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FOREWORD

This year, we adopt a new presentation of the activities of the Laboratoire Léon Brillouin (LLB), which
emphasizes the scientific highlights and the more recent developments accomplished both by the
researchers of the laboratory and by external users.
The LLB is a laboratory dependent both on the Centre National de la Recherche Scientifique (CNRS) and
the Commissariat à l'Energie Atomique (CEA). It has been created with a triple purpose :

a) to be a large national facility where neutron scattering experiments proposed by external users can
be realised in the best conditions,
b) to train young researchers, in particular, giving the opportunity of preparing PhD thesis essentially
based on neutron scattering techniques and instrumentation,
c) to have its own research activity based on the work of permanent or semi-permanent groups
having a coherent organisation of their research activities, centred on the use of neutron scattering.
Certainly, the three types of activities largely overlap each other, and the scientific evolution of the
laboratory since its creation shows that it adapted constantly to the more recent developments both
in research and in technology. It is even such overlap that originates some original studies based, for
example, in new instruments or in extended researches less compatible with short time periodic
applications.

It is worth mentioning in this context the various relations established with several partners in France and
in many European countries. In particular, the participation of the LLB to the Large Scale Facilities
Programme of the European Union increased substantially the number of European users since 1993. As a
consequence, the LLB is recognized as one of the best medium flux neutron sources of the world.
The following pages illustrate some of the activities of the LLB. The report focuses mainly on the research
activities performed, totally or in collaboration, by the teams of the laboratory, but it shows as well some
highlights of experiments totally performed by external users. The examples are far to be exhaustive and
cannot cover all the domains of research studied by neutron scattering. Other reports summarize the
ensemble of the activity performed at the LLB.
The LLB, the only French national neutron scattering facility, benefits of the quality of one of the most
recent neutron sources in the world, almost exclusively dedicated to research and run in a remarkable way
by the Commissariat à l'Energie Atomique. In this way, the LLB can ensure the important responsibility of
keeping alive and active a large community of researchers in many different domains, for whom neutron
scattering represents an essential tool of research. This large community of French users issued from
Physics, Chemistry, Biology, Geophysics and Material Sciences is aware of the importance of this neutron
source and its 25 spectrometers.
We believe, with others, that neutron scattering will develop still more in France and in Europe as one of
the major techniques of fundamental and applied research and that the LLB will continue to occupy, in the
future, a central role in this development.

José Teixeira Charles-Henri de Novion
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PRESENTATION OF LLB

The Laboratoire Léon Brillouin (LLB) is a facility that depends on both the Commissariat à l'Energie Atomique
(CEA) and the Centre National de la Recherche Scientifique (CNRS). Its aim is to carry out fundamental and applied
research in the field of condensed matter using neutron beams supplied by the reactor Orphée.
As a national laboratory, the LLB facility is opened to external users (via a written proposal and Selection Panel
procedure), coming in priority from french laboratories, but also to some extent from foreign countries (mainly of
European Union and Central and Eastern Europe).
The LLB both carries its own scientific research programme covering different fields of condensed matter physics,
and collaborates closely with many scientists of the french and foreign communities, coming mainly from
fundamental research laboratories, but also from applied research and industry. The synthesis of activities and the
highlights presented in this Report, as well as the list of publications (more than 250 per year), show that the
ensemble of research performed at LLB encompasses a very large scientific domain, in physics, chemistry, biology,
materials science and geosciences.

