the first unambigu-
ous experimental observation of resonance reflections in an open quantum dot.
Typical representative results for ESTs are shown in fig. 14.2 (left), which gives
the results for both in the fundamental mode and tunneling regime of electron
transport. Very well defined nearly periodic fluctuations in G are observed and
can be understood in the framework of the theoretical work mentioned above.

A close look at fig. 14.2 (left) reveals another very interesting phenomenon.
A phase shift of 180° in the G oscillations is observed at crossover from the
tunneling to the open regime of transport. This characteristic feature, observed
in all devices studied, indicates resonance transmission in the tunneling regime
giving away to resonance reflection in the open regime. Theoretical calculations
of ballistic transport in small quantum dots, such as stub cavities of EST devices,
together with an analysis based on electron dwell time in the cavity, show a
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double correspondence between the bound states of a cavity in the closed or
tunneling regime and the quasi-bound states in the open regime. What exactly
happens at the crossover point and how does the transition between the two
regimes, open and closed, take place and how it is reflected in the transport
properties remain open questions.

We have theoretically shown [4] that the unique multiple folding output con-
ductance of an asymmetric DEST (ADEST) may conceivably be used for fast,
high binary bits, analog-to-digital conversion. An ESPRIT proposal to study
this potential industrial application has recently been granted.
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Figure 14.3: Measured fundamental-mode conductance G of an EST as function
of applied magnetic field B. Notice the appearance of periodic AB-type oscilla-
tions at 1.04 Tesla and their subsequent splitting at a higher field of I.4.8 Tesla.

We have also studied the effect on ballistic transport of a magnetic field applied
perpendicular to the plane of EST and DEST devices. For the weak field case,
we have theoretically shown [3] that applying a magnetic field B normal to
the plane of a DEST device changes the symmetry of the wave functions and
leads to new quasi-bound states in the stub cavity. Our experimental results
are in excellent agreement with this theoretical prediction 14.2 (right). In the
high-field regime, bulk Landau and magnetic edge states are created. Ballistic
current through the dot or stub cavity then flows along the magnetic edge states.
When this happens, the conductance of the device will periodically oscillate each
time the magnetic flux <I> through the device area changes by the flux quantum
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<E>o, yielding Aharonov-Bohm (AB) type oscillations. <É> can be changed either
by sweeping the applied field B or by changing the dot area by the gate bias
voltages. In a high magnetic field, the nearly periodic, zero-field fluctuations
in G shown in fig. 14.2 (left) should evolve into periodic AB-type oscillations.
This is exactly what we have experimentally observed both in ESTs and DESTs
and is shown in fig. 14.3. In a field of 1 Tesla, the fluctuations in G are found
to change to periodic oscillations. As the field is increased further to 1.5 Tesla,
we observe a splitting of the conductance plateau of the QPCs due to Zeeman
effect, accompanied by a halving of the period of AB-type oscillations and a
pronounced decrease of their amplitude. We have successfully explained these
observations [5] using a model of electron scattering between propagating and
confined magnetic edge states.
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15.1 Introduction

The basic physics starts from the idea that classical particles in interaction in a
uniform space at zero temperature form a periodic elastic crystal. A transition
to a liquid state can be induced by quantum zero-point motion or thermal agita-
tion, both of which give rise to a well denned phase transition in dimension 2 or
greater. Four different systems have been chosen to make an experimental study
of the phase transitions induced by interaction and then of the consequences of
small extrinsic disorder on the interaction induced crystalline state.

• Electrons on the surface of liquid helium for classical melting in reduced
dimensionality (D=2) and very low disorder where the theoretical problem
is tractable.

• Electrons at an epitaxial GaAs-GaAlAs interface for D=2 quantum melt-
ing. Extrinsic disorder retains some role and it is necessary to resort to
probing the system on nanometric length scales to be insensitive to it.

• Holes at a differently oriented epitaxial GaAs-GaAlAs heterojunction for
quantum melting with a heavier effective mass.

• Vortices in a type II superconductor. A very anisotropic superconductor
(BSCCO) is chosen to reduce the effect of correlations along the vortex
line direction and to render the system quasi 2-D. Disorder is low, but
not negligible.

The research can be categorised under "interaction without disorder" which
stressses the phase transition aspect and "interaction with disorder", where the
emphasis is put on the adaptation of the periodic elastic system to a random
disorder field. The "disorder" experiments are centred on electrons and holes at
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heterojunctions and on vortices in type II superconductors at present, but could
be complemented by experiments where a variable random field is imposed on
electrons on helium by controlling the helium depth separating them from the
charge neutralising electrode.

The laboratory has also been occupied by two further, seemingly unrelated
problems:

• Damping of micrometric capillary waves in superfluid helium 4.

• Pico-Newton microstructure force sensor.

15.2 Interaction without disorder

15.2.1 Electrons on liquid helium: melting in 2-dimensions and the superfluid helium
surface

The choice of the liquid helium surface to confine the electrons to 2-dimensional
dynamics reduces the random potential to that arising from the excitations
(principally ripplons) of the otherwise smooth, homogeneous and isotropic sur-
face. The particles are point-like and interact through isotropic, two-body
Coulomb repulsion.

The system is easily probed electrically. The laboratory has done a number of
experiments - on shear modulus, specific heat and change of entropy at melting
- which point toward melting by the Kosterlitz-Thouless instability to dissoci-
ation of dislocation pairs. But because even isolated dislocations maintain a
memory of the orientation of the mother crystal, the liquid state could have
bond orientational order. Dislocations themselves can lose orientational mem-
ory by dissociating into pairs of disclinations, which could result in a further
phase transition to an isotropic liquid (Nelson, Halperin and Young).

Structure factor

An experiment on the structure factor is being prepared to distinguish between
crystal, oriented liquid and isotropic liquid. Because the scattering cross section
to electromagnetic radiation is too low, ripples on the liquid helium substrate
will be used as the diffractant. This will complete an ensemble of mechanical,
thermodynamic and structural measurements all on a single, simple and scalable
2-D system.

A ripple (capillary wave, ripplon) of well defined wavevector is propagated into
the area where the electrons are electrostatically confined. The experiment
detects the uniform vertical motion of the electrons (qout = 0) when one of their
periodicities (G) matches the periodicity of the probe (qjn = G + qout = G).
The crystalline phase should exhibit a structure factor made up of a lattice of
quasi-Bragg peaks, whereas an isotropic liquid has isotropic diffraction rings
and an oriented liquid shows azimuthal structure in the rings.

The first step is to be able to create (and detect) the ripplons at wavelengths
corresponding to interelectron separation (> 1/xm) and to be sure that they are
sufficiently long-lived to give a meaningful diffraction. This has been checked
step by step, using ripplons at wavelengths A=20/zm to A=2/um and is described
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Ripplon damping

below. It remains to transmit the ripples to the deeper liquid below the 2-D
electron system.

The scanning of 2-D reciprocal space is effected by moving the electron disk by
squeezing it with a potential on a ring control electrode while maintaining a
uniform density. In a magnetic field, the Lorentz force simutaneously rotates
the disk as a solid body and a spiral path is swept out in reciprocal space. This
is the same effect which, if done rapidly, produces a decoupling of the electrons
from the image lattice of dimples in the surface as discussed below.

Ripplons are generated by means of the electro-ponderomotive effect (a dielec-
tric prefers to be polarised and seeks out regions of high electric field) in the
electric field set up by flat periodic interdigitated capacitances lithographically
fashioned on a high quality dielectric substrate. A DC bias controls the static
helium film thickness above the structures while an additional AC voltage gen-
erates ripples, resonantly when the wavelength correponding to the frequency
matches the geometric periodicity of the structure. The waves are detected by
the inverse effect: where the capacitance of a structure is changed by the arrival
of a matched wave. The results in fig. 15.1 show that these waves are very long
lived excitations at low temperature (Quality factor >104 at T<300mK) [4].

Theory, however, had very convincingly predicted overdamping. The problem
was traced to an insufficiently exact definition of the free surface: it had been
thought that curvature of the surface could be neglected, but in fact the short
wavelength thermal ripplons create a curvature which one neglects at the peril
of making an error of ~ 1010 in the calculated damping rate. The dominant
mechanism is in fact not the 3 ripplon scattering first proposed, but a 2-phonon
1-ripplon mechanism which accounts quantitatively for the results [1].

Surface tension of bulk He4

The resonance in ripplon generation with a periodic structiure has been used
to determine the surface tension of bulk He4. In the micrometric wavelength
range, surface tension strongly dominates gravity in the dispersion relation and
the resonance frequency is a very good way to measure the surface tension [3].
The surface tension coefficient was determined to be a(T = 0) = 375±3/uJ?n~2,
in agreement with the original capillary rise value of Zinov'eva et al. obtained
some 25 years ago, but in disagreement with the more recent and commonly
accepted value of Inii et al. obtained from capillary wave resonances in a large
cylindrical box. It is argued that that taking into account the kinetic energy in
the meniscus at the walls of the box in the latter experiment restores agreement.

The moving crystal regime: dynamic ripplon-electron mode decoupling [5]

Electrons in the crystalline phase create and couple to a shadow lattice of shallow
dimples in the surface. The dynamics involves coupled electron-dimple lattice
(ripplon) modes. Because the ripplon modes involved are related to the period-
icity of the electron solid, the sequence of frequencies reveals the wavenumbers
of the hexagonal solid while their deviation from the pure ripplon frequencies is
a measure of the coupling strength.
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Figure 15.2: The pure ripplon mode R3 appears when the electron velocity ex-
ceeds the ripplon velocity. Its frequency is temperature indépendant while the
electron ripplon coupled modes CI3 and ^exhibit temperature dependant fre-
quencies associated with the electron localisation in the helium dimple.

A new feature appears when the electron solid moves globally with respect to
the helium surface. When a radial electron velocity (accompanied by solid body
rotation in presence of a vertical magnetic field) is imposed by modulating the
voltage on a confining electrode ring, the radio frequency spectrum suddenly
reveals a new resonant absorption when the maximum electron velocity reaches
the phase velocity of the ripplon mode at the basic periodicity. The frequency of
the new signal is exactly that of the second ripplon mode frequency, with no shift
related to temperature or pressing field, in contradistinction to the situation for
the stationary solid. The mode behaves like a bare ripplon, strictly decoupled
from the electron eigenmode. The picture arises of an electron system surfing
on the ripplon wave.

Two other groups have recently observed a discontinuity in the low frequency
electron conductivity when the driving field exceeds a threshold. Undoubtedly
it is the same underlying phenomenon. The Saclay experiments, however, show
very clearly that the periodicity of the solid is preserved under conditions of
global (transonic) transport by the observation of a sharp resonance at the
unshifted ripplon frequency corresponding to the periodicity of the solid. It is
a diffraction experiment on the moving solid phase.

15.2.2 Magnetically induced electron and hole solids

At zero temperature the ground state of the zero-disorder interaction prob-
lem is determined by the relative importance of the zero-point and Coulomb
correlation energies. Upon increasing the density, the zero-point energy over-
takes the correlation energy and the system transforms from a crystalline to a
liquid state. It is still possible, however, to coax the system into a solid-like
configuration by neutralising the kinetic energy with a magnetic field, an effect
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seen as Landau level degeneracy. If the Landau level is not filled, it is possible
to choose the states in such a way as to build in a correlation favourable to
the Coulomb interaction without paying a high penalty in kinetic energy. Such
states are responsible for the fractional quantum Hall effect and, if the choice is
sufficient, a very long range correlated periodic crystalline configuration. This
long sought state was experimentally demonstrated by the laboratory about ten
years ago and baptised the "Magnetically Induced Wigner Solid" (MIWS). It
was nonetheless perturbed by the effects of disorder in the host material.

The disorder-free problem produces a periodic elastic structure which, when
subjected to the random field set up by disorder in the host material, distorts
against internal (elastic) forces to take advantage of favourable fluctuations and
pins itself to the host. Questions then arise as to the nature first of the static
configuration and then, when it is depinned by a sufficiently strong driving force,
the structural and mechanical properties of the "moving glass" phase. This
subject has been much developed in the last few years (Vinokur, Feigel'man,
Giamarchi and Le Doussal, Balents and Fisher...) and although motivated by
the vortex lattice in high temperature superconductors, the ideas are directly
applicable to the MIWS. The phenomenon is the 2-D analogue of the effects of
disorder on 1-D charge and spin density waves.

The laboratory has studied the effects of disorder by experiments on the Hall ef-
fect in both the pinned and depinned conduction regimes [6] and on the magneto-
phonon spectrum in the pinned regime of the hole solid [7, 8]. A third, disorder
insensitive experiment is under way to probe the elasticity of the solid on a
length scale shorter than the correlation length of the periodicity (< l^rn) by
investigating the magneto-phonon spectrum at a wavelength of 300nm where
the frequency is expected to be ~ 8GHz.

Hall effect in pinned and depinned regimes: current-induced mechanical anisotropy [6].

Electron or hole solids pinned to the disorder behave as insulators for driving
fields up to a limit determined by the strength of the pinning, after which
it slides as a whole. The Hall effect is a very valuable tool for unravelling
the transport mechanisms. Early work showed that the small current value
of the Hall resistance was, surprisingly, still the classical E?H — B/nse value,
for which a number of interesting and exotic explanations were suggested (from
"Hall insulator" to flux quanta generating emf as in superconductors to hopping
conduction to dislocation motion). Experiments were undertaken to learn if
this remains true further into the solid region of the phase diagram and for
different conduction regimes. The Hall I-V characteristic was found to remain
linear, even in the region where the longitudinal I-V becomes non-linear, up to
the breakaway threshold in the longitudinal response. Then, however, came the
greater surprise of the quasi disappearance of Hall resistance over a considerable
range of current in the sliding regime and it reappears only beyond a current
threshold. The current threshold is understood as the point where the Lorentz
force is large enough to overcome a guiding potential for the longitudinal current
lines (see fig. 15.3).

The work establishes (a) that the conduction mechanism does not change before
the solid depins, despite non-linearity in the longitudinal conduction; (b) that
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the configuration in the depinned regime is still different from the liquid state,
which would have a normal Hall effect; (c) that the transverse threshold force
evaluated from the Hall current threshold is proportional to the threshold force
required to start longitudinal sliding (fig. 15.4). This seems to be the first
experimental evidence for a transverse threshold and may be that predicted to
occur in the analytical treatment of a periodic elastic system in a weak disorder
field by Giamarchi and LeDoussal (and confirmed by numerical simulation).

Pinning and the magneto-phonon spectrum of the hole MIWS [7, 8]

Experiments on the effects of pinning on the magneto-phonon spectrum in the
MIWS phase of holes at the GaAs/GaAlAs heterojunction have pointed to in-
teresting similarities and differences with the electron system: (i) the disorder
field similar for the [311] interface of the hole system in GaAs/GaAlAs as for
the the [100] interface of the electron system as indicated by the similar pin-
ning frequencies on fig.l5.5(the lower magneto-phonon branch frequencies are
mass independent and reflect directly the pinning ); (ii) the relationship that
the pinning frequency is proportional to the square root of the threshold electric
field for conduction is still true for small filling factors (high magnetic field) but
seems not to be so well obeyed near the melting field; (iii) the heavier effective
mass (0.4 instead of 0.07 for electrons) increases the filling factor for melting at
the same density, as expected.

An important complementary experiment is to look at the microwave response
in the region of density at which transport experiments have recently indicated
a zero-field metallic conductivity for the hole system.
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Figure 15.4: The transverse threshold field E^h required to induce motion trans-
verse to the current lines established in the post longitudinal threshold "sliding'
régime compared with the longitudinal threshold field required to induce the slid-
ing Ej,h. Ej.fr is deduced by extrapolating the post-threshold Hall asymptote onto
the voltage axis. Successive points at a given temperature correspond to different
fields: {11,12, ...17} Teak at 105mK and {13,14, ...17} Tesla at HOmK.

The experimental methods for investigating these phenomena are essentially
electrical, albeit on a wide scale of length and time. Measurements made with
contacts to the samples, like longitudinal and Hall I-V characteristics, are typi-
cally made on mm length scales at frequencies up to a few kHz. The capacitively
coupled probes have length scales from lOfim to 300nm and swept frequency
capability from 10kHz to lOGHz. Typical temperatures range from ~ IK to
40mK in magnetic fields up to 20Tesla in Saclay or, if the experiments demand
it, 30Tesla at the Grenoble HMFL. The original apparatus for swept frequency
spectroscopy 0.01-4GHz at 40mK is presently being replaced with 0.01-lOGHz
capability at 15mK with a laboratory designed high sensitivity (noise tempera-
ture 2-300K) heterodyne phase sensitive receiver making it feasible to do swept
frequency experiments at picowatt power levels (sample dissipation is typically
100 times less than the transmission line power).

Collaboration with B.Etienne of the CNRS Laboratoire de Microstructures et de
Microélectronique at Bagneux and of M.Henini and T.Foxon at the University of
Nottingham and of J.Harris at Imperial College, London has brought the indis-
pensable state of the art expertise in materials and knowledge of semiconductors
required for these experiments. As concerns magnetic fields, the laboratory now
possesses a small bore superconducting magnet of nearly 20 Tesla. The High
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Figure 15.5: Frequency swept derivative (with respect to an applied perpendicu-
lar electric field) absorption and dispersion spectrum of holes at GaAs/GaAlAs
heterojunction at Landau level filling factor u = 0.15 and reduced tempera-
ture Tapprox = 0.1 (well into the MIWS phase). The first line is the pinning
frequency fpin reduced by the magnetic field (f=f pin/f cyci where fcyci is the cy-
clotron frequency). The structure results from the contribution of plasmons at
harmonics of the wavelength of 16 microns imposed by the coupling structure.

Magnetic Field Laboratory in Grenoble is still, however, an irreplaceable facility
for 20-40 Tesla conditions and was a very precious resource in the early days,
without which the quantum Wigner solid work could not have begun.

15.3 Vortex network in layered superconductors

Screening currents in type II superconductors beyond Hcl take the form of vor-
tices which interact logarithmically for separations smaller than the London
penetration depth . Treated as rigid lines along the field direction, they would
have a crystalline equilibrium configuration at all temperatures as the the in-
teraction is proportional to length. However, if the lines are short, thermal
fluctuations can cause melting of the crystalline configuration. By choosing
a superconductor (BagS^CaiCuaOs+a = "BSCCO") with very weak coupling
between supercoducting planes the effective vortex length is kept short and
melting of the quasi 2-D lattice occurs well before the material becomes nor-
mal. A quasi-2 dimensional layer of this sort bears an obvious analogy to the
2-dimensional electron system and it too is subject to the random field of dis-
order in the background host material. It offers a system with the same basic
physics of interaction and disorder with the important difference that in some
respects it is more easily manipulable.
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Velocity-force relation

Figure 15.6: V — I characteristics at A.2K and H = 15kOe for zero field cooled
(ZFC, (a) and (c)) and field cooled (FC, (b) and (d)) prepared samples. The
dotted lines of (a) and (b) show the excitation current pulse and the solid line
the resulting potential drop. Figs, (c) and (d) show the V — J characteristic
deduced by eliminating the time parameter and converting I into J.