The reactor Orphée and the LLB instruments
Orphée (which operates since december 1980) is the most recent and the highest flux medium size reactor, especially
designed to produce thermal neutron beams for fundamental research. It is managed by the Direction of Nuclear
Reactors of CEA.
Orphée has a very compact highly enriched 235U - 34% Al core, a heavy water reflector and a light water swimming
pool.
The variety of problems studied by neutron scattering requires a neutron wavelength (and energy) distribution as
broad as possible : small wavelength to explore a large volume of the reciprocal space for atomic structure
resolution, large wavelength (and therefore low energy) to study large scale structures up to a fraction of µm and to
perform high resolution energy spectroscopy (neV to meV scale). This is solved by local thermalization of 3 neutron
beams by a hot source (heated graphite, 1400 K), of 8 others by two cold sources (liquid hydrogen, 20 K), the 6
remaining ("thermal" beams) being thermalized at the temperature of the D2O moderator (300 K). This makes
available incident neutrons of any wavelength ranging from 0.5 to 15 Å. 6 cold neutron beams are distributed in a
guide hall via neutron guides. The design of the 9 horizontal neutron beam tubes (which point tangentially towards
the core) and of the 6 curved neutron guides, has allowed to considerably reduce the background due to fast neutrons
and γ-rays coming from the reactor, and to optimize the signal-to-background ratio measured on the spectrometers.
The Orphée reactor is maintained at the best possible working order and safety requirements : in 1997, the zircaloy
housing core has been replaced; the safety authority undertook a detailed examination of the reactor, and declared
itself quite satisfied with it.
A layout of the reactor hall and the neutron guide hall instrumentation is shown in the joined figure. The
characteristics of the 24 neutron scattering instruments opened to external users are given in Table 1. Two other new
instruments (a small-angle diffractometer with polarized neutrons "PAPOL", and a neutron resonance spin-echo
spectrometer in G1bis, see below) will be partly opened to users at the next Selection Panel.
In addition to neutron scattering, a part of Orphée reactor activity is devoted to other utilizations : non-destructive
testing by neutron radiography, chemical analysis by neutron activation, irradiation of silicon for the industry and
elaboration of isotopes for medical use. These activities are not described in the present Report.

Collaborations
Several collaborations with other countries, particularly European, have been developed, and the international
character of the laboratory appears clearly in the large number of publications where, for example, several
researchers (worldwide) appear as co-authors. The LLB is consequently an ideal place for the exchange of scientific
ideas and for the establishment of collaborations.
Among the international collaborations, it is worth mentionning some particularly intense and fruitful ones.

1) Germany. An agreement exists since 1979 with the Kernforschungszentrum of Karlsruhe, following the
CRG principle. It concerns two spectrometers : the triple-axis 2T and the 4-circles 5C2. The latter is supervised by
the University of Aachen (prof. G. Heger). Two german physicists and one technician work on a permanent basis at
LLB.
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The Technical University of Munich has built between 1995 and 1998 a spectrometer of the resonant spin-echo type;
one physicist is supported by this University.

2) Austria. Since 1980, a 3-axis spectrometer works also in the conditions of a CRG. This collaboration was
initiated by Prof. O. Blaschko, unfortunately deceased in 1997. The responsibility of the scientific programme is now
assumed by Prof. P. Fratzl (University of Leoben) and Dr. G. Krexner (University of Wien), and one physicist is
permanently at LLB.

3) Italy. One of the largest users, Italy established an agreement with LLB that corresponds to a financial
participation. Another agreement concerns the renewal and the utilisation of the diffractometer DIANE (G5.2), that
studies residual stresses in the field of materials science.

4) Russia. Three agreements of scientific collaboration have been signed in 1994 by the CNRS and the CEA
with the Petersburg Nuclear Physics Institute of the Russian Academy of Sciences, the Kurchatov Institute at
Moscow, and the Joint Institute of Nuclear Research at Dubna.
A new diffractometer for the study of the structure of powders at high resolution, built at Gatchina, is now at LLB
(in G4.2 in the guide hall), where it has been inaugurated in 1997 (see photographs).

5) Hungary. A collaboration has been established with the Neutron Physics Department of the Research
Institute for Solid State Physics at Budapest (Prof. L. Rosta).

6) Other international operations concern Morocco, Korea and China.

The LLB continues also a very fruitful collaboration with the Institute Laue-Langevin (ILL), namely in the domain
of instrumentation, in particular on the elaboration of polarizing Heusler single crystals.
It participates also (since july 1998) in the pool that uses as a CRG the backscattering spectrometer IN13 at ILL,
mostly used for biological studies.

Finally, in the international domain, the LLB benefits since 1993 from the funds of the "Large Scale Facilities"
access programmes ("Human Capital and Mobility" (1993-96) and "Training and Mobility of Researchers" (1997-
2000)) for the countries of the European Union and associated states, extended in the case of HCM to PECO
countries. Within this frame, the LLB participates in the network XENNI (The 10-Member European Network for
Neutron Instrumentation).

Undertaking an important role in the training of young scientists, the LLB participates in the european course
HERCULES, organises and participates in many workshops, schools, educational meetings, and organises visits of
its installations. Some of the visits, during specific days, are adressed to a more general public.