A superconducting transport current exerts a force on the vortices transverse to
its flow. If the vortices move under this force they take on a velocity transverse
to the current and by inducing a phase variation in the superconductor set up
an emf parallel to the current direction given by the Josephson relation. This
is a manifestation of the dissipation incurred by the friction of the vortex lines
with respect to the background disorder. But if the vortices have a solid-like
equilibrium configuration, they pin to the disorder and require a finite force to
collectively depin them.

In principle experiments are straightforward: one monitors the potential drop,
which is proportional to the vortex velocity, as a function of the force which is
proportional to the superconductor transport current. In practice, it is difficult
to avoid the complications associated with joule heating at low temperature both
in the contacts and in the bulk and the experiment had not been done. The
experimental technique used in the laboratory is to send short (10-100/Us) high
current density pulses through the sample and to measure the potential drop
with a low noise, wide bandwidth amplifier and to average over several hundred
pulses to reduce the effective noise bandwidth. A typical V-I characteristic for
voltage drop and current in the ab plane is illustrated in fig. 15.6 for BSCCO.

These experiments afford access to much otherwise unavailable information: on
the form of the V-I curves characterised by an initial jump at the threshold force
and a hysteresis which depends on the position in the phase diagram and on
the conditions of introducing the vortices, on the non-exponential relaxation of
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the vortex system between successive V-I measurements and on the transition
probability for setting the vortices in motion, all of which give information on
the nature of the depinned moving glass state.

The experiments can also be exploited to investigate the phase diagram of
BSCCO. They show that when the vortices are introduced after the supercon-
ductor has been cooled (ZFC), the ab threshold current increases with temper-
ature to a peak value before decreasing towards zero as the vortex lattice melts.
If, on the other hand, the vortices are introduced at high temperature and the
sample is cooled at constant magnetic field (FC), the threshold current is sys-
tematically higher and decreases as the temperature is increased. Furthermore
if the field is changed by a few oersted up or down and reset, the threshold cur-
rent drops to the zero-field cooled value. This suggests, against commonly held
belief based on the Bean critical state model, that the stable state is the zero-
field prepared state. The point in the (H,T) plane where the zero-field cooled
threshold current peaks is also the limit of the field cooled metastability. Results
for current induced along the c -axis had indicated something similar, but the
metastability had not been seen and it had been assumed that the field cooled
preparation gives a more equilibrium state. Fig. 15.7 compares the metastability
line with other results on the phase diagram. A tentative interpretation is that
the state between the magnetisation irreversibility line (presumed to indicate
the solid-liquid phase boundary, although it does not coincide exactly with the
vanishing of the threshold current) and the metastability line is composed of
ordered 2-D layers whose configurations are set independently by the disorder
and, frozen in, persist at temperatures below the metastability line until per-
turbed. The magnetic field variation anneals out the misorientations to revert
back to a 3-D correlated vortex lattice which is the thermodynamically stable
state at low temperature.

A longer term goal is to understand better the reason for the absence of a Hall
effect in the post-threshold flux flow regime in the low temperature phase of
these type II superconductors. Is it due to the form of the forces on a vortex in
motion or to the existance of a transverse threshold force as for the depinned
Wigner solid?

The experiments are performed over 50mK to 100K with medium fast (<lfxs
rise time), high common mode rejection pulsed measurements using a transient
recording signal averager and low noise (^ 2nVHz~1/2) wide band width (~
AM Hz) signal amplifiers. It is projected to employ a nanoNewton force sensor
(see below) to measure the forces applied to the sample by the vortex motion.

15.4 High sensitivity force sensor

The laboratory is seeking to develop a high sensitivity force sensor based on
measuring the variation in capacitance produced by the deflection of a thin
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peak in the ZFC threshold current vs temperature, and the locus of the vanishing
of the threshold current TQ(H) with the other indicators of phase boundaries for
BSCCO in a magnetic field parallel to the c-direction.

elastic membrane (~ 2/mi thick and 400/xm square) separated from an electrode
by 2/um. The device would be mounted in situ with the sample, its small size
ensuring high mechanical resonance frequencies and insensitivity to extraneous
mechanical disturbance. Four immediate applications are envisaged:

(i) Magnetic moment variation across the liquid-solid phase boundary of the
MIWS. The variation of the magnetic moment indicates the thermodynamic
order of the transition. It requires a measurement at 10-20Tesla, beyond the
capabilities of a SQUID magnetometer but where it should be possible to mea-
sure the torque created by the magnetic moment anisotropy with a force sensor
sensitivity of about lOOpN (10/idyne).

(ii) Force exerted on a superconducting sample by a moving vortex. A mechan-
ical force measurement while monitoring the vortex velocity by the emf could
help resolve the Hall enigma. Typically, a sensitivity of lOnN would be required
for a sample of lmm2 x 1/im.

(iii) Bio-medical analyses: there are several instances (lung pressure and vas-
cular pressure) where it would be very valuable to be able to measure pressure
variations of ~0.1mbar with a device of less than lmm3, which corresponds to
a force ~ lOnN.

(iv) Curie type magnetometer: the force exerted on a magnetic sample of 1013

Bohr magnetons in a field gradient of 103Gauss cm"1 is ~ lnN.

Two approaches are being tried. The first, in collaboration with the CNRS Lab-
oratory for Microstructures and Microelectronics and the CNET Laboratory in
Bagneux, is based on the idea of growing an epitaxial monocristalline, stress-free
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micronic membrane in GaAs. The membrane itself has been successfully fabri-
cated. The remaining non-trivial problem is assembly of the micro-capacitance
with 2,um separation. The second approach, in collaboration with ABSYS (a
"PME" engineering consulting firm interested in the bio-medical application) is
based on existing Si technology in collaboration with LETI and their offshoot
TRONIC'S who have developed a pressure sensor which may be possible to
bring up to the required sensitivity.
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16. Quantum fluids hydrodynamics

Permanent staff, physicists: O. Avenel, E. Varoquaux (CNRS), I. Moukharski.

Permanent staff, technician: J-M. Richomme.

Visitor: P. Hakonen (Helsinki University of Technology, Finland, in 1996-1997).

Collaborations: J. Gierak (L2M-CNRS, Bagneux), G. Williams (UCLA, USA).

16.1 Superfiuid interferometry and the detection of the rotation of the Earth

In 1995, the question was: how is it that an experiment so conceptually simple
as detecting the effect of a rotation on a superfluid loop does not seem to work?
This question was being asked not only in our laboratory but in Berkeley and in
Trento as well where superfluid rotation-sensors were being actively developed.
Some experimental artifact must have been involved in the repeated failures to
show this effect in superfluids.

At that time, as mentioned in the previous 'Rapport d'activité', we had already
demonstrated our capability to detect a change of the velocity circulation around
a superfluid loop, «t, of about 1 % of a quantum of circulation, «4, which is
2irh/m,4 — 10~3 cm2 s"1 in 4He, m4 being the mass of one 4He atom. The
method of detection rests on the observation of the phase slips which take place
across a micro-aperture when superflow is driven through it. The existence
of a small steady flow through the micro-aperture is detected by reversing the
applied flow and comparing the critical velocities for phase slippage measured
in both flow directions. The sensitivity of this method is very high because the
measurement of v can be repeated many times: the quantum state of circulation
in the loop is changed by ± 1 at each phase slip and the overall circulation suffers
no net drift in the long term. This long-term stability is one of the assets of the
detection of rotation by superfluid interferometry.

The effect of a rotation on the superfluid loop is to cause a shift of the phase of
the superfluid wavefunction 6ip which has the same expression as that involved
in a light interferometer and which is known as the Sagnac effect:

6<fi 1 m \ =• - Kb
n ~ ( 7T~fc ) 2 f i • ̂ 4 = ,
2/K \2TrhJ K4

in which Ù is the applied rotation vector and A the effective geometrical area
of the loop [1, 2, 3, 4].

The experimental set-up is sketched in fig. 16.1. The hydrodynamical resonator
used to detect phase slippage was fitted with a 4.0 cm2 loop placed in a vertical
plane in the laboratory. By orienting the whole cryostat about the local vertical
axis, the loop can cut none of the 'rotation flux' of the Earth when its plane
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Figure 16.1: Sketch of the superfluid resonator equipped with a rotation sensing
loop.

contains the North-South axis, or a sizable fraction of it when its perpendicu-
lar points North (or South). The magnitude of the change in the circulation
Kb is about one-fifth of a quantum of circulation per cm2 of loop area for the
rotation of the Earth at our latitude. The full variation with angle as measured
experimentally is shown in fig. 16.2 for various 'fixed' trapped circulation in
the loop, that is the trapped circulation which is not due to the rotation of the
Earth, and hence, which should not change with the cryostat orientation. Here,
precisely, lies the experimental artifact mentionned above: this part is not con-
stant because stray supercurrents also have gyroscopic properties and tend not
to follow the cryostat when it is rotated. This was deciphered in the course of
preliminary experiments. The definitive proof-of-principle of superfluid gyrom-
etry was presented at the 21s* International Conference of Low Temperature
Physics, in Prague in August 1996 and published in the Proceedings [5]. A
claim to the same proof-of-principle was published in Nature six months later
by the Berkeley group, who failed not only to acknowledge the anteriority of
[5], but, furthermore, to demonstrate that stray currents in their cell did not
interfere with their measurements.

These experiments have aroused great interest, in part because they illustrate
the unitary point of view which links the law of inertia in fluids to the wave
mechanics of photons, perhaps for another part, because of a common miscon-
ception that, since they constitute a direct analogue of the detection of magnetic
flux by a superconducting interferometer, they ought to achieve a comparably
high sensitivity. Unfortunately, this is not necessarily so because of several
factors, discussed in [6]:

1. The value of the circulation quantum,
absolute terms.

10 3 cm2/s, is not very small in

2. The sampling frequency at which the measurement of vc can be repeated
is low, of tens of Hz at the time being.
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Figure 16.2: Variation of the phase shift in the loop as a function of the cell
orientation about the local vertical axis, for various background contributions of
the rémanent vorticity.

3. The critical velocity in 4He results from a nucleation process, either ther-
mally activated above circa 150 mK, or due to quantum tunnelling below;
it is affected by spontaneous fluctuations which are quite significant.

For these reasons, it would be overoptimistic, in the present state of the art, to
forecast improvements by more than 2 orders of magnitude over the resolution
that we have presently achieved of about 1% of the rotation of the Earth in a
one hour time. Although such steps were gleefully taken in some quarters, our
approach has been much more conservative [6]. It must be recalled that laser
gyros are presently at 5 x 10~8 of the rotation of the Earth in one hour. The
main potential asset of superfluid gyros seems to be, as said above, that their
principle of operation makes them inherently driftless. Long term operation,
over periods of several months, can be envisioned without having to resort to
dedrifting techniques or other means to minimize the thermal drift as necessary
with laser gyros.

We have done numerical simulations, conducted principally by Yuri Mukharsky,
to find out, within our present understanding of phase slips, the behaviour of
a double-hole hydromechanical resonator equipped with a very large loop and
operated at high frequencies. These simulations take explicit account of the
finite time of propagation along the loop of the pressure burst associated with
the sudden velocity reduction caused by a phase slip. It appears likely that
new schemes of detection must be developed if the resonator frequency is to be
considerably stepped up. This work will be presented at the Quantum Fluids
and Solids Symposium, to be held at the University of Massachussets in June
98 [7].

Another fundamental process which comes into play in superfluid gyrometers is
rémanent vorticity. If it were possible to obtain vortex-free superfluid, the circu-
lation which would be found in the loop would stem solely from the rotation of
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the laboratory frame with respect to the distant stars: then a superfiuid gyrom-
eter would measure absolute rotations without having to reorient the sensing
loops with respect to the rotation axis. And, as it may well prove impossible
to obtain such a vortex-free superfluid state, the question of the stability of the
rémanent vorticity arises.

As it is believed that crossing the A transition by reducing the temperature
always lead to rémanent vorticity, created when the order parameter fluctuations
are very large, we tried to reach a vortex-free superfluid state by melting solid
at low temperature. The experiment was very cunningly conducted by Pertti
Hakonen, whose expertise in solid growth proved extremely valuable, during
his sabbatical stay at SPEC. The final word, published in [8], is that, in our
cell at least, solid can not be made to melt slowly, hence vorticity can not be
prevented to form. The solid-liquid interface gets pinned on wall asperities and
unpins suddenly, creating large local flow velocities. The pressure 'noise' due to
this sudden unpinning has been directly observed and studied experimentally
[8]. These findings do not rule out that, in a more suitable geometry, such a slow-
melting technique could possibly work and produce a zero-vorticity superfluid
sample.

It was also attempted to 'sweep' vorticity off the gyrometric loop by applying
asymmetric flow currents in the hope of gradually pushing the vortices out of
the duct into regions where the superfluid remains stagnant. Although this
technique appears to clean up part of the rémanent vorticity, a zero bias state
could not be systematically produced.

In the course of these experiments, it was discovered in a rather fortuitous
manner that nanoscopic dust, composed of clusters of hydrogen or air sputtered
from the cell walls by an electrical discharge, could be formed in situ and that, as
a result, the pattern of formation of phase slips was greatly altered, in particular
because of an increase by two to three orders of magnitude of the frequency of
'superflow collapses'. These sudden decreases of the superflow in the micro-
aperture are hitherto unexplained phenomena that we have studied in detail
as described in [9] and in the previous 'Rapport d'Activité du SPEC. The
discovery of the strong influence of micro-dust led to a study of pinned vorticity,
described in the next Section.

16.2 Vortex pinning in superfluid 4He

The concept of pinned vorticity is quite prevalent in superfluids, in 4He as here,
in 3He where it co-exists with other topological defects of the order parame-
ter, even in neutron superfluids where it is invoked to explain the 'glitches'
in the period of pulsars. However, hard experimental facts are quite scant.
So, the realisation that some of the complicated features arising in the super-
fluid resonator contaminated with micro-dust could be interpreted in terms of
single-vortex pinning raised the interesting prospect that the basic properties of
pinning could be directly studied.

What brought the whole matter to the fore was the observation of two plateaus
for the peak amplitudes of the resonator, instead of the usual single one, inter-
preted as due to the nucleation of vortices at that amplitude of oscillation. An
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Figure 16.3: Peak amplitude of the resonator excited by a constant drive as a
function of time, showing the existence of two plateaus where steady alternances
of positive and negative slips take place.

example of such a chart is given in fig. 16.3. The existence of two plateaus is
accompanied by other features, not as conspicuous but even more robust, which
also signal the existence of a process which strongly perturbs vortex nucleation.

We have studied in detail using these various features the velocity at which the
pinned vortex unpins. This velocity is found to be independent of temperature,
but to display fluctuations which show that vortex unpinning is governed by
a stochastic process. We have developed a line of arguments which makes a
rather strong case for the escape of the vortex from its pinning site by quan-
tum tunnelling. Such processes have been invoked in other physical situations,
notably for the pinning of vortices in high Tc materials, or for the nucleation of
cavitation bubbles in helium at low temperature. If it usually can be established
in a clear way that thermal activation implies some form of T-dependence of
the process under consideration, the lack of T-dependence in itself is not suffi-
cient proof that quantum tunnelling takes place. In our case, the observation
of T-independent fluctuations of the phase slip critical velocity indicates the
existence of zero-point fluctuations of the pinned vortex. The pinned vortex be-
haves as a quantum object. This constitutes an additional argument in favour
of quantum tunnelling. This work is submitted for publication in the Physical
Review Letters [11].

These studies cast a new light on the interpretation of collapses which are also
linked to the presence of micro-dust in the vicinity of the aperture. So, it may be
surmised that pinning and collapses could happen to be correlated phenomena.
These questions are dealt with in an article prepared for the Proceedings of the
Lammi meeting on Quantum Phenomena at Low Temperature (Finland - Jan.
98) [12].
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16.3 Nuclear demagnetisation stage, micro-apertures in silicon nitride, and
the Josephson effect in 3He and 4He.

Considerable time and effort have been spent in the last year or so to the
reconditioning and upgrading of the experimental rig.

Firstly, the dilution refrigerator, which is now 25 years old, developed very
severe clogging problems. The fill lines and the gas-handling manifold had to be
thoroughly cleaned, not only of the oil which had gathered over all these years,
but also of solid residues which proved much harder to eliminate. This thorough
cleansing has now been completed and the refrigerator fully tested. Further
improvements, including the rebuilding of the mixing chamber, are planned in
the next future.

Secondly, the nuclear demagnetisation stage heat-exchangers had decayed be-
yond repair with age. A new stage had been under construction for several
years and is now in the final phases. The oxidizing heat treatment was done at
the Low Temperature Laboratory of the Helsinki University of Technology by
Pertti Hakonen. The achieved RRR is 700. The sintered-silver heat exchang-
ers have been craftily manufactured by Jean-Michel Richomme, expanding on
a technique developed at SPEC by Patrick Pari and Philippe Forget to make
them more suitable to ultra-low temperature work. A specific area of 0.9 m2 per
gram of powder has been achieved. A rather elaborate scheme using both laser
welding and e-beam welding has been devised to install the heat-exchangers into
the nuclear stage. The difficulty comes from the fact that intimate copper-to-
copper contact must be made without heating the silver sinter above 180°C to
avoid further sintering and a loss of surface area. The 30 thin heat-exchanger
discs were first seamed together into four stacks by laser spot welding. Each
stack was then cold-bound into a cylindrical cavity directly bored into the stage.
Contact was further improved at the top part of each stack by a low-penetration
e-beam weld.

Also, the heat switch which establishes an on/off thermal link between the
mixing chamber and the nuclear stage is being rebuilt using diffusion welding
techniques. This technique allows a very thin weld to be made between alu-
minium and copper. Aluminium has been chosen for the heat switch because
its thermal conductivity ratio between the normal state and the superconduct-
ing state is quite high. Also, it oxidizes little only and its properties should be
quite stable in time. This nuclear stage will be mounted in the cryostat and
tested in the coming months.