The tables and statistics shown at the end of this Introduction (list of LLB staff, of long-term visitors and post-docs,
and of PhD students) and in the chapter "Experimental Programme and User Activities" give a numerical idea of the
ensemble of the activities. Even non exhaustive, they show how much the LLB is a tool used by several hundreds of
researchers and students coming from many different places and disciplines. More than the numbers, the scientific
production, as mirrored by the list of publications, shows the richness of the research activity, and the devotion of all
the staff : permanent researchers, engineers and technicians of LLB and Orphée, administrative staff, associated
researchers, post-docs and PhD's. It is due to their work and competence that the LLB can be considered among the
most recognised places for neutron scattering research.
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Inauguration of the high-resolution powder diffraction built in Gatchina
and installed in the guide hall (G4.2) of Orphée Reactor

June 12, 1997

Standing from left : J. Rodriguez-Carvajal, C.H. de Novion, F. Bourée, G. Pépy, V. Nazarenko, J. Teixeira,
Sitting : A. Kurbakov, T. Roisnel

The party !
From left : A. Goukassov, C.H. de Novion, V. Nazarenko, A. Kurbakov
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List of LLB instruments scheduled for external users

3T2

G4.1

G4.2

MICRO
(G6.1)

6T1
DIANE
(G5.2)

5C1

5C2
6T2

7C2

G4.4

PACE
(G1.1)
PAXY
(G2.3)

PAXE
(G5.4)

Powder diffractometers
"Thermal neutrons" 2-axis (20 detectors) high resolution, mainly for nuclear
structure determination
"Cold neutrons" 2-axis (multidetector 800 cells) high flux, mainly for
magnetic structure determination
"Cold neutrons" 2-axis (7x10 detectors) high resolution, for structure
determination on polycrystalline samples with large unit cell.
"Cold neutrons" 2-axis (multidetector 400 cells) with long
wavelength (~5Å) and high flux, for the study of very small powder
samples (<1 mm3). Very high pressure cell available (40 GPa).

Diffractometers for material science studies
"Thermal neutrons" 4-circle for texture determination
"Cold neutrons" 2-axis for internal strain mapping in bulk
samples with spatial resolution ~ 1 mm3.

Single crystal diffractometers
"Hot neutrons" 2-axis with lifting arm, polarised neutrons, magnetic field
(8 Tesla) for spin-density maps determination
"Hot neutrons" 4-circle for nuclear structure determination.
"Thermal neutrons" 2-axis, lifting arm and 4-circle, mainly for magnetic
structure determination. 12 Tesla magnetic field available

Diffuse scattering instruments
"Hot neutrons" 2-axis (multidetector 640 cells) for local order studies in
liquid or amorphous systems. Cryostat and furnace available (1.2K to 1300°C).
"Cold neutrons" 2-axis (48 detectors, elastic/inelastic discrimination by
time-of-flight technique) for local order studies in single crystals. Furnace
available (1400°C).

Small-angle scattering instruments
"Cold neutrons" (annular detector, 30 rings) for study of large scale structures in
isotropic systems (mainly polymers and colloids).
"Cold neutrons" (X-Y detector, 128x128 cells) for study of large-scale structures
(10 to 500 Å) in anisotropic systems (polymers under
stress, metallurgical samples, vortex in superconductors ... ).
"Cold neutrons" (X-Y detector, 64x64 cells) for multipurpose
studies of large scale structures

DESIR
(G5bis)
EROS
(G3bis)
PADA
(G2.4)

1T

2T

4F1

4F2

G4.3

MIBEMOL
G6.2

MESS
(G3.2)

Reflectometers
"Cold neutrons" reflectometer operating in time-of-flight mode
(X-Y multidetector 128x128 cells) for horizontal samples (liquids).
"Cold neutrons" reflectometer operating in time-of-flight mode for multipurpose
surface studies.
"Cold neutrons" reflectometer with polarised neutrons and
polarisation analysis for the study of magnetic layers.

Triple-axis instruments
"Thermal neutrons" high-flux 3-axis instrument with focusing monochromator
and analyser, mainly devoted to spin-waves and magnetic excitations
studies (1.5 to 80 meV).
"Thermal neutrons" high-flux 3-axis instrument with focusing mono-
chromator and analyser, mainly devoted to phonon dispersion curves
measurements. Very high pressure cell (100 Kbar) available.
"Cold neutrons" high flux 3-axis instrument with double monochromator
and analyser, mainly devoted to the study of low-energy (15µeV to 4meV)
magnetic excitations. Polarised neutrons and polarisation analysis option available.
"Cold neutrons" high-flux 3-axis instrument for the study of low-energy
excitations (e.g. soft modes) or modulated structural studies in single
crystals.
"Cold neutrons" high resolution and low background 3-axis instrument,
mainly devoted to elastic diffuse scattering studies.

Quasi-elastic instruments
"Cold neutrons" high resolution (~15 µeV at 10Å) time-of-flight
instrument for the study of low energy excitations, mainly in disordered
systems.
"Cold neutrons" small-angle high resolution spin-echo instrument, for the study of
slow dynamics (Fourier time ~40 ns) of disordered matter (movements of large
molecules in biology or physical chemistry, relaxation of magnetic moments).



15

SCIENTIFIC HIGHLIGHTS

Induced spin density map in the ferromagnetic
chain compound MnNi(NO2)4(en)2

The Italian-French strain scanner installed at the
Orphée reactor

Displacement patterns for six different
eigenmodes of the C60 molecule.
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MMAAGGNNEETTIISSMM  AANNDD
SSUUPPEERRCCOONNDDUUCCTTIIVVIITTYY

The  research related to magnetism is progressing steadily as shown by the number of new pertinent results of high
quality at the international level and the large number of scientists involved coming from the Laboratoire Léon
Brillouin and from other national and international laboratories. Let us mention as an example the "hot" result
obtained recently which concerns the new rather unexpected discovery of strong incommensurate magnetic
fluctuations in the ruthenate Sr2RuO4 (brother compound of the cuprate La2CuO4), a potent candidate for p-wave
superconductivity.
The field covered is rich and in constant evolution with emergence of new subjects (spin ladders, ruthenates). The
activities can be grouped into several  subfields :
The first one (the largest) is entitled Strongly Correlated Electron Systems. After having got a strong impulse from
the physics of high Tc cuprates, it progresses rapidly and becomes more unified. It includes the Mixed Valence and
heavy fermions rare earth compounds, the Low Dimensional systems (spin Peierls system CuGeO3 and spin ladder
compound (Sr,Ca)14Cu24O41), the "colossal magnetoresistance" Manganites, and naturally the High Tc Cuprates
(and related materials such as the ruthenates).
The second one is the Molecular Magnetism developed in collaboration with the Chemistry group of O. Kahn at
Bordeaux University.
The third one concerns Magnetic Nanostructures, a rapidly progressing theme which includes small agregates,
superlattices and thin layered nanostructures.
The activity concerning Magnetism in the frustrated Laves hydrides RMnHx is rising rapidly .
Finally magnetic structure determination in various families of d and f intermetallic compounds constitutes an
important activity in collaboration with several Solid State Chemistry Laboratories.

1. STRONGLY CORRELATED ELECTRON SYSTEMS

There are mainly two classes of strongly correlated electron systems : the rare earth (actinide) systems where the
localised f electrons are strongly interacting with themselves and with the conduction electrons, and the d electron
oxides where the d electrons are strongly interacting. Because of the strong interactions, Mott insulator-metal
transitions are expected, new magnetic properties are obtained and Fermi liquid behavior of metals may break down.
These strong interactions can lead to new types of superconductivity,  charge and spin orderings. Neutron scattering
is a good tool to study the new orderings and the fluctuations in their vicinity or at low dimension when ordering is
suppressed and replaced by a spin liquid phase. This field is rapidly expanding both experimentally and
theoretically. LLB takes part in this adventure.

1.a Mixed valence and Kondo systems (J.-M. Mignot)
This activity is developed by J.-M. Mignot together with postdocs in collaboration with French groups in Grenoble
(Boucherle, Fak, Schweizer, Givord), a Russian group at Kourchatov Institute in Moscow (Alekseev, Clementyev,
Goncharenko) and two Japanese groups, one at Tohoku University Sendai (Matsumara, Suzuki) and one at Tokyo
Metropolitan University (Kohgi, Iwasa).

Antiferroquadrupolar order in TmTe
The most interesting result obtained in collaboration with the Japanese group at Sendai and with a postdoc (P. Link)
is the determination by neutron diffraction of antiferroquadrupolar long range ordering in the mixed valence
compound TmTe. This determination is indirect. Detailed information of the ordered state of quadrupolar moments is
derived from the symmetry properties of the response to an applied magnetic field.