Another direction for technical advances is followed by Yuri Mukharsky and
deals with the micro-fabrication of apertures in silicon nitride windows. Up till
now, we were using apertures micro-machined by focussed gallium ion beams
at 'Laboratoire de Microstructures et Microélectronique' in Bagneux. Although
this technique has been refined to machining capabilities in the 10 nm range,
we are developing standard e-beam lithographic techniques in the clean room
at l'Orme to have both more control and more flexibility in the manufacture of
the micro-apertures.

The final goal of these technological developments is twofold. Firstly, we want to
resume the study of the weak links in superfluid 3He. Our initial experiments,
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performed more than ten years ago, have finally been repeated at Berkeley,
with interesting variations. The superiority of our technique is that we use
a single aperture as our weak link, while the Berkeley team uses an array of
holes: experimental findings are expected to be easier to interpret in the case
of the single aperture. In particular, we have submitted a comment to Nature
[13] on the work of the Berkeley group which stresses the problems stemming
from their use of an array of holes and which shows that their observation of
a 'TT' state in the weak link in 3He-B is most probably an artifact. We aim
at obtaining non-ambiguous results for the phase-current of weak links in the
anisotropic superfiuid, as well as for the interplay between the Josephson effect,
which is a manifestation of the global gauge invariance of the order parameter,
and the other types of textures, which are distorsions of parts of the order
parameter. It is expected that, for such problems, helium will again prove to
be a 'model' system which will help to understand other, more complicated
physical systems, such as the heavy fermion or the high Tc compounds. These
studies may also open the road to the use of superfiuid 3He instead of superfluid
4He in superfiuid gyrometers. It might prove possible to operate these devices
both at high frequency and in a non-hysteretic mode, and to improve markedly
their ultimate resolution.

Secondly, we want to address the problem of the interplay between order pa-
rameter fluctuations and vortex nucleation very close to the lambda point in
superfluid 4He. This problem arises in particular because of diverging interpre-
tations of the lambda transition, those based purely on order parameter fluc-
tuations, and those involving the proliferation of thermally-nucleated vortices.
As a hydromechanical resonator of the type used to observe phase slips works
both in the normal phase and in the superfluid phase, it should be possible to
study the onset of phase slippage at the transition. Such a programme, which
constitutes a novel line of attack of the A-point problem, was started by Yuri
Mukharsky at the Jet Propulsion Lab and a collaboration with NASA on this
project could be considered.
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Theory of condensed matter

The theoretical group reflects at a smaller scale the variety of the research topics of SPEC.
Its unity is in fact a culture, made of a mixture of statistical physics, critical phenomena and
nonlinear physics. During the last decennia, the classical solid state physics has exported
some of its methods to many domains in which the matter is more or less regularly organized.
Our group has thus gradually become interested in other subjects. In this report, our activity
has been split into four main chapters.

1. The header complex systems gathers all the subjects which are not directly
linked to some state of the matter. A model for the evolution of tropical
forests has been built, which belongs to the class of coupled map lat-
tices. In financial markets, the large fluctuations, responsible for possible
crashes but disregarded by the commonly used linear response theories,
can be fruitfully described by the methods of statistical physics. Various
applications of cellular automata have been performed.

2. Condensed matter groups soft matter as well as more classical condensed
matter. Studies of granular systems have provided a better understanding
of avalanches and of the high stress fluctuations in silos. Depending on the
solvent selectivity, copolymers can evolve either into branched aggregates
or into micelles. In the absence of gravity, supercritical fluids can present
an unusual behaviour, such as a fast thermalization despite the infinite
diffusion time scale near the critical point. The determination of the
universality class of ionic fluids has created a profitable interaction with
the liquids group at SPEC. In the bidimensional magnetic system of solid
3 He films, the experimental data have been analytically fit over a wide
range of temperature.

3. Out of equilibrium systems. Spin glasses are the most studied such sys-
tems, and several directions of investigation have been followed : the slow
dynamics and its resemblance with Burgers' turbulence, the aging process,
etc. In spatially extended chaotic dynamical systems, there exist many
active subjects of research : pattern formation, unusual collective behav-
iour, dynamics of localized solutions. Bidimensional models have been
built which interpolate between the Ising model and the voter's model.

4. Nonlinear differential equations of physics range from partial differential
equations, for which every variable is continuous, to cellular automata, in
which they are all discrete. Their analytic study is made in two directions.
General methods, all based on Painlevé's ideas, have been developed to
test their integrability, in particular a new method to test if a discretiza-
tion is possibly good or certainly bad. Other, constructive methods have
been built and applied to specific equations of interest in various areas of
physics, to derive the explicit solutions when they are reachable.
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17. Modélisation of complex systems

Permanent staff, physicists: R. Bidaux, J.P. Bouchaud, N. Boccara1, H. Chaté, M. A. Dubois.

PhD: J. Chave (1996^ ) , R. Cont2 (1995-1998), P. Marcq (thesis presented 01/96), G. Rousseau3

(1996^ ) , R. Vocka (1996-> ) .

Collaborations: J. Le Bourlot (Observatoire de Meudon) about interstellar clouds, H. Fuks (Chicago)
about cellular automata, P. Yiou (DSM/LSECE) about climate modelization, D. Iracane (DCC-
DESD-SESD) about waste management, B. Riéra (CNRS-MNHN) and ECOFIT (CNRS - ORSTOM
- MNHN) about tropical forest and M. Potters, S. Gallucio (Science et Finance"), D. Sornette
(University of Nice), N. Elkaroui (Ecole Polytechnique) about finance.

External fundings: ECOFIT (CNRS - ORSTOM - MNHN).

17.1 Waste disposal

A model of percolation in hierarchical porous media has been developed. It is
constructed on the basis of experimental evidence of the multi scale nature of
pore size distribution in certain types of materials (eg. concrete and clay). We
studied the general features of the hierarchical structure especially the percola-
tion threshold and the relation between the static and the dynamical transport
properties. Both analytical and numerical approaches have been developped,
and a good understanding of the transport properties has been reached. For
instance, we can describe in detail the diffusion through a barrier in the transi-
tion regime, under the hypothesis of strong disorder and long trapping times of
diffusing particles. We also study the diffusion in the specific case of a double
scale porosity medium. These studies are used in collaboration with DCC in
the interpretation of experimental data. Two papers will be submitted shortly.

17.2 Tropical forest

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. Paleoecological
data provide evidences of major transgressions of the tropical forest during the
Holocene period at the landscape scale (102 to 103 km2). For example a signifi-
cant forest withdrawal has been evidenced in the lowland Amazon basin around
6000 BP by palynological data. To simulate the dynamics of a wet tropical
forest on large spatial scale, two approches are commonly used: a tree-by-tree
description (tree level approach) or a coarse graining at the "eco-unit" level

1 Illinois University of Chicago
2 Science et Finance
3 Also at Observatoire de Meudon
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i.e. one cell corresponds to about 10x10 meters (gap model approach). We
developed a novel description to deal with very large areas, disregarding the
local and high frequency fluctuations [3]. The model describes the vegetation
through functional groups structured into two or three vertical layers. We de-
rive the dynamics by assuming a local spatial exclusion process. The dynamical
equations are given by the lowest order deterministic approximation of stochas-
tic equations [1]. Thus our model belongs to the class of the nonlinear partial
difference equations coupled on a lattice (CML like model). The deterministic
approximation is realistic because forests behave regularly if observed on land-
scape scale. The main advantage of this approach is to provide a fast tool for
testing long term modifications of the rain forest cover under climatic changes.
Comparison with real ecosystems is done in collaboration with ecologists and
botanists (Bernard Riéra, Muséum National d'Histoire Naturelle and CNRS).
A preliminary application to the "les Nouragues" research station in French
Guiana gave encouraging results. This research is done in the framework of the
ECOFIT national program [3].

We have also developed new methods of metrology for fast data acquisition on
two important forest indices: the Leaf Area Index (local canopy cover measured
as the number of leaf sheets) and the Diameter at Breast Height distribution of
trees in a plot [3]. A tree-level model was also developed to study the effects of
treefalls on the regeneration dynamics of a rain forest.

17.3 Theoretical finance

With Marc Potters, we have written a book ('Théorie des risques financiers'
[5]) on new ideas inspired by statistical physics to describe financial markets.
This book contains most of our work on financial time series, their analysis and
modélisation which we have elaborated since 1992 [6, 7, 8, 9, 10]. A number of
new results have actually been obtained during the preparation of this book.

This study has its roots in conversations that J.P. Bouchaud had with Ch. Wal-
ter (Crédit Lyonnais) in 1990, and has led to a reformulation of the theory of
options (the so-called Black-Scholes problem) within a more general framework.
This formulation allows one to understand a number of rather subtle points,
which are often buried under the mathematical formalism. Our own approach,
on the other hand, is more intuitive and allows one to deal with more sophis-
ticated models for stock fluctuations than the traditional Gaussian one. These
models can in particular describe more faithfully extreme risks which are present
on financial markets. Interestingly, it is possible to compare in detail a theory
(giving the price of options) with real data (the price of options observed on
option markets) : from this methodological point of view also, physics and fi-
nance are not so far from each other. A detailed analysis of these option prices
reveals that traders have learnt, through trial and errors, how to correct the
approximate theory which they have at their disposal to include two nontrivial
effects observed on the statistics of price variations : a strong excess kurtosis
and nonstationary effects [11].

We have also started to think, with Rama Cont, about possible 'microscop-
ic' mechanisms for price formation which would reproduce the observed phe-
nomena. These models are inspired from statistical mechanics (percolation,
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Langevin equation), and indeed lead to interesting qualitative predictions [12,
13]. We have in particular proposed an analogy between crashes and 'activated
phenomena' across energy barriers [13]. We have also worked on the notion of
entropy in the framework of portfolio optimisation [14], and we now look for
some applications of the theory of spin glasses and random matrices : in some
cases, the number of solutions to the optimisation problem is exponentially
large, much like the number of ground states in spin-glasses [15].

Finally, we have collaborated with N. El Karoui (who is one of the best experts
in that field) on an empirical study of the interest rate curve. Again, analogies
with physical problems (such as that of a vibrated string) have been underlined
and exploited [16].

This work has also led to several publications in newpapers, etc. [17, 18, 19].

17.4 Modélisation of interstellar clouds

In molecular clouds complex phenomena take place involving turbulence, grav-
itation, chemistry and radiation. Existing models are partial because they only
take into account some of these ingredients and they ignore spatial effects. Tak-
ing a complementary point of view, we have built a minimal model containing
all physical phenomena (but gravity) with the simplest modelization required
to catch the underlying physics. The result is a chaotic dynamical system on a
network containing in particular an unusual coupling term accounting for the
energy transfer by radiation. The results [20] (of course qualitative) allow to
explain some of the features of the observed behaviour of molecular clouds not
understood before.

17.5 Some applications of cellular automata

17.5.1 Diffusion of information

In order to build a model of diffusion in a social system of rumor or news,...,
individuals are modelized by interacting cells. Depending on the fact that the
individual is avare or not of the information the cell is in the 0 or 1 state. When
the range of the interaction between cells is 1 or infinity the model can be solved
exactly. For intermediate ranges, numerical simulations show that the diffusion
of information in a social system has a singular behaviour as a function of the
range of the interaction (critical exponent). If one considers now the issue of the
use of a new technology, the model can be improved [21, 22] assuming that an
individual can changes its mind after having tried the new technology. In this
case the system exhibits a second order phase transition.

17.5.2 Traffic

In the frame of the Nagel-Schreckenberg model one can determine the length
of a line of cars obliged to stop if for a while an highway is blocked (accident,
working site). A simple theory allows to explain quite well the numerical results.
The Nagel-Schreckenberg model can be generalized [23, 24] to increase the flux
if the drivers have informations allowing them to anticipate the behaviour of
preceding cars. Various models formulated in terms of cellular automata have
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been proposed. In a general way (see section 20.2) it is possible to foresee all
the rules of cellular automata dedicated to the modelization of traffic.
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18. Theory of soft matter, critical phenomena, 3He films

Permanent staff: physicists: C. Bagnuls (CNRS), J.P. Bouchaud, S. Bouquet, J.-P. Carton,
M. Roger

PhD: Ph. Claudin (1996^).

Post doc: 0. Terzidis (1998).

Collaborations: M. Cates et J. Wittmer (University of Edinburgh) for granular matter; M.Adam,
D. Lairez (LLB) about copolymers; C. Bervillier (SPhT), M. Bonetti (SPEC), N. V. Brillantov(Moscou
state University, Russia) about critical phenomena; H. Godfrin and C. Bàuerlé (CRTBT CNRS
Grenoble), J. Saunders and B. Cowan (Royal Holloway New College, University of London), J.
Treiner (Division de Physique Théorique, Institut de Physique Nucléaire, Université de Paris XI)
about 2D solid 3He.

18.1 Soft matter

18.1.1 Granular systems

Together with Philippe Claudin, M. Cates et J. Wittmer (Edinburgh), we have
proposed a simple model for stress propagation in granular media [1]. Experi-
mentally, this subject has revealed several unexpected features, such as the fact
that the vertical pressure has a local minimum underneath the apex of a sand-
pile, or the very large local stress fluctuations induced by arching. Our model
leads to (hyperbolic) equations, which suggest that stresses should propagate
along 'cones' much as sound or light, but where the role of 'time' is played by
the vertical direction, and the role of 'space' by horizontal directions. A more
detailed description, which aims at including the presence of stress paths, or
arches, leads to the introduction of nonlinear terms in the equation. In a cer-
tain (quasi linear) limit, the model is completely soluble, and has allowed us to
obtain a remarkable fit of the experimental data with only one free parameter
[2]. The value of this parameter happens to be very close to a special value, for
which the principal axis of the stress tensor have fixed directions throughout
space (Fixed Principal Axis model). Our approach departs somewhat from the
more traditional 'elasto-plastic' modelling used in the mechanics or engineer
community. As such it has been fiercely criticized by some members of this
community; this exchange of view has actually been very fruitful in forcing us
towards a better justification of our model. Also, several fundamental ques-
tions pertaining to the very relevance of elasticity in the context of rigid grains
assembly have been addressed [3].

We have also studied the stress fluctuations in granular media, which are known
to be rather strong. We have followed two different paths :
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Figure 18.1: A particular configuration of the stress paths obtained in a silo with
the Scalar Arching Model [5]. Lines are all the bolder as the stresses are larger.

- First, we have examined the role of a local disorder in the 'wave' equation
alluded to above [4]. We have shown, using pertubation theory, that the ray-
like nature of propagation persists in the presence of weak disorder (although
some diffusive spreading appears), but disappears for large disorder. One of
the most interesting outcome of our calculation is that fact that the response
to a small additional load can be negative, a fact which we interpret as the
sign that granular media is generically unstable towards small perturbations
and has to rearrange. We have discussed in details the links between the above
'tensorial' model (where the tensorial structure of stresses is taken into account)
and simpler 'scalar' models, recently proposed by the Chicago group in order to
account for their experimental results on stress fluctuations.

- We have also tried to extend this scalar model (which has the virtue of simplic-
ity) to account for the large variability of the stress paths, which can significantly
rearrange upon small changes of external factors or noise. We have proposed
the idea of 'static avalanches' [5], during which some arches disappear while new
ones appear. An example is shown in fig 18.1; this leads to large variations of
the apparent weight at the bottom of a silo, or to the appearance of an erratic
'stick-slip' motion when a piston is pushed upwards in a cylinder filled with
grains [6].

Finally, we have reexamined a model for surface flows which we had proposed
some years ago with M. Cates, R. Prakash and S. Edwards. Our aim was to
interpret recent experiments (in Jussieu and in École Normale Supérieure) on
the 'triggering', and upward propagation, of avalanches [7]. We have shown in
particular that the uphill wave has a velocity which goes to zero for an inclination
angle 6<* of the slope which is largeT than the repose angle. We also predict that
the shape of an avalanche triggered from a point is triangular, with an opening
angle which diverges at 0<j, in qualitative agreement with experiments [8].
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18.1.2 Copolymers

We have more recently studied a modified version of this model which accounts
for the effect of the wind, in order to describe the formation of ripples and dunes
in deserts [9].

This work made in collaboration with an experimental team of LLB, is about
the interpretation of ligth and neutron scattering experiments in copolymers in
a selective solvent. Two types of situations have been investigated [12, 13] :

• Diblock copolymers which associate into two types of aggregates: star-like
micelles and much larger and polydisperse aggregates. Some points are
rather intriguing like the very slow growth of micelles and the existence
of these large agregates.

• Triblock copolymers which have a more complex behaviour. The case of
polystyrene-polyisopropene-polystyrene in heptane has been investigated.
Depending on the solvent selectivity it associates into branched aggregates
(the "animals") or into micelles. An expression of the free energy has
been derived using numerical values derived from the behaviour of the
polystyren alone or diblocks polyisopropene-polystyrene in heptane. This
expression reproduces reasonably well the observed behaviour when the
solvent selectivity varies.

18.1.3 Modelling of nonlinear phenomena in supercritical fluids

This study has been initiated by Daniel Beysens and performed in collaboration
with Marco Bonetti and Thomas PrOhlich [14]. Prom dimensional analysis and
scaling laws, it is well known that when a nearly critical fluid is heated, the
diffusive time scale, to, blows up (the heat diffusion becomes very slow) when
the temperature T goes to the critical one Tc. This is the so-called "critical
slowing down" phenomenon which prevents thermalization in nearly critical flu-
ids. However, in absence of an external force (e.g., gravity), we may expect a
new mechanism which we call the "piston effect" (Beysens et al.). This phe-
nomenon is due to the high value of the compressibility which diverges near the
critical point. Since the compression rate is high, the heated boundary layer
(located around the energy source) expands and compresses the surrounding
"cool" supercritical fluid. This isentropic compression induces an increase in
the temperature and we observe a fast thermalization in spite of the "infinite"
time scale of diffusion. In agreement with the theoretical predictions, these be-
haviors have been observed on experiments embarked on the American shuttle
and the Mir orbital station. In presence of gravity, the hot boundary layer is
convected and the "piston effect" is reduced. Under some circumstances, a jet
is formed. This appears also sometimes in microgravity environment. We have
recently developped a theoretical study [15] which can be considered as the basis
for further studies of the nonlinear mechanisms in supercritical fluids in micro-
gravity (piston effect plus jet formation). We have used analytical self-similar
solutions of both the linear and the nonlinear diffusion equation to determine
the behavior of a heat conducting system experiencing a time-dependent en-
ergy production. Assuming a power law evolution of the physical quantities,
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we derive the corresponding exponents describing the time-behavior of the sys-
tem (temperature, pressure, velocity, compression rate, . . . ) . In the nonlinear
case, we are able to introduce a variation of both the coefficient of diffusion
(as a power law of the ratio (T — Tc)/Tc and the amplitude of the heat source.
The analytical solutions given for the three geometries (plane, cylindrical and
spherical) are all checked from numerical simulations. A very good agreement
is obtained between the two approaches.