Mixed valence systems
In mixed valence systems such as Yb4As3 or Sm3Te4, the rare earth ion is not fluctuating between two valences but is
either in one valence state or in the other. The number of ions in each valence state is fixed by charge neutrality. At
low temperature, charge ordering occurs in Yb4As3. The ions with the valence corresponding to a magnetic ion
order along one-dimensional chains which then behave as spin 1/2 Heisenberg antiferromagnetic chains. The
excitation spin fluctuation spectrum has been studied by inelastic neutron scattering and the expected two-spinon
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continuum spectrum has been recovered (in collaboration with the Tokyo Metropolitan University japanese group
(Iwasa, Kohgi)).
In the other mixed valence system Sm3Te4, it seems that the different valence ions are not ordered even at very low
temperature, but could form a charge glass with magnetic properties reminiscent of a spin glass of a new type
(collaboration with Grenoble group : Boucherle, Givord, Schweizer).

Kondo  systems
YbB12 is known to behave as a Kondo insulator with a small charge gap seen by photoemission. Neutron inelastic
scattering on a powder sample have revealed a complex excitation spectrum with a well defined spin gap.
In heavy fermion systems (Kondo lattice) the border between the magnetic phase and the non-magnetic one is marked
by the presence of a T=0 quantum critical point (QCP) which may be responsible for non-Fermi liquid behavior.
The vicinity of such a QCP has been studied by inelastic neutron scattering in Ce1-xLaxRu2Si2 with x close to .1
(collaboration with S. Raymond, L.P. Regnault, B. Fak (CENG)). The behavior seems to be different from another
well studied compound Ce(Cu1-xAux)6 (Schröder)

1.b Low Dimensional systems
The renewal of interest in low dimensional systems is stimulated by the physics of high Tc cuprates for which the
active electrons are located in D=2 dimensional CuO2 planes and where pseudogap and non-Fermi liquid phenomena
have been observed in the normal state, which are reminiscent of low dimensional electron systems (Luttinger liquid).
Two quasi one-dimensional systems have been studied : the spin Peierls system CuGeO3 and the spin ladder system
(Sr,La)14-xCaxCu24O41.

Spin Peierls system CuGeO3

(M. Braden, B. Hennion, M. Ain (LLB), G. Dhalenne and A. Revcolevschi (Laboratoire de Chimie des Solides
d'Orsay))
In this quasi one-dimensional system, the spin-Peierls dimerisation structural transition is based on the spin-phonon
coupling. This aspect has been investigated in LLB for recent years by M. Braden. Contrary to the usual view which
assumes an adiabaticity with fast magnetic excitations and slow phonons (soft modes), the situation has been shown
to be the opposite. There are no soft modes, the phonons become harder so that there is non-adiabaticity. The spin
excitations are slow and the phonon modes fast so that non-adiabaticity leads to a new effective spin Hamiltonian.
This could explain (P. Pfeuty) the recently discovered new excitation by inelastic neutron scattering just above the
two spinon continuum and independently of the spin-Peierls transition.

Spin Ladder system (Sr,La)14-xCaxCu24O41

(L.P. Regnault (CENG), H. Moudden (LLB), J.E. Lorenzo (Laboratoire de Cristallographie de Grenoble)).
2-3-n legs ladders are one-dimensional systems which become closer to two dimensions when n becomes large. Such
systems may constitute a link between one and two-dimensional electron systems and thus help to better understand
the high Tc cuprate two dimensional physics. (Sr,La)14-xCaxCu24O41 is a doped two-leg ladder system which becomes
superconductor under pressure. The magnetic excitation spectrum has been studied by neutron scattering with clear
evidence of a singlet-triplet excitation. Measurements as a function of doping show that the spin gap does not vary
with doping. Experiments under pressure in the superconducting phase are expected soon. The samples are prepared
by the Laboratoire de Chimie des Solides in Orsay (A. Revcolevschi)

1.c Manganites.
The oxides of perovskite structure with Mn ions have recently attracted a strong interest due to the discovery of a
giant negative magnetoresistance. The doping of the family RMnO3 (R: lanthanide) with divalent ions introduces
holes in the d band that give rise to interesting interrelated magnetic, transport and structural properties.
Three projects are actually developed :

Inhomogeneities and magnetic excitations in La1-xCaxMnO3

(M. Hennion, F. Moussa, G. Biotteau [PhD student])
Pure LaMnO3 is an insulator with a well defined antiferromagnetic structure at low temperature. When hole doping
reaches a certain threshold around x=.3, the system becomes metallic and ferromagnetic and acquires new interesting
transport properties. In order to understand this state, it is interesting to approach it from the low doping side
0<x<.2. New unexpected properties have been discovered, some of which are not yet understood.
First, new well defined low energy excitations have been discovered from inelastic neutron scattering studies on
single crystals (prepared by the Laboratoire de Chimie des Solides in Orsay).
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Secondly, from small angle neutron scattering, magnetic inhomogeneities  have been identified and characterized.
These could be associated with charge inhomogeneities which are the object of much debate in the scientific
community.
The same phenomena have been observed in the brother compound La1-xSrxMnO3.
Parallel studies (structural Jahn-Teller transitions) have been pursued on the same samples (J.Rodriguez-Carvajal).

Charge ordering phenomena
(J. Rodriguez-Carvajal, A. Daoud-Aladine [PhD student])
For specific doping elements and specific concentrations of these dopants a charge ordered state can be realized.
This is the case for Pr.5Ca.5MnO3 and Nd.5Ca.5MnO3 which have been studied by neutron diffraction to reveal
charge orderings (single crystals were grown by the Laboratoire de Chimie des Solides at Orsay). New experiments
are planned with Ca replaced by Sr.
Another project leaded by C. Martin (Crismat-Caen; collaboration LLB: G. André, F. Bourée) deals with the
relations between the nuclear and magnetic structures of some GMR manganites and their associated macroscopic
(magnetic, transport...) properties. For the family Pr0.5Sr0.5-xCaxMnO3 (0<x<0.5), the complete nuclear and magnetic
phase diagram has been obtained from neutron powder diffraction showing the influence of the A cation size on the
magnetic properties of the compounds. The influence of the doping on the Mn site on the charge and orbital ordering
of the Pr0.5A0.5Mn1-xMxO3 (A=Sr,Ca; M=Cr,Al; x=0.05) compounds has been studied for Cr and Al doping.

1.d Magnetism and Superconductivity in cuprates and ruthenates.

High  Tc  cuprates
LLB Neutron group (Y. Sidis [new CNRS recruitment], P. Bourges, D. Petitgrand, B. Hennion, M. D'Astuto [PhD
student]), LLB Crystallogenesis group (G. Collin, P. Gautier-Picard [Postdoc], L. Manifacier [PhD student]), LLB
Theory group (F. Onufrieva, P. Pfeuty, M. Kisselev [post doc], F. Bouis [PhD student]) )
High Tc cuprates constitute the  motor of the actual development  of the field of strongly correlated electron systems.
After more than ten years of intense experimental and theoretical efforts, the secrets of those highly complex
electronic systems are still not yet unraveled and we should pursue our efforts.
High Tc cuprates are characterized by global anomalies : the very existence of high Tc anomalies observed for all
properties in the underdoped regime above Tc, anomalies observed in the superconducting state. There are more and
more arguments that all of them are somehow related to anomalous magnetism. This is why the study of details of
magnetic properties becomes today a key point for understanding the physics of high Tc cuprates.
In LLB we follow a strategy combining three interrelated actions : preparation of large good quality single crystals;
inelastic neutron scattering experiments giving access to the spatio-temporal magnetic response in both the normal
metallic state and the superconducting state; theoretical developments trying to give a unified picture for both charge
and spin properties.
The underdoped regime has been extensively studied. In the superconducting state, the existence of a resonance
peak has recently been confirmed in a new system Bi2Sr2CaCu2O8+δ (BiSCO), in collaboration with B. Keimer and
H.F. Fong (University of Princeton and MPI Stuttgart), for which the electronic spectra are known from
photoemission experiments. The neutron resonance peak has larger momentum and energy width in BiSCO than in
YBCO.
New experiments have been realized with Zn and Ni doped YBCO samples prepared by the LLB crystallogenesis
group (G. Collin, P. Gautier-Picard). The effect of these two impurities seems to be rather different : Zn affects
strongly the resonance peak, whereas Ni only shifts it slightly with a broadening in both wave vector and energy .
New results obtained in underdoped YBCO both in LLB and abroad (Mook, Hayden, Aeppli) show that for energy
below the energy of the commensurate resonance peak there exists an incommensurate dynamic response. This has
been explained by the LLB theory group (F. Onufrieva, P. Pfeuty) based on the general theory of two dimensional
electron systems close to an Electronic Topological Transition (ETT). It is shown that the superconducting state in
the two-dimensional electron system in the proximity of ETT (i.e. a long range ordered state with respect to charge
degrees of freedom) is at the same time a quantum spin liquid state with respect to spin degrees of freedom and that
both the resonance peak and the incommensurability are signatures of such a mixed state. As we already noticed,
this is only part of a general theory developed by the theory group (F. Onufrieva, P. Pfeuty, M. Kisselev, F. Bouis).
This theory being developed for different properties and for both normal and superconducting states allows to
understand crucial anomalies observed experimentally in high Tc cuprates by NMR, inelastic neutron scattering,
photoemission, tunneling... More generally it shed light on the nature of the new anomalous metallic state observed in
the high Tc cuprates and on the very existence of high Tc superconductivity with d-wave symmetry.
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Two other important situations remain to be understood : the overdoped regime for which actually no neutron
scattering study exists; and the case of electron doped cuprates for which the phase diagram is different.
The electron doped system Nd2-xCexCuO4 has been investigated (thesis submitted in 1998 by M.D'Astuto (under the
direction of D. Petitgrand)). Samples were not good enough to study dynamic magnetic fluctuations in the
superconducting state. The magnetism of rare earth Nd has been studied both in the pure non-superconducting
sample Nd2CuO4 and in the superconducting sample (Tc=10K) Nd1.85Ce.15CuO4. In Nd2CuO4, quasi-elastic scattering
due to Nd has been measured with the existence of two components : a three dimensional one and a two dimensional
one. This could be due to the nature of the interactions between the Nd and Cu ions. To better understand these
interactions, magnetic excitations of Nd have been analysed at low temperature. In Nd1.85Ce.15CuO4, magnetic order
of Nd has been studied and it is shown that the effect of the presence of superconducting CuO2 planes is to induce
bidimensional order of Nd magnetic moments.
Finally the role of the reservoir planes in the high Tc cuprates has been considered in a recent PhD thesis work (L.
Manifacier 1998 under G. Collin supervision) by crystallographic (structural refinements) and magnetic
(diamagnetic susceptibility) studies performed on lead and rare-earth substitutions in Bi-2212 systems. The main
conclusion reached is that "overdoped", "underdoped", and insulating phases would depend altogether on the carrier
concentration in the CuO2  planes, their mobility, and the physical state of the charge reservoirs.