18.2 Condensed matter : Correlated fermions, critical phenomena

18.2.1 Critical phenomena

Renormalisation group theory and critical phenomena

Paper [16] gives a detailed description of some rather neglected aspects of the
very subtle relation between Wilson's formulation and the field theory of the
renormalisation group. We show that the flow trajectory approaches the fixed
point u* from above (u > u* ). In the frame of the field theory, this trajectory
corresponds to a negative amplitude for the first order correction to the scaling
laws.

The v?4 model has been considered with a negative parameter (u.4 < 0) in the
frame of the global renormalisation group (with local potential approximation)
[17]. This model is of interest for particle theoreticians (Higgs field of the stan-
dard model) but contains also (see next section) eventual implications for the
study of ionic fluids. In 3 and 4 dimensions, we have numerically studied the
renormalisation group trajectories in the vicinity of the gaussian fixed point, in
particular the specific direction of stability and of instability (subject of a recent
controversy between Halpern-Huang and Morris).

Comparison theory-experiment close to the critical point. Application to ionic fluids

Many theoreticians believe that the theoretical and clear definition of the uni-
versality class solved the issue of critical phenomena. However, it is often not
easy to determine unambiguously the belonging of a given system investigated
experimentally to a given universality class. This is due to various reasons of
theoretical origin (theoreticians far from experiments, accuracy of calculations,
domains of validity, free parameters, sign and type of corrections..) and experi-
mental too (accuracy of measurements, approach towards critical point..). One
can be lead to a wrong interpretation as can be seen in our own publications1.
Presently, ionic fluids raise a great interest in the community of physicists and
physico-chemists2. In collaboration with the group "liquids" of SPEC the binary
ionic system (NEA/organic solvent) has been studied, in order to determine as
clearly as possible the universality class of the system (see also chapter 3). The
references [18, 19] show the necessity of a better theoretical understanding (es-
pecially the long range interaction) and accurate and diversified experimental
studies to be able to determine whether ionic fluids belong to an university

'Phys. Rev. Lett 58, 435, (1987)
Phys Lett A115, 84, (1986)
2see for instance J. Stat. Phys. 75, 1, (1994)
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class. Recently Luijten et al. have shown3 in an accurate Monte Carlo analysis
that our objections to the crossover regime proposed by Sengers where sound.
Ideally, it would be required to study the critical behaviour of ionic fluids in the
frame of the renormalisation group, but the LGW version of such systems is not
physically simple. In collaboration with Brillantov (Moscow) we have shown [20]
that the RPM, theoretical model usually well admitted to modelize ionic fluids,
can be expressed as the development of LGW with a negative <p4 interaction.
Following the same approach as in [16], one could put into evidence the possible
richness of this model apparently simple. Thus, in the space of coupling parame-
ters, there exists a first order phase transition and a behavior of the Ising type
separated by a tricritical surface. We envisage to pursue this study improving
the modélisation of the hard cores.

18.2.2 Solid 3He films : a spin ^ 2D magnetic system with "tunable frustration"

The second solid layer of 3He films adsorbed on graphite is a particularly in-
teresting magnetic system. A large exchange coupling J between the nuclear
spins is observed (several millikelvins), which evolves from antiferromagnetism
to ferromagnetism as a function of density. The first layer only plays the role of
an inert substrate, since exchange is practically inhibited due to its very high
density. The second layer completely solidifies before third layer promotion,
forming a commensurate phase with respect to the first layer with a 4/7 ratio
of densities. It is characterized by an antiferromagnetic Curie-Weiss susceptibil-
ity, and by a large heat capacity at low temperatures with a weak temperature
dependence. In the presence of a partial liquid third layer the system becomes
ferromagnetic, the effect being particularly large close to promotion in a fourth
layer.

An interpretation of this striking behaviour has been given within the frame
of a Generalized Heisenberg model. The microscopic theory of magnetism for
a system of almost localized identical fermions is based on the concept of per-
mutations of particles4. The most general expression for an effective exchange
Hamiltonian is Hex = ~Ylp(~^)P^P^> w n e r e the sum is over all permuta-
tions P (with parity p) of the symmetric group acting on spin variables. It
reduces to the Heisenberg Hamiltonian when only pair transpositions are re-
tained, i.e. when two-particle exchange dominates, as generally found in elec-
tronic magnets. Thouless (1965) stressed the importance of higher order in-
teractions -as cyclic three and four-particle exchange- in a hard core quantum
solid like solid 3He. He pointed out that even permutations like cyclic three-
particle exchange generally lead to ferromagnetism while odd permutations like
two or cyclic four-particle exchange favor antiferromagnetism (i.e : all Jp are
positive). The relevance of this Multiple-Spin Exchange (MSE) Hamiltonian to
the three-dimensional bcc and hep phases of solid 3He has been proved dur-
ing the past two decades though carefull analysis of thermodyamic data and ab
initio quantum Monte-Carlo calculations.

As early predicted by Delrieu5, the steric hinderance of hard cores favors fer-
romagnetic three-particle exchange in a compact 2D triangular lattice of solid

3Phys. Rev. Lett. 79, 561, (1997)
4c/. the elegant formalism developed by P.A.M. Dirac in his textbook (1949)
5J. Low. Temp. Phys. 40, 71 (1980)
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Figure 18.2: Specific heat (a) and susceptibility (b) curves at increasing densities
(from bottom to top). For each symbol, the corresponding density is indicated in
(c). Symbols are experimental data. Solid lines are theoretical fits using Padé
approximants to the high-temperature series expansion of the Multiple-Spin Ex-
change model. Jc represents the first term in the high-temperature series expan-
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(c) indicates the ratio of four to three-spin exchange determined through the fit.
In (a) the dash-dotted and dotted lines indicate the theoretical specific heat cor-
responding respectively to the ferromagnetic and antiferromagnetic Heisenberg
models.
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3He, at high densities. However, at low densities, higher-order antiferromagnetic
exchanges like cyclic four-particle permutations compete with three-particle ex-
change leading to a highly frustrated antiferromagnetic system. The importance
of those higher order cyclic exchanges in two dimensions has been confirmed by
WKB calculations and ab initio Quantum Monte Carlo simulations.

An important progress in our quantitative understanding of this fascinating
two-dimensional magnetic system has been accomplished during the last two
years [21]. High-temperature expansions of thermodynamical quantities have
been calculated up to sixth order within this "Multiple-Spin Exchange" model
[22]. The complexity of the linked cluster expansion at sixth order for this
MSE Hamiltonian (« 109 geometrically distinct diagrams) is comparable to that
corresponding to order 12 for the pure Heisenberg model and reaches the limits
of modern computers. A careful study of the convergence of these sixth order
series through Padé approximants and differential approximants [23] has proved
their relevance to analyse thermodynamic data over a wide temperature range
(from a few mK to 200 mK). We have thus fitted all presently available specific
heat data and recent susceptibility measurements from an experimental group
(H. Godfrin, C. Bâuerle, CRTBT, CNRS Grenoble) [24, 25]. The quantitative
agreement is remarkable (see fig. 18.2).

Theoretical calculations and a careful review of all available experimental data
have led to a clear understanding of the structural evolution of the second layer
(from commensurate to incommensurate, . . . ) as a function of successive third,
fourth, fifth . . . layer filling. A quantitative relation between the second layer
density and the total coverage has been established [26]. The density dependence
of various exchange parameters has been deduced. It is in perfect agreement
with theoretical expectations. A long standing controversy about the possible
occurence of other physical processes as indirect (RKKY type) exchange between
the solid second layer and the overlying fluid layers is thus definitively closed.
Intra-layer exchange processes dominate the physics of this system and provide
a coherent quatitative interpretation of all experimental data over the whole
coverage range, from the low density commensurate phase to the saturated
incommensurate second layer.

This system is a unique example of frustrated spin-exchange on a triangular
lattice. It is possible to vary the density over a wide range (from 6.3 nm~2 to
8.7 nm"2) and thus tune continuously the ratio of antiferromagnetic four-spin
exchange over ferromagnetic three-spin exchange. By increasing the density, the
system evolve from a highly frustrated antiferromagnetic phase to a highly frus-
trated ferromagnetic phase, both phases having an unexpectedly large entropy
at low temperature. Challenging questions relative to the nature of the ground
state (ordered or spin liquid?) are under consideration. Only at the highest
densities (near saturation) three-particle exchange dominates and the system
recovers a quasi-Heisenberg ferromagnetic behavior.

18.2.3 Theory of mesoscopic physics

For sake of clarity this part is displayed in section 13.3
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19. Theory of out of equilibrium systems

Permanent staff, physicists: J.P. Bouchaud, H. Chaté, C. Godrèche

PhD: A. Baldassarri, I. Domic (1994->), A. Lemaîtrè, G. Rousseau(1995-^ ) .

Post Doc: L. Cugliandolo (-^08/96)

Visitors: M. Campellone (University of Rome), D. Dean (IPN Orsay).

Collaborations: J. Hammann and E. Vincent (SPEC), A. Comtet and C. Monthus (IPN Orsay),
M. Mézard (ENS) et G. Parisi (University of Rome) for spin glasses, M. Mézard (ENS) and Léon
Balents (University of Santa Barbara) for Burgers turbulence

I. Aranson (Argonne National Laboratory), J. Le Bourlot (Observatoire de Paris Meudon), L.
Brunnet (Universidade Federal do Rio Grande do Sul, Brazil), P. Grassberger (H.L.R.Z. Julich),
G. Grinstein (IBM New York), R. Kapral (University of Toronto), J. Losson (ULB Brussels),
P. Manneville (LADHYX, Ecole Polytechnique), A. Pikovsky (Universitàt, Potsdam, Germany ) ,
L.-H. Tang (Hong Kong Baptist University) about nonlinear dynamics and statistical analysis of
spatiotemporal chaos.

J. M. Luck, J. M. Drouffe and M. Bauer (SPhT), D. Mukamel (Weizmann Institute), M. Evans
(University of Edinburgh ) , D. Foster (University of Cergy-Pontoise), S. Sandow (Virginia Tech,
USA), E. Speer (Rutgers university), M. Howard (Niels Bohr Institute, Denmark), V. Rittenberg,
P. Arndt, T. Heinzel (Bonn University, Germany) about work discussed in section 19.3.

19.1 Spin glasses. Dynamics out of equilibrium and Burgers turbulence.

The study of the slow dynamics in glasses and disordered systems has been
followed in several directions:

With A. Comtet and C. Monthus, we have adapted the 'trap' model to the
description of glasses, in particular in the aging phase. This model has been
utilized for emulsions and pastes for which it seems to be relevant [1, 2].

We also have, with L. Cugliandolo, J. Kurchan, et M. Mézard, extended the
description by 'mode coupling' (MCT) of glasses to the low temperature phase,
and new predictions concerning the aging of the correlation function and viola-
tions of the fluctuation-dissipation theorem have been derived. Similarities and
differences between both descriptions ('traps' and 'MCT') have been evidenced,
in particular in the review article we dedicated to this topic [4, 10].

Then, in collaboration with E. Vincent, J. Hammann et L. Cugliandolo, we
have clarified the theoretical interpretation of aging experiments in spin glasses,
in particular by separating in a satisfactory way the equilibrium contribution
and the aging contribution in the magnetisation relaxation [8]. This allowed to

1 LADHYX, Ecole Polytechnique
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discuss more accurately possible violations of the 'scaling' in t/tw, where tw is
the waiting time.

With M. Mézard et G. Parisi we worked on the Burgers turbulence, i.e. a type
of turbulence where the velocity field derives from a potential [3]. In spite of its
irrealistic character, this model is interesting for several reasons. The presence of
this study in the present paragraph is justified by the fact that we use techniques
borrowed from spin glasses theory. The description of the structuration of the
turbulent flow and of the associated intermittency is curiously, fully identical to
the phase space description in a spin glass. In relation with this work, we started
with M. Mézard and L. Balents a systematic study of the energy " landscape" in
disordered systems, establishing in particular deep links between the 'statistics
of extremes' and the replica method [5]. By using an analogy with Burgers
turbulence, we have shown how the replica method can be reconciled ted with
the functional renormalisation group of D. Fisher [9]. These approaches suggest
that the energy landscape of a Bloch wall pinned on impurities (for example) is
made of local 'dips' matching at singular points which are the analogs of schoks
in Burgers turbulence. The distribution of the well depths is exponential, a very
important result to account for the aging dynamics in this type of systems. We
have also investigated, in the context of the turbulence, the statistics of the
local 'force' acting on the Bloch wall which is the equivalent of the velocity in
the Burgers problem [6]. Finally, a new method for studying critical dynamics
was investigated [7].

19.2 Nonlinear dynamics and statistical analysis of spatiotemporal chaos

The general setting of the research described below is that of the statistical
properties of spatially-extended, chaotic, dynamical systems. It is now well-
known that these systems are often in regimes of extensive chaos, i.e. dynamical
regimes in which the "amount of chaos" (for example the number of positive
Lyapunov exponents) is proportional to the system size. The problem is then to
build a statistical description of these systems in the infinite-size limit. But in
this out-of-equilibrium statistical mechanics, disorder is of deterministic origin:
the local chaotic fluctuations are tentatively seen as a "temperature".

The relevant physical situations are numerous. One can first think about the
disordered regimes of the patterns which have emerged from instabilities, in
which the elementary "dissipative structures" (e.g. convection rolls), are the
building blocks of some complex spatiotemporal dynamics. At a higher, more
abstract, level of modélisation, one can also think of systems made of a collec-
tion of objects with their own complex dynamics coupled together by simple
interaction laws (or the reverse situation in which simple objects have complex
interaction laws). Such situations are common in biology, or even in sociology.

At the theoretical level, there are many open questions. These include the
usual problems of non-equilibrium statistical mechanics, to which one must add
more specific ones. A crucial problem, for example, is whether and when one
can legitimately assimilate the local deterministic chaotic fluctuations to some
"effective noise" and, if so, what are the properties of this noise? These questions
underlie the results presented briefly below.
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The work accomplished over the last three years can be roughly divided into
two general topics:

19.2.1 Emergence of non-trivial collective behavior in extensively-chaotic dynamical systems

The systems mentioned above exhibit generic collective behavior in which one
observes an evolution of spatially-averaged quantities without any direct rela-
tionship to the microscopic chaotic dynamics. Contrary to equilibrium systems
where this evolution consists only of statistical fluctuations which disappear in
the thermodynamic limit, the collective behavior subsists in this limit. The
importance, at least at a "metaphorical" level, of such generic behavior is obvi-
ous: in many fields, the possibility of a collective response from a population of
non-synchronized objects is essential [20, 32].

With A. Lemaître et P. Manneville, we have developed approximations of the
transfer operator governing the probability density functions (pdf) in order to
predict the collective dynamics from the local evolution rules. A first study [20]
consisted in truncating and closing a hierarchical expansion of the instantaneous
multidimensional pdf using a symbolic manipulation program valid at all orders
and any space dimension. In a second work [27], we adopted a "conditional"
mean-field approach which allows us to predict not only the collective evolution,
but also many moments of the one-body pdf. This very general method opens
the door for efficiently predicting the macroscopic evolution of systems made of
coupled chaotic units. Finally, we recently formalized and quantified, using ar-
guments related to "persistence" studies in spin systems, the "strong-coupling"
limit in which non-trivial collective behavior takes place.

With A. Lemaître, we have found how to extend to coupled map lattices the
successful and celebrated ideas of the renormalisation group applied to simple
maps of the interval. Our non-perturbative approach introduces the ideas of self-
similarity and universality in the field of spatially-extended dynamical systems
[34].

With P. Marcq, we studied the static critical properties of the phase transitions
observed between two types of collective behavior. These are not in the "expect-
ed" equilibrium class, indicating an irreducible effect of "determinism", present
at all scales, at least on a codimension-one set of parameter space. On the other
hand, we have found "weak universality" (in the sense of Suzuki), and have also
produced numerical evidence that the mode of update (synchronous in all these
systems) is a relevant factor for departing from the equilibrium class [18, 25].
We have numerically measured the "new" dynamical exponents (critical initial
slip, global persistence) of these phase transitions. Our results have stressed
the different status of these exponents (as opposed to the static ones) and in
particular their strong non-universality [31].

19.2.2 Nonlinear oscillatory media

These media are of considerable practical importance: prominent cases are os-
cillating chemical reactions, the heart muscle, and various aspects of supercon-
ductors and superfluids (notably those linked to the dynamics of vortices). At
a theoretical level, the model of choice is the complex Ginzburg-Landau equa-
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Figure 19.1: Phase field of the most unstable modes caracterizing the destabi-
lization of a straight vortex filament to an helical one, solutions of the complex
Ginzburg Landau equation in 3 dimensions.

tion (CGLE), which can be seen as the "hard core" of any out-of-equilibrium
medium in which spontaneous oscillations appear.

Structure and dynamics of localized solutions

Many elementary aspects of the dynamics of oscillatory media are still unknown,
in particular in three space dimensions. We have completed a systematic study
of the dynamical regimes exhibited by the CGLE in two space dimensions. This
clarified a confusing situation both at the experimental and theoretical levels
[19].

With R. Kapral, we showed that in two dimensions, the spiral waves emitted
by point vortices must bear defect synchronisation lines when the oscillatory
medium undergoes a period-doubling bifurcation [29].

With L.-H. Tang et I. Aranson, we studied the dynamics of stable vortices of
the two-dimensional CGLE submitted to some external noise. We showed that
spirals possess a finite mobility, which led us to a description of the disordered
regimes in terms of a reactive gas of vortices [26, 28].

With R. Kapral et G. Rousseau, we started the study of simple three-dimensional
vortex line configurations (stability, dynamics). In particular, we showed that
helical vortices are generic structures, and that this coiling of straight vortex
lines is often followed by supercoiling into spatially-quasiperiodic objects, a be-
havior reminiscent of that of elastic chains [33].
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Long-range rotating order

Oscillatory media offer the possibility of true long-range rotating order. This
happens when the local amplitude of oscillations is never zero (the phase is
then always denned), and, further, when the continuous phase-interface which
can then be denned is not rough, i.e. its mean width does not diverge when
increasing the length of the system. This type of remark led us to confront the
dynamical scaling properties of these interfaces with those of "universal" models
such as the Kardar-Parisi-Zhang (KPZ) equation.