Ruthenates
(M. Braden, W. Reichardt, (Kf. Karlsruhe) , Y. Sidis, P. Bourges, B. Hennion, G. André (LLB), Y. Maeno (Kyoto
University))
A few years after the discovery of superconductivity in CuO2 systems, a new oxide superconductor has been found :
Sr2RuO4. This system has the same layered perovskite structure as La2CuO4, but behaves otherwise very differently.
In its stoechiometric composition it is metallic and becomes superconductor at 1.5 K. The electronic properties are
determined by the three 4d t2g orbitals (dyz,dzx,dxy) of the Ru4+ ion which form the bands that cross the Fermi level
resulting in two electron-like quasi-one-dimensional Fermi Surfaces (FS) and one hole-like quasi-two dimensional FS
(analogous to the 2D FS of cuprates). Some experiments suggest that superconductivity is rather unconventional of
p-wave symmetry and could be due to the coupling with ferromagnetic fluctuations. To confirm this view it was
essential to study the magnetic fluctuations by neutron scattering on a single crystal which was available (Maeno).
Existing NMR results are difficult to interprete making neutron data essential. Recent results reveal unambigously
intense dynamic spin fluctuations at low energy (8 meV) and for an incommensurate wave vector (.3,.3,0) 2π/a.
This can be interpreted in an itinerant picture as a dynamic quasi-nesting effect due to the two quasi-one dimensional
electron like FS (Mazin, Pfeuty).  These experiments have been made in the normal metallic state with temperature
10K<T<300K. Further experiments are planned to explore the superconducting state.
Lattice dynamics has been also explored. If the modes associated with an intra-plane charge ordering behave
normally, an anomaly is observed for the vibrations associated with an inter-plane charge ordering .
When Sr is replaced by Ca, the system orders antiferromagnetically at low temperature. With excess oxygen,
structural studies by neutron diffraction have shown that Ca2RuO4 presents a first order structural transition
associated with a metal-insulator transition.