With G. Grinstein et L.-H. Tang, we established the relevance, at large scales,
of the KPZ equation to describe the collective oscillatory dynamics of some two-
state cellular automata, and we were able to conclude that long-range rotating
order does occur in those systems [12].

With P. Manneville, we studied the phase turbulence regimes of the two-dimensional
CGLE. We clarified the question of the existence of such regimes in the thermo-
dynamic limit, and showed that the KPZ equation was there as well the correct
large-scale description, implying the absence of long-range order [16].

With L. Brunnet, a similar study was conducted for the case where the oscilla-
tory medium, composed of coupled Rossler systems, is locally chaotic [30].

Finally, with A. Pikovsky, we have started the study of periodically-forced os-
cillatory media. We showed that 2TT phase kinks play a particular role in the
spatiotemporal dynamics of regimes that are only partially-synchronized with
the external forcing [35], and we also stressed the differences with phase-only
systems such as the damped Sine-Gordon equation.

19.3 Dynamics of nonequilibrium systems

19.3.1 Simple models for slow relaxation in glasses

In collaboration with J.-P. Bouchaud and M. Mézard we have initiated the study
of a stochastic model without disorder, which possesses a glassy behaviour at low
temperature. The low temperature limit of the model exhibits slow relaxation
of energy, due to entropie barriers. This model may be recast into a biased
random walk, which allows for its analytical study [37].

The second part of this study has been done in collaboration with J.-M. Luck.
We first investigated the aging behaviour at zero temperature of the correlation
function of the energy, and determined its scaling form exactly [38]. We then
studied the glassy behaviour at low temperature. In [39] the spectrum of relax-
ation times is analysed; it reveals remarkably an exponential separation (at low
temperature) of the scales of time, between a regime of fast relaxation (so called
P relaxation) and a slow regime (so called a relaxation). The exact behaviour
of the correlation function of the energy in the aging regime is obtained. This
regime, which persists for all times at zero temperature, is interrupted at fi-
nite temperature. The effective relaxation time increases initially as the waiting
time and then saturates towards the relaxation time of the a regime for longer
times. Finally the fluctuation-dissipation ratio and its temporal dependence
are obtained analytically. This study has been extended to the case of density
fluctuations [40].
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19.3.2 Persistence

A variant of the previous model possesses a phase transition at equilibrium,
between a fluid phase and a condensed phase. With J.-M. Drouffe, we studied
the dynamics of condensation in this model. The exact expression of the scaling
function is determined. The behaviour of the two times correlation function of
energy shows that the dynamics is non stationary in the condensed phase [41].

The papers described below have been inspired by the experimental and theo-
retical studies, done at SPEC, of new aspects of the condensation, growth and
coalescence of droplets on a cold substrate [42]. One of the unexpected results is
that the fraction of the surface which has never been visited by droplets decreases
as a power law with a nontrivial exponent, called the persistence exponent. This
algebraic behaviour has since been observed in a number of theoretical models
or experimental situations.

Persistence for the voter model

For the voter model persistence is no longer algebraic when the dimension of
space is larger than 2. With M. Howard, we have computed the persistence
probability for the voter model for dimensions d > 2. The method consists in
transforming the model into a continuum reaction-diffusion system. Using path
integral methods, the persistence probability R(t,q), where q is the number of
values of the spin, is determined asymptotically at large times [43].

Large deviations and nontrivial exponents in coarsening systems

In collaboration with I. Domic, we have investigated the statistics of the mean
magnetization, of its large deviations and persistent large deviations in simple
coarsening systems. We consider more specifically the case of the diffusion equa-
tion, of the Ising chain at zero temperature and of the two dimensional voter
model. For the diffusion equation, at large times, the mean magnetization has
a limit law, which is studied analytically using the independent interval approx-
imation. The probability of persistent large deviations, defined as the probabil-
ity that the mean magnetization was, for all previous times, greater than some
level x, decays algebraically at large times, with an exponent 9(x) continuously
varying with x. When x = 1, 8(1) is the usual persistence exponent. Similar
behaviour is found for the Glauber-Ising chain at zero temperature. For the
two dimensional voter model, large deviations of the mean magnetization are
algebraic, while the probability of persistent large deviations seem to behave as
the usual persistence probability [44].

A class of stochastic processes interpolating between the Ising and voter models

In [45] we introduce a class of two dimensional dynamical models, depending on
two parameters, which may be interpreted as two different temperatures. Special
lines in the plane of parameters correspond to the Ising model, voter model and
majority vote model. The dynamics of this class of models may be described
in terms of a set of coalescing, annihilating and branching random walkers. We
use the freedom allowed by the space of parameters to explore the persistence
probability along the line joining the voter model to the zero temperature Ising
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model. This probability is found to be algebraic with a constant exponent
8 « .22 along the line, which appears as the universal persistent exponent of
this class of models in the low temperature phase, once the thermal noise is
subtracted. We also discuss the connection between persistence and the nature
of the interface between phases.

Persistent large deviations for the simple random walk

This work done with M. Bauer and J.-M. Luck, shows that the law of the
extreme of the mean speed of a random walker possesses a distribution function
with a gap at all rationals [46].

19.3.3 Stationary states far from equilibrium and spontaneous symmetry breaking

Exclusion models are very simple examples of far from equilibrium systems
where the stationary states can be studied analytically. They give a simplified
description of a number of dynamical problems (growth of surfaces, polymer
reptation, etc.).

A simple case of such a model consists in considering the totally asymmetric
process with two species on an open chain, each species moving in opposite
directions, with hard core interaction.

An unexpected result is the existence for some values of the parameters denning
the model, of a phase exhibiting spontaneous symmetry breaking [47, 48]. The
phenomenon of spontaneous symmetry breaking can be analysed analytically in
this model in the limit where the output rate of particles is vanishing [49]. A
similar study can be done on a variant of this model with periodic boundary
conditions. In this case there appears a phase where translation invariance is
spontaneously broken [50].

List of publications

[1] Monthus C, Bouchaud J.-R, "Models of Traps and Glass phenomenology",
J. Phys. A 29 (1996) 3847.

[2] Bouchaud J.-P., Comtet A., Monthus C. , "On a dynamical Model of Glass-
es", J. Physique (I) 5 (1995) 1521.

[3] Bouchaud J.-P., Mézard M., Parisi G., "Scaling and Intermittency in Burg-
ers turbulence", Phys. Rev. E 52 (1995) 3656.

[4] Bouchaud J.-P., Cugliandolo L., Kurchan J., Mézard M., "Mode Coupling
Approximation, Glass theory and Disordered systems", Physica A226, 243
(1996).

[5] Balents L., Bouchaud J.-P., Mézard M., "The Large Scale Energy Land-
scape of Randomly Pinned Objects", J. Physique I 6 (1996) 1007.

[6] Bouchaud J.-P., Mézard M.,"Statistics of the velocity field in forced Burg-
ers' turbulence", accepted for publication in Phys. Rev. E.

217



[7] Campellone M., Bouchaud J.-R, "Self-consistent screening approximation
for critical dynamics", J. Phys. A, 30 (1997) 3333.

[8] Vincent E., Hamman J., Ocio M., Bouchaud J.P., Cugliandolo L.F., "Slow
dynamics and aging in spin glasses", XIV Sitges Conference "Complex
Behaviour of Glassy Systems", Barcelona, Spain, 10-14 Juin 1996 Lectures
Notes in Physics 492,184-219 (1997)

[9] Bouchaud J.-P., Mézard M., "On the long times, large length scale be-
haviour of disordered systems", Perez-Vicente C, eds. Proceedings of the
XIV Sitges Conference on the "Complex Behaviour of Glassy Systems",
Barcelona, Spain, 10-14 June 1996 (Springer (1997)) Lectures Notes in
Physics V. 492, pp. 162-175 (1997).

[10] Bouchaud J.-P., Cugliandolo L., Kurchan J., Mézard M., "Out of Equilib-
rium dynamics in spin-glasses and other glassy systems", in "Spin-glasses
and Random Fields", ed. Young P. (World Scientific 1998, Singapore).

[11] Bouchaud J.-P.,Mézard M., "Universality classes for extreme value statis-
tics", J. Phys. A. 30 (1997) 7997. Cond-mat/9707047.

[12] Chaté H., Grinstein G. , and Tang L.-H. , 1995, "Long-Range Correlations
in Systems with Coherent (Quasi)periodic Oscillations", Physical Review
Letters 74, 912.

[13] Chaté H., 1995, "Phase Transitions in Spatially Extended Dynamical Sys-
tems", in "Dynamical Systems and Chaos", Vol. 2, p. 583, (World Scientific,
Tokyo, 1995).

[14] Chaté H., 1995, "Towards a Thermodynamic Approach of Spatiotemporal
Chaos", in "Chaos and Complexity", p. 31, (Editions Frontières, Gif-sur-
Yvette, 1995).

[15] Chaté H., 1995, "Analyzing Spatiotemporal data from extended dynamical
systems", Physica D, 86, 238.

[16] Manneville P. and Chaté H., 1996, "Phase Turbulence in the Two-
Dimensional Complex Ginzburg-Landau Equation", Physica D 96, 30.

[17] Lemaître A.,Chaté H. , and Manneville P. , 1996, "Cluster Expansion for
Collective Behavior in Discrete-Space Dynamical Systems", Physical Re-
view Letters 77, 486.

[18] Marcq P., Chaté H., and Manneville P., 1996, "Universal Critical Behavior
in Two-Dimensional Coupled Map Lattices", Physical Review Letters 77,
4003.

[19] Chaté H., and Manneville P., 1996, "Phase Diagram of the Two-
Dimensional Complex Ginzburg-Landau Equation", Physica A 224, 348.

[20] Chaté H., Lemaître A., Marcq P., and Manneville P. , 1996, "Non-Trivial
Collective Behavior in Extensively-Chaotic Dynamical Systems : an Up-
date", Physica A 224, 447.

[21] Chaté H. andLosson J., 1997, "Non-Trivial Collective Behavior in Coupled
Map Lattices : A Transfer Operator Perspective", Physica D, 103, 51.

218



[22] Rousseau G. , Giorgini B., Livi R. , and Chaté H. , 1997, "Dynamical
Phases in a Cellular Automaton Model for Epidemic Propagation", Physica
D, 103, 554.

[23] Grassberger P., Chaté H., and Rousseau G., 1997, "Spreading in Media
With Long-Time Memory", Physical Review E, 55 2488.

[24] Chaté H. and Courbage M., 1997, Introduction to the Special Issue on
"Lattice Dynamics", Physica D 103.

[25] Marcq P., Chaté H., and Manneville P., 1997, "Critical Exponents for Non-
Equilibrium Phase Transitions in Lattices of Coupled Odd Maps", Physical
Review E, 55, 2606.

[26] Tang L.-H., Aranson I. and Chaté H., 1997, "Noise-Driven Spiral Diffusion
in the Complex Ginzburg-Landau Equation", to appear in "Dynamics of
Fluctuating Interfaces and Related Phenomena", Kim D.,. Kim I.-M, Kim
Y.,Kim J.-M., Park ËL, and Kahng B., eds., (World Scientific, Singapore).

[27] Lemaître A., Chaté H., and Manneville P., 1997, "Conditional Mean-Field
for Chaotic Coupled Map Lattices", Europhysics Letters, 39, 377.

[28] Aranson L, Chaté H., and Tang L.-H., 1998, "Spiral Motion in a Noisy
Complex Ginzburg-Landau Equation", Physical Review Letters 80.

[29] Goryachev A., Chaté H. and Kapral R., 1997, "Synchronization Defects
and Broken Symmetry in Spiral Waves", Physical Review Letters 80, 873.

[30] Brunnet L. and Chaté H., 1998, "Phase Coherence in Chaotic Oscillatory
Media", Physica A, in press.

[31] Marcq P. and Chaté H., 1998, "Early-Time Critical Dynamics of Lattices
of Coupled Chaotic Maps", Physical Review E 57, 1591.

[32] Chaté H., 1997, "Emergence of Collective Behavior in Large Chaotic Dy-
namical Systems", to appear in International Journal of Modern Physics
B, 12 (1988), 299

[33] Rousseau G., Chaté H. and Kapral R., 1998, "Coiling and Supercoiling
of Vortex Filaments in Oscillatory Media", to appear in Physical Review
Letters.

[34] Lemaître A. and Chaté H., 1998, "Non-Perturbative Renormalisation
Group for Chaotic Coupled Map Lattices", to appear in Physical Review
Letters.

[35] Chaté H., Pikovsky A. and Rudzick O., 1998, "Forcing Oscillatory Media:
Phase Kinks vs. Synchronization", submitted to Physica D.

[36] Bottin S. and Chaté H., 1998, "Statistical Analysis of the Transition to
Turbulence in Plane Couette Flow", to appear in European Journal of
Physics B.

[37] Godrèche C, Bouchaud J.-P. and Mézard M., "Entropy barriers and slow
relaxation in some random walk models, J. Phys". A 28, L603 (1995).

[38] Godrèche C, Luck J.-M., "Long-time regime and scaling of correlations in
a simple model with glassy behaviour", J. Phys. A 29, 1915-1928 (1996).

219



[39] Godrèche C, Luck J.-M., " Nonequilibrium dynamics of a simple stochastic
model", J Phys A 30, 6245 (1997).

[40] Godrèche C, Luck J.-M., "Violation of the fluctuation-dissipation ratio in
the backgammon model", preprint (1998).

[41] Drouffe J.-M., Godrèche C, Camia F., "A simple stochastic model for the
dynamics of condensation", J Phys A 31, L19 (1998).

[42] Marcos-Martin M., Beysens D., Bouchaud J.-P., Godrèche C., Yekutieli
L, "Self-diffusion and 'visited' surface in the droplet condensation problem
(breath figures)", Physica A 214, 396 (1995).

[43] Howard M., Godrèche C, "Persistence in the Voter model : continuum
reaction-diffusion approach", J Phys A 31, L209-L215 (1998).

[44] Dornic L, Godrèche C, "Large deviations and nontrivial exponents in coars-
ening systems", to be published in J. Phys. A (1998).

[45] Drouffe J.-M., Godrèche C., "A class of stochastic processes interpolating
between the Ising and Voter models", preprint (1998).

[46] Bauer M., Godrèche C., Luck J.-M., "Does the drunken sailor hit the sober
man?", preprint (1998).

[47] Evans M. R., Foster D., Godrèche C, Mukamel D., "Sponta-
neous symmetry breaking in a one-dimensional driven diffusive system",
Phys. Rev. Lett. 74,208(1995).

[48] Evans M.R., Foster D., Godrèche C, Mukamel D., "Asymmetric ex-
clusion model with two species : spontaneous symmetry breaking",
J. Stat. Phys. 80, 69 (1995).

[49] Godrèche C., Luck J.-M., Evans M. R., Mukamel D., Sandow S., Speer E.R.,
"Spontaneous symmetry breaking : exact results for a biased random walk
model of an exclusion process", J. Phys. A 28, 6039 (1995).

[50] Arndt P., Godrèche C, Heinzel T., Rittenberg V., "Spontaneous breaking
of translational invariance and Bose-Einstein condensation in one dimen-
sional stationary states on a ring", preprint (1998).

220



20. Nonlinear differential equations and cellular automata

Permanent staff, physicists: R. Bidaux, N. Boccara1, S. Bouquet (DAM/DRIF/DPTA), H.
Chaté, R. Conte, M. Roger

PHD: J. Chave (1996^ ) , S. Labrunie (thesis presented in 12/96), R. Vocka (1996^ ) .

Visitors: H.R. Lewis (Dartmouth College U.S.A.), J. Springael (1995 —>).

Collaborators: M. Musette (Vrije Universiteit Brussel), A. Pickering (U.K.), A. M. Grundland
(Université de Montréal), H.R. Lewis (Dartmouth College U.S.A.), A. Degasperis (Université di
Roma I), V. Ricci (1998^ ) .

20.1 Analytic study of the nonlinear differential equations of physics

Most physical phenomena are ruled by nonlinear differential equations. Our
work comes in front of any numerical approach in order to lower its cost, it con-
sists in obtaining, by specifically nonlinear methods, as many analytic results as
possible : the general solution in explicit form (integrable case), first integrals or
conservation laws or particular solutions (partially integrable case), proof that
no analytic solution exists (nonintegrable case, including chaos). Examples de-
rived from physics are, respectively, the nonlinear Schrodinger equation (NLS),
the complex cubic Ginzburg-Landau equation (CGL3), the Lorenz model.

The methods, known as Painlevé analysis, are based on the a priori study
of the singularities of solutions; thus, without integrating, the equation ^ +
u2 = 0 admits for sure a solution with a simple pole. The Painlevé test first
selects values of the parameters in the equation for which the general solution
may be singlevalued. Then nonperturbative methods, not more difficult than
in the linear case, allow to build the explicit solution. In order to spread this
approach among physicists [1], a three-week "École thématique du CNRS" has
been organized in Cargèse [2, 3].

The variety of physical equations - integrable or not, continuous or discrete,
temporal (ordinary differential equations (ODE)) or spatiotemporal (partial dif-
ferential equations (PDE)) - implies a permanent see-saw motion between pure
analysis and applications.

20.1.1 Solutions of the complex cubic Ginzburg-Landau equation (CGL3)

An optical fibers drawback is the attenuation of the signal, whose amplification
is quite expensive for transoceanic cables. Hasegawa et Tappert experimentally
proved in 1973 the superiority of a nonlinear initial signal (solitary wave, abu-
sively called soliton) over a linear signal (plane wave). Mathematically, these

1 Illinois University of Chicago
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optimal signals are analytic closed-form solutions of the CGL3 equation for
u(x,t)

(CGL3) iut +puxx + q\u\2u - i-yu = 0, pq ^ 0, {u,p,q) eC, -yell. (20.1)

Another motivation to study CGL3 is its governing of spatiotemporal turbulence
and superfluidity. An open problem with huge consequences in telecommunica-
tions is to extend to arbitrary values of k and c the "bright soliton" solution
\u\2 = —2(q/p)cosh~2(k(x — ct)) which it admits in the integrable NLS limit
(q/p real, 7 = 0). In a popularization paper for opticians [4], we summarized
the attempts to find this extension, not forbidden by the study of singularities,
and which is probably an elliptic function.

20.1.2 Constructive proofs of integrability of PDEs

On the opposite, if a PDE is presumably integrable, in order to generate phys-
ically relevant solutions, one must build the concrete proof of its integrability :
Darboux transformation, Lax pair and Backlund transformation (BT). Since
the sole consideration of singularities should allow to find everything, we have
focused on those equations which had escaped the extension of Painlevé ideas
to PDEs, done in 1983 by Weiss, Tabor and Carnevale and already simplified
by our work on their "truncation method". The cases of four equations have
thus been solved, the BT being a new result for two of them.

1. NLS [5], whose derivation of BT from singularities was unknown.

2. A coupled wave system [6], by applying a general method previously es-
tablished (Conte, Musette, 1994).

3. The Kaup-Kupershmidt equation [7], by a new, very general method, iden-
tifying the search for the BT to the choice of an ODE in the very short list,
established by Gambier in 1910, of the second order nonlinear ODEs of
Painlevé type which are also linearizable. A by-product is the immediate
obtention [8] of the canonical transformation between two Hénon-Heiles
Hamiltonians.

4. The Tzitzéica equation, the least known of the only five equations uxt =
f(u) which possess an infinite number of conservation laws. Discovered in
1907 by a mathematician (f(u) is eu — e~2u), it appears in magnetohydro-
dynamics, gas dynamics and classical field theory. Its Lax pair had been
known since 1910, but its BT was still missing, despite many efforts from
the Russian school. We at last obtained it [9] by the natural truncation
followed by an appropriate elimination.

20.1.3 Extensions to the continuous Painlevé test

This aspect is mathematical. The most spread version of the Painlevé test had,
until recently, two gaps. The first one, i.e. the handling of negative Fuchs indices,
has been filled a few years ago (Conte, Fordy, Pickering). In [10, 11], we have
filled the second one and built constructive information from the nonFuchsian
singularities, by associating to them some other singularities, most often of
Fuchsian type. The application to Bianchi IX (section 20.1.4) immediately
proves the nonintegrability [10].
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20.1.4 The Bianchi IX cosmologies! model in vacuum

This classical model (Landau and Lifshitz Classical theory of fields) is a dynam-
ical system with six degrees of freedom, analytically delicate since its chaotic
character is disputed, the highest Lyapunov exponent being numerically zero.
With the Fuchsian extension of the test, we had predicted [12] the possible ex-
istence of one new analytic solution for the metric tensor as a function of time,
which would depend on one more arbitrary constant than the elliptic solution
of Belinskii et al. The existence of two natural times, the cosmological and the
logarithmic ones, requested the test of the compatibility of this would-be solu-
tion with the singularities in the cosmological time; the answer is positive [13],
but the explicit expression of this solution is still unknown.

20.1.5 Discretization of differential equations

The following result of Ablowitz et Ladik goes against intuition : in NLS
(i.e. CGL3 of section 20.1.1 for q/p real and 7 = 0), it is forbidden to discretize
the term v?v (we denote v the conjugate of u and omit the t—dépendance), as
u(x)2v(x), this term must be discretized as u(x)v(x)(u(x + h) + u(x — h))/2,
with h the spatial stepsize, otherwise essential properties like conservation laws
are lost. This question of the (good) discretization is a blooming domain, and
we have tried to establish some landmarks.

Firstly [14], we have denned the discrete Painlevé property as a natural ex-
trapolation of the continuum one for a nonzero stepsize, and we have built a
second, algorithmic, method to perform the discrete Painlevé test. Its zeroth
order is the continuum test, and each higher order generates necessary condi-
tions, thus filtering the admissible weightings (e.g., for NLS, the discretization
u(x)v(x)(Xiu(x - h) + X2u(x) + X3u(x + h)) yields Ax = A3 = 1/2, A2 = 0). This
led us to enunciate practical discretization rules [15].

These questions have been deepened in the thesis of S. Labrunie [16]. An in-
trinsically discrete feature is, among others, the loss of the equivalence between
N—degree of freedom dynamical systems (Lorenz model, Rôssler, Rikitake .. . )
and an Nth order ODE. An important equation of Chazy, discretized by this
method [17], exhibits such a feature.

We also started [18] the construction of the explicit proof of integrability (the
discrete analogue of section 20.1.2), in particular for the good discrete versions
of the six equations of Painlevé.

20.1.6 Hamiltonian dynamical systems

The Kuramoto-Sivashinsky equation, a classical model of turbulence, after re-
duction to a propagative wave, has been written [19] as a time-dependent, one
degree of freedom Hamiltonian system. In that sense, it would be less chaotic
than, for instance, the Lorenz model.

Another result [20] applies to any Hamiltonian system whose iV invariants in
involution are known. If the latter ones are locally invertible for the impulsions,
the N other invariants are obtained by quadratures. This method has been
applied to a Hamiltonien of Hénon-Heiles.

223



20.1.7 Dynamical systems with three degrees of freedom

The autonomous dynamical systems with three degrees of freedom are generi-
cally chaotic, and, in order to inhibit chaos, it is sufficient to find a first integral
or more generally an invariant manifold. This subject is part of the thesis of
S. Labrunie [16], who built a method [21] based on old results by Darboux,
R. Liouville and Tresse and on more recent ones by Dryuma. In this method,
one selects two of the three variables x, y, z to build a second order ODE for,
e.g., y(x), the form of which is invariant under the point transformations on
(x,y). The invariants of this group then yield, if they exist, the polynomial
invariant manifolds, called Darboux polynomials.

The ABC system is a particular Lotka-Volterra model, for which an original ap-
proach could prove [22] the nonexistence of any integrable case as those already
known.

Another system defined by a Kahler-Einstein metric invariant under SU(2)
could be proved to be nonintegrable in the Painlevé sense [23].

20.1.8 Coupling of two nonlinear Schrôdinger equations

With A. Degasperis and V. Ricci, we are looking for the most general cubic
coupling of two NLS equations which preserves at the same time the Hamiltonian
structure and the integrability. We thus hope to increase by one or two the
number of free parameters made available to the physicist in order to build
coupled wave models.

20.2 Theory of cellular automata

A two-level one-dimensional cellular automata is a discrete dynamical system
governed by the equation

(Vt e Z)(Vt e N) s(i,t +1) = f(s(i -r1 } t) ,s{i -n +1,t),...,s(i + r2,t))

where / which is defined from {0, l } r i + r 2 + 1 into {0,1} is a local evolution ap-
plication with radius r\ and r^.

20.2.1 A new class of cellular automata

Let p a density probability distribution defined on Z and I A the function whose
value is 1 (resp. 0) in the subset A (resp. outside) such that A c [0, 1].

The equation

(Vf € Z){Mt e N) s(i, t + l)=IA( J T s(i + n, t)p(n) j

defines an evolution operator over the set {0,1}Z. For a given density distribu-
tion p, it can be shown that the set of these operators contains all the type of
cellular automata rules [30]. These representation makes possible the definition
of a metrics defined over the set of evolution operators and that, in addition,
the set of these cellular automata laws are dense everywhere for this metrics.
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20.2.2 The cellular automata applications preserving the number of occupied sites

After we had been able to define a necessary and sufficient condition for a
cellular automata to preserve the number of occupied sites, we have been able
[31] to exhibit all the corresponding applications for a given sum r\ + r% +1 = n
. These applications determine, for example, the evolution of one-dimensional
systems of particles in interaction or provide some models describing the traffic
on a circular highway. Moreover, they also

model the evolution of non-gaussian pseudo-randomly walking pedestrians.

20.2.3 Probabilistic automata with two absorbing states

These sytems describe a large variety of behaviors [32]. Four distincts phases can
be displaid: empty, fully occupied, partially occupied (or active) and chaotic.
Transition of phase of second order can be observed: empty —» active, active
—* fully occupied, active —> chaotic. A first order phase transition, empty —>
fully occupied, occurs too. Moreover, a tricritical point appears into the phase
diagramm.

20.3 Random walk and propagation

We studied the problem of the maximal excursion of a symmetric random walker.
It is a major quantity in the theory of random walks and it applies to the dy-
namics of epidemics, pollution for example. In one dimension we observed that
finite size results for discrete walks exhibit a systematic overshooting of the
classical 1/2 exponent of the limit distribution even for very large values of the
size [34]. We found analytically the corrective terms, which we cross-checked
by an exact enumeration technique. We also provided the limit distribution in
any dimension in a closed form, together with its moments, under the assump-
tion of spherical symmetry [35]. With increasing dimensionality the probability
density peaks to a Dirac distribution. We applied these results to evaluate the
maximal excursion on the Sierpinski gasket. Enumeration results showed that
the spherical approximation provides good qualitative estimates in this case.
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Giorgiutti, 47
Glattli D.C., 147
Glattli H., 105
Godrèche, 211
Goffman, 133
Goldman, 95
Gourier, 17
Gray, 105
Grousset, 147, 165
Guéron, 133
Guenoun, 17, 41
Gurevitch, 61

Hakonen, 185
Hammann, 61, 75, 81, 211
Hammida, 61
Hegman, 171
Hennigan, 171
Hodges, 75, 81

Jacques, 171
Jacquinot, 95
Jonason, 61
Joyez, 133
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Kemmather, 113
Keshishev, 171
Kriza, 171
Kumar, 147

L'hôte, 113
Labouise, 41, 47
Labrunie, 221
Laurent, 41, 47
Le bras, 61, 81
Le Goff, 95, 105
Le Pape, 61, 81
Lecointe, 41, 47
Lemaitre, 211
Lericque, 75
Leroy, 33
Lewis, 221
Lignac, 123
Luzet, 17

Marcos-Martin, 41
Marq, 195
Marucco, 81
Mazières, 47
Mellor, 171
Millet, 33
Miramond, 105
Moukharski, 185
Mukolobwiez, 47
Muller, 17

Navick, 113
Nedyalkov, 33

Ocio, 61, 75
Oleinikova, 41
Orfila, 133
Ozenda, 41, 47

Pari, 75, 123
Pichard, 147
Pierre, 133
Poirier, 147
Popot, 47
Pothier, 133

Quinn, 17

Richomme, 185
Roger, 81, 201, 221
Romet-Lemonne, 41
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Rousseau, 195, 211

Safi-Taktak, 147
Saminadayar, 147
Sanquer, 147
Sappey, 61
Sas, 171
Schalchli, 33
Scheer, 133
Schmitteckert, 147
Sentenac, 33
Sibille, 17
Springael, 221
Steinbach, 133

Terzidis, 201
Toros Arias (de), 147
Tourbot, 113, 147, 165

Urbina, 133

Vaast-Paci, 81
Varoquaux, 185
Vasilopoulos, 165
Viallet-Guillen, 81
Vincent, 61, 211
Viret, 105
Vital, 33
Vocka, 195, 221

Waintal, 147
Warin, 105
Weinmann, 147
Williams, 171

Zalczer, 17
Zverev, 165
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PERSONNEL AND ORGANISATION
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Organisation of the SPEC

DIRECTION
Director
Assistant directors

Secretary

Safety

Jacques M. Hammann
Louis Laurent
Francis Williams
Yveline Judas
Raymonde Marciano
Véronique Duplessy (c)
Daniel Luzet
Claudine Chaleil

STORE ROOM
Jean Pierre Boucher Claude Ménétrier

WORKSHOP
Bernard Bollendorf
Patrick Meininger1

Jean Claude Tack

Michel Juianet
Vincent Padilla

THEORY
Claude Bagnuls (CNRS)
Nino Boccara (CNRS)

Roger Bidaux (-> 1997)
J-Philippe Bouchaud

Serge Bouquet (DAM-DRIF) Jean Pierre Carton
Hugues Chaté
Marc A. Dubois
Jean Louis Pichard
Andréa Baldassari (TV)
Matteo Campellone (T)
Philippe Claudin (T)
Ivan Domic (T)
Ralf Lewis (V)
Guillaume Rousseau (T)
Orestis Terzidis (P)
Schmitteckert Peter(P)
Xavier Waintal (T)

Robert Conte
Claude Godrèche
Michel Roger
Giuliano Benenti (P)
Jérôme Chave (T)
Léticia Cugliandolo (P)
Simon Labrunie (T)
Philippe Marcq (T)
Inès Safl-Taktak (P)
Samuel de Toro Arias (T)
Radim Vocka (T)

BLACK FILMS
Jean Jacques Benattar
Cécile Blanche (P)
Sébastien Leroy (A)
Michail Nedyalkov (V)
Daniel Sentenac (T)

Nicolas Cuvillier (P)
Frédéric Millet (T)
Aude Schalchli (P)
Denis Vital (C)

INTERFACES
Michel Alba
Alan Braslau
Patrick Guenoun
Gilbert Zalczer
Christophe Cordier (A)
Cécile Fradin (T)
François Muller (T)
Patrick Sibille (T)

Christian Blot
Jean Daillant
Daniel Luzet

Philippe Fontaine (P)
Christine Gourier (T)
Kevin Quinn (P)

LIQUIDS
Marco Bonetti
Thomas Frôhlich (T)
Alla Oleinikova (V)

INSTABILITIES
François Daviaud
Olivier Dauchot
Martial Labouise2 (->1996)
Caroline Lecointe2 (1997->
Sabine Bottin (T)
Nicolas Gamier (T)
Magali Matière (A)
Javier Burguette (P)

Maria Marcos Martin (T)
Guillaume Romet-Lemonne (M)

AND TURBULENCE
Arnaud Chiffaudel (CNRS)
Cécile Gasquet2

Louis Laurent
) Bernard Ozenda2 (-M997)

Eric Favre (T)
Frédéricque Giorgiutti (P)
Nathalie Mukolobwiez (T)
Delphine Popot (A)

SPHT- SPEC Documentation

Head
Documentalists

Marc Gingold (SPhT)
Andrée Bonnerot (SPEC-
Jeanine Delouvrier (SPhT)
Bruno Savelli (SPhT)

1997) Scientific secretariat Liliane Dumets (SPhT)
Josiane Beucher (SPhT)

1 From the soft matter, interface and turbulence laboratory
2 Works also for the « liquid » group
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Organisation of the SPEC

ELECTRONICS
Gérard Francinet
Thomas Gautier (A)

CRYOGENICS
Patrick Pari Philippe Foreet
Ludovic Lignac (C)

CHEMISTRY
Antoine Bertinotti (CNRS) Jacqueline Bouvier
Dorothée Colson Anne Forget
Jean-Fr. Marucco (University)

Virginie Viallet-Guillen (T)

MÔSSBAUER SPECTROSCOPY
Claude Avache (1998 ->) Pierre Bonville
Nadine Genand-Riondet James Hodges (CNRS)
Jean François Lericque4

Catherine Gilles (T) Rachida Hammida (?)
Christine Vaast-Paci (T)

LOW -TEMPERATURE MAGNETISM
Jacques Hammann Gwenâelle Le Bras
Léon Le Pape Miguel Ocio
Eric Vincent
Leonid Gurevich (P) Kristian Jonason (V)
Romain Sappey (T)

NMR NEUTRON SCATTERING
Hans Glattli Claude Fermon
Maurice Eisenkremer (—>1996) Jacques François Jacquinot
Gerald Le Goff Michel Viret (1997-^)
Thibault Charpentier (T) Pascal Faucon (T)
Simon Gray (P) Corinne Miramond (T)
Patrick Warin (T)

DARK MATTER
Maurice Chapellier Denis L'Hôte
Roland Tourbot7 Kemmather Bernd (P)
Xavier-François Navick (T)

ORGANIC CONDUCTORS
Jean-Marc Delrieu

QUANTRONICS
Michel Devoret
Philippe Joyez
Cristian Urbina (CNRS)
Norman Birge (V)
Marcello Goffinann (P)
Frédéric Pierre (T)
Andrew Steinbach (P)

Daniel Estève
Pierre François Orfïla
Hugues Pothier
Vincent Bouchiat (T)

Sophie Guéron (T)
Elke Sheer (P)

QUANTUM DOTS AND ELECTRONIC NOISE
Christian Glattli
Arwind Kumar (P) Laurent Saminadayar (T)

MESOSCOPIC SYSTEMS
MarcSanquer (->09/96)
Wilfrid Poirier (T)

BALLISTIC TRANSPORT
Phillipe Debrav (CNRS)
Philippe Grousset (T)
Vladimir Zverev (V)

Oleg Raichev(V)

LOW-DIMENSIONALITY SYSTEMS
Claudine Chaleil5

Patrice Jacques6

Annie Beya (T)
Bernadette Sas (V)

Gérard Deville (CNRS)
Tito (Francis) Williams
Richard Gaal (V)

HELIUM
Olivier Avenel
Jean Michel Richomme
Pertti Hakonen(V)

Iouri Moukharski
Eric Varoquaux (CNRS)

In italics: Non permanent physicists present at Spec more than 6 months durins the last three years.
A : « Formation en alternance » i.e. combined University and internship programme
C : Other status
M : Military service
P : Post Doc
T:PhD
V : Visitor

3 Also in charge of staff further education. Works also for the « Black films » group
4 Also in charge of building maintenance
5 Also in charge of the clean room
6 works also in the « Quantum dots and electronic noise» group.
7 Works also for «Mesoscopic systems» and «ballistic transport»
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Some figures

Evolution of the personnel

Physicists CEA
Physicists CNRS/EN

Technicians
PhD Students

Status 1995
42
10
26
25

Leaving
3
3
3

Arriving
3
1
2

Status end 1997
42

8
25
20

Number of Physicists per laboratory

Quantum
Condensed Matter

12
Condensed Matter

Theory

Solid State
Novel Materials

16

Soft Matter
Interfaces and Turbulence

12

Number of technicians per laboratory

Solid State
Novel Materials

7

Quantum
Condensed Matter

4

General Services
10

Soft Matter
Interfaces and Turbulence

4

236



Scientific awards

1996

Michel Devoret t
I Silver medal of the CNRS

Claude Fermon
Patrice Roche

j Huygens Prize of the Royal Dutch Academy of Sciences (The Netheriands)
| Anatole et Suzanne Abragam prize ofthe French Academy of Sciences
i Special Mention for his thesis of the Jury of D. Guinier prize (French Physical Society)

1997
Laurent Saminadayar 1 D. Guinier prize for his thesis (French Physical Society)
1998
Christine Vaast -Paci \ Prize ofthe French group of Môssbauer spectrometry
Christian Glattli | Ancel prize (French Physical Society)

Participation in review and evaluation committees

O. Avenel Member of the selection pane! of the Bayreuth large scale facility

J. Daillant
J.-P. Bouchaud
J.-P. Bouchaud
J.-P. Bouchaud
J.-P. Bouchaud
L. Laurent
L. Laurent
M. Devoret
M. Devoret

Editor of Journal de Physique II (1996) and then ofthe European Physical Journal B

Editor of International Journal of Theoretical Finance

Editor of « annales de physique »

Member of the scientific council of the Laboratory of Statistical Physics at ENS

Member of the scientific council of CEA/DAM

Member of the scientific council of URA 73 (Laboratory of physics of gas and plasmas, Orsay)

Member of the scientific council of URA 835 (Laboratory of physics of ionised media, Nancy)

Member of the committee of section 6 of CNRS

Permanent member ofthe Scientific Council of the « Bureau National de la métrologie »

M . Devore t ! Member of the scientific council of URA 2 (Solid state physics Orsay)

D. Es tève i Associated Editor of Physical Review Letters

D. Estève
P. Guenoun
J. Hammann
J. Hammann
F. Williams
F. Williams

Correspondent of the French Academy of Sciences

Evaluation committee of LLB

Member of the scientific council of the Laboratory Léon Brillouin

Member of the special group for evaluation of the needs of neutron sources

Member of the scientific council of L2M

Member of the scientific council of CEA-CNRS-UJF joint team on microstructures of II VI semiconductors
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Foreign Visitors in 1996

Name institute months invited by

1996

BADENTS Léon
BIRGE Norman
CHEN Zhao Jia
CHUDNOVSKY Eugène
DEMIDOV Victor
DZHEPAROV Fridrikh
FEIGELMAN Mikhail
HAKONEN Pertti
HEGMAN Norbert
HENNIGAN Paul
JOH Young
KESHISHEV Konstantin
KROLAS Krzysztof
LESOVIK Gordey
LEWIS Ralph
MELLOR Christopher
MIYAKO Yoshihito
MUSETTE Micheline
RAMS Michael t

ROTTER Milos
SAS Bernadette
SCHULMAN Lawrence
SPRINGAEL Johan
THOMAS Rian Mari
TROFIMOV Vladimir
ZVEREV Vladimir

U.S.A.(Santa Barbara)
U.S.A. (Michigan State University)
China (Academia of Sciences)
U.S.A. (C.U. New York)
Russia (Institute of Radiotechnique and electronics, Moscow)

Russia (ITEP Moscow)
Russia (Landau Institute Moscow)
Finland (Helsinki University of Technology)
Hungary (Institute for Nuclear Physics, Debrecen)
U.K. (University of Nottigham)
U.S.A. (U.C.R. Riverside, California)
Russia (Kapitza Institute, Moscow)
Poland (University of Krakow)
Russia (Chernogolov University)
U.S.A. (Dartmouth college)
U.K. (Univeristy of Nottingham)
Japan (Osaka University)
Belgium (Vrije Universiteit Brussel)
Poland (University Jagiellonian, Krakow)
Tchèque Republic (University ST Charkle of Prague)
Hungary (Research Institute for solid state Physics, Budapest)
U.S.A. (Postdam University)

Belgium (Vrije Universiteit Brussel)
Ireland (Trinity College, Dublin)
Russia (Institute for Nuclar Research, Moscow)
Russia (Insitut of Solid State, Moscow)

2
11
0.5
1

4
3
2

12
12
2
1,5
3
1

6
6
1
1

2
1
1
7
1

0.5
3
2
6

J.-P. Bouchaud
M. Devoret
J. Hammann
E. Vincent
H. Glattli/J.F. Jacquinot
H. Glattli/J.F. Jacquinot
M. Ocio
O. Avenel/E.Varoquaux
F. Williams
F. Williams
E. Vincent
F. Williams
P. Bonville
M. Sanquer
R. Conte/S. Bouquet
F. Williams
J.M. Hammann/M. Ocio
R. Conte

P. Bonville
P. Pari
F. Williams
R. Bidaux
R. Conte

C. Fermon
M. Chapellier
Ph. Debray
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Foreign visitors in 1997-1998

Name
1997
ANDREI Eva
ATSARKINE Vadim
BRUNNET Leonardo
COMPTE Albert
FEIGELMAN Mikhail
GAAL Richard
GONZALEZ-JIMENEZ Fernando

HOLTZBERG Frédéric
JOH Young
JONASON Kristian
JUNG Grzegorz
KAPRAL Raymond
KROLAS Krsystof
KRIZA Gyorgy
MELLO Pietro
MUSETTE Micheline
NEDYALKOV Mikhail
OLEINIKOVA Alia
RAICHEV Oleg
RAMS Michat

ROTTER Milos
SAS Bernadette
SCHULMAN Lawrence
SHASHIN Alexandre
STEPANOV Serguei
TAKEUCHI Tetsuya
VASILOPOULOS Panagiotis

Institute

U.S.A. (Rutgers University)
Russia (IRE Moscow )
Brazil (UFRGS, Porto Allègre)
Spain (Autonomous University of Barcelona)
Russia (Landau Institute Moscow)

! Hungary (Budapest Technical University)
i Venezuela (Central University of Caracas)
i U.S.A., IBM
j U.S.A. (U.C.R. Riverside, California)

Sweden (University of Uppsala)
Israel (University of Beer Sheva)
Canada (University of Toronto)
Poland (University of Krakow)
Hungary (Research Institute for solid state Physics)
Mexico (UNAM, Mexico)
Belgium (Vrije Universiteit Brussel)

) Bulgaria (University of Sofia)
! Ukrainia (University of Kiew)
1 Russia (Institut of solid state, Chernogolovka)
i Poland (University Jagiellonian, Krakow)
Tchèque Republic (University S Charle of Prague)

1 Hungary (Research Institute for solid state Physics)
i U.S.A. (Clarkson University, Potsdam)
1 Russia (Institut of solid state, Chernogolovka)
Russia (ITEP Moscow)

! Japan (Osaka University)
Canada (Concordia University)

i months | invited by

i 1 IF. Williams
f 1 | H. GÎattïi/J.F. Jacquinot

ï i H. Chaté
15 | J.-Ph. Bouchaud
2

24
3

M. Ocio
F. Williams
P. Bonville

1 1 D. Colson
1,5 IE. Vincent
8 I E. Vincent
1 ! M. Ocio
1 ! H. Chaté
1 I P. Bonville

I 2
1

|"2

. I . 3 -

F. Williams
J.L. Pichard
R. Conte
J.-J. Benattar

3 ! M. Bonetti
6 | Ph. Debray
l I P. Bonville
î i P. Pari

[1.5 |F . Williams
2 I R. Bidaux
0.5 ! F. Williams

! Ï | H. Glattïi/J.F. Jacquinot
j 1

| ï
M. Ocio
Ph. Debray

Name 1 institute months invited by
1998
ANANIKIAN Nerses Armenia (Erevan Institute of Physics)
B ASSOU Mohamed 1 Tunisia (University of Tunis)
EVANGELOU Spiro
GAAL Richard
GHULGHAZARYAN Ruben

HETHERINGTON Jack
MIKHAILOV Gennady
MIYAKO Yoshihito
MONTAGNE Raul
MUSETTE Micheline

Greece (University of Ioannina)
Hungary (Budapest Technical University)
Armenia (Erevan Institute of Physics)
U.S.A. (Michigan State University)
Russia (Chernogolov University)
Japan (Osaka University)
Uruguay (Univ. de la Republica, Montevideo)
Belgium (Vrije Universiteit Brussel)

NAKANISHI Hiizu | Japan (Kyushu University)
NEDYALKOV Michail ! Bulgaria (University of Sofia)
OLEINIKOVA Alia ! Ukrainia (University of Kiew)
RAMS Michat i Poland (University Jagiellonian, Krakow)
RASMÙSSEN Finn Berg j Danmark (Nieis Bohr institute, Copenhagen)
ROTTER M i j o s | Tchèque Republic (University ST Charïe of Prague)
TABATA Yoshikazu I Japan (Osaka University)

1
2
0.5
12
1
4
0.75

ï
2
2

T~
9
10
1

ï
0.75
6

M. Roger
M. Chapellier
J.L. Pichard
F. Williams
M. Roger
M. Roger
D. Estève
J.M. Hammann/M.Ocio
H. Chaté
R. Conte
H. Chaté
J.J. Benattar
M. Bonetti
P. Bonville
C. Fermon
P. Pari
O. Ocio
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TEACHING AND TRAINING
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Teaching activity in universities or « grandes écoles »

Name
P. Bonville
S. Bottin
S. Bottin
S. Bottin
J.-P. Bouchaud
J.-P. Bouchaud
D. L'Hôte
M. Chapellier
M. Chapellier
T. Charpentier
H. Chate
J. Chave
A. Chiffaudel
R. Conte
R. Conte
J. Daillant
0. Dauchot
M.A. Dubois
C. Fermon
P. Forget
C. Fradin
C. Fradin
C. Godrèche
P. Guenoun
P. Guenoun
P. Guenoun
L. Laurent
M. Ocio
P. Pari
J.L. Pichard
M. Roger
V . Viallet-Guillen :

E. Vincent
X. Waintal !

Organism
ECI
Paris VII

ENS Cachan
ENSTA
UNI
ENS
REC
REC
Paris VI/INSTN
Paris XI
Polytechnique
ESPCI
ESPCI
ESPCI
ESPCI
ENS
« Ponts et Chaussés »
Centrale
PENS
IUT Versailles
Classes prépa.
ISEP
Cergy-Pontoise
ISEP
Paris XI
X-ENS Cachan
Paris XI
IUT Versailles
IUT Versailles
CEA-SPhT
Sup. Elec
Paris XI
Paris VI
ESPCI

Topic | Level8 Period
Physics of condensed state 2 109/96-12/96
Linear algebra

Fluid mechanics

Chaos, instabilities and turbulence

1 103/97-03/97
i 04797-66/97

12 '97-98
Physics of condensed state 1 3

Statistical physics j 3

Instrumentation

Instrumentation

Instrumentation, physics of condensed state

Physics

Spatio-temporal disorder

3

01/96-05/96
03/98-05/98
11/96

3 \ 11/96
3
1

I3
Mathematics probability et statistics f 2

Statistical physics i 2

Mathematics j 2

Applied mathematics f 2

10/97-01/98
09/97-12/97

01/98-04/98
96-98

03/96-05/96
03/98-04/98

Physicsof soft cond. matter and of interfaces \2 196-98

Applied fluid dynamics | 2 ! 96 -98

Plasma physics f 3

Statistical physics and thermodynamics | 3

Cryogenics i 2 - 3

96-98
10/97-06/98
12/97

General physics \{ 109/97-06/98
Optics 1 2

Applied mathematics, statistical physics 1 2 - 3

Non linear optics, Fourier optics

Capillarity and interfaces

Jury for admission

Magnetohydrodynamics

2

11/97-01/98
01/98-12/98
96-98

2 ! 02/98-04/98
2 |98
3 101/98

Squids : Principles and their use | 2-3 j 12/97

Cryogenics

Quantum transport and random matrix theory

Physics of condensed state

Chemistry and physics

Magnetic properties of nanoparticles

2 - 3 01/97
4 ) 10/96-12/96
2 | 10/97-12/97
1 02/98-06/98
3 105/98-06/98

Appiied mathematics j , 101798-04/98

! Hours

121
| 25
180
35/year
30
9
1
2
18
8
24/year
17
16/year
36
9
20/year
33/year
30/year
18
7
60
10
80
20/year
48

2
3
7
25
6
50
4
18

« Cycle universitaire ». The first two levels correspond to undergraduate students at university (level 1= the first two
years and level 2= the two last years at university or the « grandes écoles »). Level 3 corresponds to graduate students
i .e. the D.E.A. Level 4 corresponds to post graduate students and confirmed physicists
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P h D S t u d e n t s (thesis presented after January 1996)

Start iName (Supervisor at SPEC JTopic

09/94 F. Ott
10

10/93
•fô/93-

ÏO/9T

|P. Marcq

V. Bouchiat

jC. Fermon

"tSTciïâté
polarized neutron reflectivity

M. Devoret /D. Estève

T. Frohlich

10/93

Ï0/9T

C . Gourier

jC. Miramond

|S. Labrunie

Extended dynamical systems

Electronics with a single Cooper pair

[01/98
"_9/6'I796

D. Beysens

Î. Daiiiant

C. Fermon

R. Conte

jMicrogravity experiments in supercritical fluids

[Fluctuations and structures of amphiphilic films

Magnetic properties of submicron size dot arrays.

01/94

Ô7/94"

IP. Grousset P.Debray/D.C. Glattli

P. Faucon

09/94 S. Gueron

I-F.Jacquinot

M. Devoret 70. Estève

10/94 IE. Favre

10/94 jL. Saminadayar

10/94 |R. Sappey

10/94 ID. Sentenac

(Study of integrability of partial differential equations

IMesoscopic physics

30/09/96

3Ô7Ô9/96

"TÔ7Ô3/9T

1ÏÏ7Ï2/96"
09/01/97

[Long term behavior of a cement pastes

jQuasiparticles in a diffusive conductor

F.Daviaud

CvCGÏattïT

Convection in a fluid heated at its surface

{Quantum fluctuations in nanostructures

03/07/97

~|3Ï7Ô897~

136/09/97"'

E.Vincent

J.-J. Benattar

Dynamics of magnetic moment of nanoparticles

physics of black films

131/10/97

"^0709/97"

10/94

i0/94

|P. Sibille

TcTvâasT
p. Zalczer

|J. Hodges

nvestigation of critical adsorption by neutron scattering

-ocal induction in YBa2Cu3Û7^ by Mcissbauer spectro.

pO/09/97

"H7Ô1798"

10/94

16/94
ÏO/94

16/94

16/95

65/9T
16/95

16/95____

IM. Marcos-Martin |D. Beysens Optical measurements of dew condensation

Study and optimisation of ionisation-heat bolometers

|W. Poirier

! R. Cont12

|M. Sanquer

[31/12/97
. . _ _ . _ _ _ .

TJÏ7Ï0/97"
Statistical properties of chaotic extended dynamical systems p7/98

|J.-P. Bouchaud

Quantum interferences in conductors

I Statistical physics and finance

131/10/97

•761/98""fe
M. Campellone ij.P. Bouchaud

IS. Bottin

T. Charpentier

10/95
_____

|F. Daviaud/O. Dauchot

|C. Fermon

. Daviaud

V. Viallet-Guillen |D. Coison /J.-F. ivïarucco

Â.-S.Beya" F"

N. Mukolobwiez

Classy dynamics

[Transition to turbulence in the plane Couette flow

[High resolution NMR on quadrupolar nuclei in solids

Investigation of hydrothermal waves

Investigation on high Tc Hg based supraconductors

Quantum cristallisation of electrons

p4/98

IÏ9/06/98

'116/98
P9/06/98

'168761/98
111/98

12/95

12/95"

I. Domic

G. Rousseau

|C. Godreche

Kchate

Non equilibrium statistical mechanics

09/96

09796"

jP. Claudin J. P. Bouchaud

|C. Fradin

09/96 . Warin

J. Daiiiant

C. Fermon

10/96
_ _ _

_ _ .

jj. Chave

E. Le Caïionnec

F. Millet

10/96 R. Vocka

10/96

10/96
ôï/97"

(X. Waintal

[A. Baldassari

ÎS. De Toro Arias

03/97

10/97

16/97"

IF. Muller

Non linear dynamics

P8/98

1f2/98~

Stress propagation in granular matter

[nvestigation of small scale fluctuations at interfaces

Transport properties of a thin magnetic layer

M. Dubois

P.Bonviîîe

JJ. Benattar

Modeling of complex systems : tropical forests.

08/99
Ô9799"
_____

09/99

Transport of radionuclides in a cement matrix
. 3

D9/99

Confinement of macromolecules in black films P9/99

M. Dubois dynamic percolation and confinement of radionuclides.

J.L. Pichard (Interaction between electrons in a disordered medium

J. Ph. Bouchaud

Ï.L. Pichard

Ion equilibrium dynamics in disordered systems

jlnteraction between electrons in a disordered medium

J09/99

•J69/99

"p9799

05/01/98

P. Guenoun Micelles of charged copolymers

. Gamier IA. Chiffaudel Non linear waves in a thin ID or 2D fluid film

C. Gilles

10/97 F. Pierre

'. Bonville

. Devoret ID. Estève

Superparamagnetism of nanoparticles at low temperature

Interaction between electrons in mesoscopic metals

p3/00

•"'09799'"

""p/oo"
J09/Ô0

9 When the thesis is completed the date of defense is given.
10 Léon Brillouin Laboratory. One year interruption due to military service
11 LADHYX . Ecole Polytechnique
12 « Science et Finance »
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POST-DOCs in 1996/1998

Name
L. Gurevich
P. Fontaine
F. Giorgiutti
I. Safi-Taktak

L. Cugliandolo
K. Quinn
P. Schmitteckert

B. Kemmather
D. Weinmann
A. Schalchli
A. Kumar
C. Blanche
R. Hammida
S. Gray
E. Sheer

R.Gaal

0. Terzidis
N. Cuvillier
M. Goffmann
J. Burguette
A. Steinbach
G. Benenti

from
Russia
France
France
France
Argentina
Ireland
Germany

Germany
Germany
France
USA
France
Tunisia
U.K.
Germany

Germany

France

Argentina
Spain
U.S.A.
Italy

Year
1995-1996
1996-1998
1996-1997
1997-1998
1996-1997
1996

1996

1996
1996
1996-1997
1996-1997
1997
1997
1997
1997

1997-1998

1997-1998
1998
1998

1998-1999
1998-1999
1998-1999

Duration
15 months
24 months
24 months
24 months
24 months
12 months

12 months

9 months
12 months
24 month
24 months
12 months
9 months
12 months
12 months

24 months

12 months

12 months
12 months
18 month
12 months
24 month

Topic
Glassy properties of superconductors
Measurements on Soft Matter using an AFM
Collective behaviour of unstabled coupled jets
Interaction between electrons in disordered media
Theory of spin glasses
X surface scattering

Mesoscopic physics theory

Cryogenics detectors

Mesoscopic physics theory
Physics of black films
Quantum dots, shot noise
Investigation of ITO photodiodes using X rays
Môssbauer spectroscopy

Measurements using magnetic Kerr effect
Contact through a few atoms
Magnetically induced Wigner solid
Granular matter

Macromolecules and black films
Quantronics
Dynamo effect
Single Cooper pair electronics
Mesoscopic physics theory

Supervisor
M. Ocio
P. Guenoun
F. Daviaud
J.L. Pichard
J.-P. Bouchaud
J. DaiUant

J.-L. Pichard

D. L'Hôte
J.-L. Pichard
J.-J. Benattar
D.C. Glattli
J.Jf. Benattar
P.Bonville
C. Fermon
M. Devoret
F. Williams

J.-P. Bouchaud

J.J. Benattar

C. Urbina
F. Daviaud
M. Devoret
J.L. Pichard

Other status
Name

G. Romet-Lemonne (M)
M. Mazières (A)
T. Gauthier (A)

D. Popot (A)
C. Cordier (A)

S. Leroy (A)
V. Duplessy

[Year

[ 1997-1998
1 1995-1996
1 1997-1998

I 1997-1998

! 1997-1998
! 1997-1998
! Ï996-Ï997

1 Duration

! 12 months
24 months
24 monts

24 months

24 months

24 months
1 18 months

Study of supercritical water by neutron scattering

Image processing

Electronics
Image processing

Atomic force microscopy
X-ray optics
Secretariat

Supervisor

M. Bonetti
F. Daviaud

G. Francinet
F. Daviaud

P. Guenoun

J.-J. Benattar
R. Marciano

(M) Military service
(A) : « formation en alternance » i.e. Combined university and Internship programme
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Internship from universities or « grandes écoles » (1996-1997)

Name University or school Duration Supervisor
1996
BOS Stéphane
CHAUVE Pascal
CLAUDIN Philippe
ETCHEBARNE Thierry
HENOCQ Pierre
JOSEPH Adrienne
LE CALLONNEC Carine
LESOEURS Philippe
LOUISFERT Christophe
MAUGUIN Emmanuel

MOSCOSO Laura
MULLER François
PAHON Florence
PAQUOT Igor
REGNARD Patricia
RIOLLOT Philippe
ROMANO Hervé
SIRY Pierre
VOCKA Radim
WAINTAL Xavier

« Ecole Polytechnique »
« Ecole Polytechnique »
ENS Cachan
DEA «Fluids and transfers» Paris XI
« Maitrîse de physique » Paris XI
« Licence de Physique » Lyon
DEA Surfaces and interfaces University of Marne la Vallée
ENSI Caen
NFIO (engineer formation) Paris XI
DESS Paris XI
« Licence de Physique » Paris XI
DEA of physics of liquid Paris VI
FIUPSO (engineer formation) Paris XI
FIUPSO (engineer formation) Paris XI
ENSERB Bordeaux
« Licence de Physique » University of Cergy Pontoise
« Ecole centrale »
Maitrise de Physique » University of Versailles ST Quentin
« Ecole centrale »
« Ecole Polytechnique »

3 months
3 months
7 months
4 months
4 months
1 month
6 months
4 months
5 months
4 months
1 month
6 months
3 months
3 months
1 month
2 months
3 months
3 monts
3 months
1 month

M. Devoret
M. Devoret
J.-P. Bouchaud
F. Daviaud
C. Fermon
E. Vincent
P. Bonville
D. Colson
M. Chapellier
L. Laurent
JF. Marucco
J. Daillant
H. Glattli
C. Fermon
M. Marcos-Martin
J.F. Jacquinot
P. Bonville
M. Bonetti
M.A. Dubois
J.L. Pichard

1997
BENYOUNES-MAYMAR Cédric

BERNARD Florimond
BOUDAOUD Arezki

BOUVIER Laurent
DELFOSSE Laurent
DUMONT Jérôme
FLAMANT Cyril
GAUDIN Gilles

GILLES Catherine
GUYTON Glenn
HADACEK Nicolas
HALLEY David
LIGNAC Ludovic
MATHIEU Stéphane
MiNET Jérôme
NALIN Philippe
PAVAGEAU Ellen-Mary
PIERRE Frédéric
PORTIER Fabien

PUHA Ioana

REAL Wilfrid
RENARD Benjamin
SINTES Laurent
WEIL Raphaël

DEA of physics of solid state Paris XI
« Maitrise de Physique » Paris XI
« Ecole Normale Supérieure » and
DEA of physics of liquid Paris VI
DEA of theoretical physics
FIUPSO (engineer formation) Paris XI
DEA of physics of solid state Pans VI
« Licence de Physique » University of Neuville
Ecole Normale Supérieure Cachan and
DEA of physics of solid state Paris XI
DEA of physics of solid state Paris XI
IUTofVelizy
«Ecole Centrale»
DEA Fields, particles, matter, Paris XI
Société SORIMET
FIUPSO Paris XI
«Maîtrise science des matériaux» Paris XI
DUT Mesures physique IUT St Jérôme Marseille
« Maîtrise de physique » University of Versailles
DEA of physics of solid state Paris XI
« Ecole Normale Supérieure » and
DEA of quantum physics Paris VI
DEA of physics of solid state Paris XI
Ecole Centrale d'Electronique
Ecole centrale de Lyon
ENSEEI
« Licence de Physique » University Paris XI

1,5 months
1,5 months
4 months

1,5 months
3 months
1,5 months
1 month
2,5 months

1,5 months
2,75 months
4,25 months
1,5 months
5 months
3,5 months
3,5 months
2,5 months
2 months
1,25 months
1,25 months

1,25 months
6 months
5 months
1 month
2 months

M. Ocio
E. Vincent
L. Laurent

E. Vincent
M. Viret
DC Glatth
M Chapellier
G Deville

P. Bonville
C. Fermon
E. Vincent
M. Ocio
P. Pan
C. Fermon
P. Bonville
J. Daillant
P. Guenoun
M. Devoret
F. Williams

F. Williams
P. Pan
J.J. Benattar
M.A. Dubois
P. Guenoun
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Internships from universities or « grandes écoles » (1998)

1998
BENKEMOUN Brigitte
BERNARDT Sylvie
BERTIN Eric
BLOND Christophe
BONNEVILLE Eric
CRON Ronald
DONOHUE Patrick
DUPUIS Vincent
GABORIT Yan
GREGOIRE Guillaume
GUYOT-SIONNEST Emilie
HERISSON Didier
JOLY Frédéric
LEGROS Isabelle
LEYMARIE Edouard
LUCAS Sandrine
MANGEANT Fabien
—£•- Y^J^f Lémine
PECREAUX Jacques
PRIGENT Arnaud
QUIQUEMPOIX Vincent
RAIBAUD Sophie
RISLER Ronan
ROCHE Céline
RODRIGUEZ José
VILLAR Vincent

DUT Instrumentation Orsay
DEA of optics Paris XI and «Sup Optique»
«Ecole Centrale»
«Ecole Polytechnique»
DEA of theoretical physics » Paris XI
DEA of quantum physics Paris VI
DEA of quantum physics Paris VI
«Ecole Centrale» of Lyon
DEUST «Vacuum technology and cryogenics»
DEA «Fields, particles, matter» Paris VII
DUT of instrumentation Orsay
«Ecole Normale Supérieure of Cachan»
DEA «Fluids and transfers» Paris XI
«Maitrise» of chemistry Paris XI
«E.N.S de physique» of Grenoble
«Maitrise» of chemistry Paris XI
«Ecole Centrale»
DEA of statistical physics Cergy Pontoise
Ecole Polytechnique
DEA «Fluids and transfers» Paris XI
«Ecole Supérieure d'Electricité»
«Licence» of physical chemistry Paris XI
«Ecole Polytechnique»
FIUPSO (engineer formation) «génie des matériaux» Paris XI
DEA of quantum physics Paris VI
DEA of physics of solid state Paris XI

2,5 months
3,75 months
4 months
2,5 months
1,5 months
4,5 months
1,5 months
2 months
2 month
1,5 months
2,5 months
1,5 months
5 months
2 months
3 months
2 months
3 months
2 months
3 months
4 months
5,5 months
2 months
3 months
3 months
4,5 months
1,5 months

A. Braslau/C. Blot
J.J. Benattar
0. Dauchot
M. Devoret
L. Laurent
C. Urbina
M. Viret
E. Vincent
P. Pari
H. Chaté
P. Pari
M. Ocio
A. Chiffaudel
D. Colson
C. Fermon
D. Colson
L. Laurent
0. Dauchot
J.J. Benattar
D. Daviaud
D.C. Glattli
J. Daillant
M. Devoret
C. Fermon
D.C. Glattli
E. Vincent
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Present situations of former PhD and Post Docs of the SPEC

Name Thesis Topic Present situation
PHD

P. Marcq

V. Bouchiat

T. Frohlich

C . Gouner

C. Miramond

S. Labrunie

P. Grousset

P. Faucon

S. Gueron

E. Favre

L. Saminadayar

R. Sappey

D. Sentenac

P. Sibille

C. Vaast

29/01/96

31/12/96

30/09/96

30/09/96

10/03/97

11/12/96

09/01/97

03/07/97

31/0897

30/09/97

31/10/97

30/09/97

30/09/97

31/01/98

31/12/97

M. Marcos-Martini31/03/98

X.-F. Navick [31/10/97

W. Poirier

S. Bottin

N. Mukolobwiez

V. Viallet-Guillen

S. De Toro Arias

31/10/97

19/06/98

09/06/98

08/01/98

05/01/98

Extended dynamical systems

Electronics with a single Cooper pair

Microgravity experiments in supercritical fluids

Fluctuations and structures of films

Magnetic properties of submicron size dot arrays.

Study of integrability of partial differential equations

Mesoscopic physics

Long term behavior of a cement pastes

Quasiparticles in a diffusive conductor

Convection in a fluids heated at its surface

Quantum fluctuations in nanostructures

Dynamics of magnetic moment of nanoparticles

Physics of black films

Investigation of critical adsorption by neutron scattering

Local induction in YBa2Cu3O7-s by Môssbauer spectro.

Optical measurements of dew condensation

Study and optimisation of ionisation-heat bolometers

Quantum interferences in conductors

Transition to turbulence in the plane Couette flow

Investigation of hydrothermal waves

Investigation on high Tc Hg based supraconductors

Interaction between electrons in a disordered medium

Post doc in Japan, University of Kyoto

Perm. pos. at CNRS (Marseille)

Perm. pos. in a private company

Perm. pos. At CNRS (University of Pau)

Post doc at IEMN (Lille)

Post doc at DAM/DRIF

Perm. pos. in a private company

Perm. pos. at CEA (DSM/DRECAM)

Post doc at Cornell University (USA)

Perm. pos. in a private company

Permanent position at University

Post doc at UCSD (USA)

Post doc at T.U. Delft (The Netherlands )

Perm. pos. in a private company

Perm. pos. at CEA

Perm. pos. in a private company

Post doc at Santa Barbara (USA)

Permanent position at University

Post Docs

C. Blanche

P. Fontaine

F. Giorgiutti

I. Safi-Taktak

L. Cugliandolo

S. Gray

B. Kemmather

L. Gurevich

R. Hammida

A. Schalchli

A. Kumar

E. Sheer

K. Quinn

P. Schmitteckert

D. Weinmann

Investigation of 1TO photodiods using X rays

Measurements on Soft Matter using an AFM

Collective behaviour of unstabled coupled jets

Interaction between electrons in disordered media

Theory of spin glasses

Measurements using magnetic Kerr effect

Cryogenics detectors

Glassy properties of superconductors

Mossbauer spectroscopy

Physics of black films

Quantum dots, shot noise

Contact through a few atoms

X surface scattering

Mesoscopic physics theory

Mesoscopic physics theory

Perm. pos. in a private informatic company

Permanent position at CNRS (LURE)

Permanent position at University Paris XI

Permanent position at CNRS (Marseille Luminy))

Permanent position at University Paris VI/ ENS

Long term position in Sheffield

Long term position in Munich

Post doc in Leiden

(no contact)

Permanent position at University of Evry

Perm. pos. in a private company (USA)

Long term position at Karlsruhe

Perm. Pos. In a private company (Dusseldorf)

Perm. Pos. In a private company

Long term position at Augsburg University

Other status

M. Mazière (A)

V. Duplessy

1997

1996

Image processing

Secretariat

Image processing in private companies

Works in a private company
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Further education for personnel of the SPEC

Related to CEA
(Newly recruited, promotion, retirement)

Preparation to find a position

Safety (rescue, electricity, laser)

Physics (Summer schools)

Technology

French langage

Physicists

11

1

7

5

Technicians

7

16

13

Non permanent
staff

-

2

2

11

13

2
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Links with industry or applied research

Links between the research developed at SPEC and applications are of three types:

1) If most SPEC research themes are of a fundamental nature, several topics are carried out in a long term industrial
perspective.. Examples of such links are shown for:
• Nanometric size device which could be used for electronics (for example single electron systems)or mass

storage purposes,
• the use of quantum interference for fast analogue to digital converters (ESPRIT EU project starting in 1998

with Thomson CSF and Alcatel-Espace as potential end-users)
• studies on polyelectrolytes which are expected to play a growing role in industry since they allow the use of

water as a solvent.
• the use of theoretical models developed in the context of condensed matter for ecosystem simulation (through

the GDR Ecofit), or for finance modelling...

2) On the other hand, there are several examples where techniques developed at SPEC can be directly used for some
applications. Frequently, such applications are developed through a tight collaboration with applied research divisions of
CEA
Examples are observed in:
• NMR , this technique being used to investigate the long term evolution of concrete for nuclear waste storage
• Hydrodynamics: There has been in the past years two contracts, one for identification of turbulence zone by image

recognition techniques, and more recently the hydrodynamics of liquid metal bath has been studied.
• x-ray reflectivity used to analyse organic photodiods.
• the use of the very "pure" physical systems obtained for "ultimate" metrology. Examples are the single electron

transistor for current measurement or the quantum hall effect to get an absolute resistance standard. One of the
physicists involved in this research acts as a member of the Scientific Council of the " Bureau National de la
métrologie "

3) Finally, in some cases a direct link was established with industry giving rise to a technological transfer. Two cases
were particularly illustrative these last years:
• The skill developed at SPEC to build an easy-to-use and performing dilution refrigerator (5mK with a power of up

to 100 jiW) is being transferred to the SME company, SORIME.
• A condensation captor based on an optical technique has been developed in collaboration with the LFB

(Laboratoire français du fractionnement et des biotechnologies) for potential use in medical sterilisation. A patent
has been deposited.
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Science Popularisation

Exhibition and/or conferences
Science en fête : Saclay 1996
Science en fête : Orme des Merisiers 1997

Festival des passions technologiques » Bourges 1998

Salon de la physique Porte de Versaille 1996

Salon de la physique Porte de Versaille 1997
Entretiens de la physique : Paris 1997
Conferences for physics teachers and visit
Orme des Merisiers 1997

Transition to chaos : A. Chiffaudel, F. Daviaud, B. Ozenda
Organisation (D. Colson).
Radioactivity (M. Chapellier),
Chaos (F. Daviaud)
Superfluid helium (P. Pari and F. Forget)
Granular matter (P. Claudin)
Surfactants (A. Braslau and G. Zalczer)
Transition to chaos (F. Daviaud, C. Lecointe)
Radioactivity (M. Chapellier)
Transition to chaos (A. Chiffaudel, F. Daviaud, O. Dauchot, L.Laurent)
Dew condensation (M. Marcos Martin)
« Ateliers SFP » (Physics exhibition ) A. Chiffaudel
Transition to chaos : F. Daviaud
(Organisation P. Guenoun)
Transition to chaos : F. Daviaud
Nanophysics : D. Esteve
Theory : J.P. Bouchaud
Magnetic structures : C. Fermon

Television/radio
France Culture « La science et les hommes »
Canal + « Nulle part Ailleurs »
LCI

« Pluridisciplinarity in science »
Coupled oscillators and earthquakes (F. Daviaud, F. Giorgiutti)
Nanotechnologies (M. Devoret)

Journal articles
Eurêka

Pour la Science N° 238, 26 (1997).

Le Monde (14 Mars 1995).
Special issue of Tour La Science' about
randomness (Mars 1996).
La Tribune, Novembre 1997.
Pour la Science N 241 p. 24 (1997)

0. Avenel, "Qu' est-ce que le zéro absolu ? Existe-t-il une température
limite dans le sens inverse (chaleur)" Eurêka n° 17, (1997).
Avenel 0., Varoquaux E., "Gyromètre superfluide. Un anneau hélium
superfluide pour mesurer la vitesse de rotation de la Terre."
J.P. Bouchaud, «Les marchés dérivés: pour une pédagogie du risque.
J.P. Bouchaud, Ch. Walter « Les marchés aléatoires »

J.P. Bouchaud, M. Potters, Un prix Nobel d'économie sans risque
Glattli C , Saminadayar L., Jin Y." Un tiers d'électron : première
observation directe de charges fractionnaires"

Young students
Science en fête : Orme des Merisiers 1997
Conferences and visit for group of young students
Days « CEA-jeunes 1996 »
Two days with young students
Days « CEA-jeunes 1997 »
Two days with young students
One week with young students (15 years old )

Organisation D. Colson. Physics of condensed matter (L. Laurent),
bubbles (J.-J. Benattar), superconductivity (GL), laboratory visit (D.C. Glattli)

Mossbauer spectroscopy (P. Bonville) Cryogenics (P. Pari),
Image processing (L. Laurent), Nanolithography (D. Esteve)

Convection: (A. Chiffaudel, L. Laurent)

Deal Samuel : 1 week in 1996 (F. Daviaud)
De Dominicis Florence : 1 week in 1996 (G. Le Bras)
Anmella Xavier : 2 week in 1997 (R. Tourbot)
Freydier Emmanuel : 1 week in 1997 (L. Laurent)
Ocio Claire : 2 week in 1997 (R. Tourbot)
Wenger Eric : 1 week in 1997 (D. Colson)
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Organisation of meetings

1996
« Aging in complex systems »

Statistical physics summer school
« Low temperature detectors »
NATO ASI Meeting « Chaos and turbulence »

1997
School on neutron and X-ray reflectivity
Statistical physics summer school
NATO ASI Meeting « Turbulence and mixing »

Advances in Single electronics (SETTRON)

1998
Journées Pierre Berge

Orme des Merisiers
Beg Rohu
Aussois
Cargèse

Marseille Luminy
Beg Rohu
Cargèse
Saclay

Orme des Merisiers 16-17 march

j J. Hammann
! C. Godrèche
I M. Chapellier
! H. Chaté

J. Daillant
C. Godrèche
H. Chaté, G. Rousseau
M.Devoret/D.C. Glattli

1 Monique Dubois, F. Daviaud, J.Hammann, L. Laurent

Books

Bouchaud J.P., Potters M., "Théorie des risques financiers, portefeuilles, options et risques majeurs", Aléa-Saclay (1997)

Daillant J., Guenoun P., Marques C, Muller P. and Tran Thanh Van J., eds., « Short and long chains at interfaces » published in
"Proceedings of the XXXth Rencontres de Moriond Series: Moriond Condensed Matter Physics", Villars sur Ollon, Switzerland,
Jan. 21-28, 1995 (Editions Frontières)

H. Chaté , J.M. Chomaz, E. Villermaux eds., Proceedings Cargèse meeting on turbulence and mixing Plenum New York 1998

H. Chaté, M. Courbage eds. « Lattice dynamics » special issue of Physica D Vol 103, N°l-4 (1997)

Hydrodynamics and Non linear Instabilities, Godrèche C. and Manneville P . Editors, Cambridge University press 1998
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