2. MOLECULAR MAGNETISM

 Molecular magnetism is at the borderline between magnetism and organic condensed matter chemistry. It constitutes
an  activity developed for many years in LLB by B. Gillon in collaboration with O. Kahn and his laboratory at the
Institut de Chimie de la Matière Condensée in Bordeaux. Recently an English postdoc (John Stride) joined B.
Gillon’s group.
The main project developed actually consists in the study of the ferromagnetic interaction mechanisms  in
molecular compounds through the determination of the spin density map which is obtained from diffraction by
polarized neutrons. The study of the organic radical triazole nitronyl nitroxide has not been completed because of the
lack of sample. A complete study of the bimetallic compound MnNi(NO2)4(en)2 (en=ethylendiamine) has been
realized. In this compound ferromagnetic chains are formed. The spin density map has been determined and the main
result is the low apparent spin transfer from the metallic ions to the bridge NO2 with a larger spin delocalization
towards the outside atoms. This could be due to a compensation effect between two opposite effects, delocalization
and spin polarization. Actually a similar study is in progress with the ferromagnetic bimetallic compound
Mn2H2OMo(CN)74H2O.
The informations coming from spin density measurements are completed with charge density measurements from X-
ray diffraction and compared to quantum chemistry calculations.
3. MAGNETIC NANOSTRUCTURES
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Because of new fabrication tools ( epitaxy, nanolithography), small size architectures are designed and a study of
their fundamental properties is a challenge for future technological applications.

3.a Molecular nanomagnets : low energy excitations of the Mn12 acetate spin cluster
(I. Mirebeau, M. Hennion)
Molecular nanomagnets consist of a few (10-20) paramagnetic ions coupled by exchange interactions. The study of
these large magnetic molecules has both fundamental and practical interest (information storage).
New data of very high precision concerning the low energy magnetic excitations of the Mn12 acetate spin cluster have
been obtained by inelastic neutron scattering at LLB and ILL. This enables to separate the energy sublevels of the
ground state and determine through a simple quantum mechanical calculation the value of a very small non- diagonal
term which presence in the spin Hamiltonian is necessary to explain the excitation spectrum. This term which
produces quantum tunneling between the different magnetic quantum levels is then responsible of the observed finite
relaxation time of the magnetization at low temperature.

3.b Neutron Diffraction of rare earth superlattices and epitaxial films
( M. Hennion (LLB) and C. Dufour, K. Dumesnil, P. Mangin (Laboratoire de Physique des Matériaux, Nancy))

Spin reorientation in Laves phases (RE)Fe2 (RE=rare earth).
Laves phases (RE)Fe2 present a giant magnetostriction effect at room temperature with potential applications. An
epitaxial film of the ternary compound Dy.7Tb.3Fe2 has been prepared and studied by neutron diffraction to follow the
spin reorientation as a function of temperature. An actual project concerns the polarized neutron study of the
superlattice DyFe2/YFe2 to determine the spin density and follow the spin reorientation as a function of temperature
and magnetic field.

Light rare earth films and superlattices
Neutron diffraction of Sm films with thickness of 4000 Å show that the magnetic order of the Sm in the hexagonal
sites seems to be the same as in the bulk, but with a higher magnetic moment. The nature of long range interactions
between magnetic Sm through non magnetic Nd phase should be studied on superlattices Sm/Nd.

3.c Magnetic structure of superlattices, thin films and regular nanostructures from polarized neutron specular
and off-specular reflectometry and surface diffraction
(C. Fermon, F. Ott)
These three different techniques are developed at LLB. When applied together to regular magnetic nanostructures of
sufficient size, they give a full 3D magnetic structure determination both parallel and perpendicularly to the surface
of the nanostructure. These techniques have been applied to different examples of nanostructures : this necessitates
large regular samples (1cm ×1cm) with repetitive motives (alternate lines, alternate layers, lattice of magnetic
motives). Only a few laboratories prepare such samples and collaborate with the LLB : SPEC Saclay, CENG
Grenoble, CRISMAT Caen, IEF Orsay, IPCMS Strasbourg. The systems studied are Fe/Mn/Fe sandwich structures,
(LaMnO)m(SrMnO)n superlattices, FePd and Co thin layers with magnetic domains, Pt/Co irradiated interfaces and
M/Co/M (M=Au,Pt) sandwiches, Co/Mn superlattices, La.7Sr.3MnO3/SrTiO3 interface, La(Sr,Ca)MnO3/YBa2Cu3O7

interface, Si/SiO2/Co systems with an electric field.

 4. MAGNETISM IN THE FRUSTRATED LAVES HYDRIDES RMNHx

 (I. Mirebeau (LLB), I. Goncharenko and A. Irodova (Kurchatov Institute, Moscow))

The RMn2 compounds where R is Y or a rare earth metal, have been studied during the recent years for several
interests : the magnetism of Mn at the border between localized and itinerant; the interplay between R and Mn
magnetism; quantum frustration effects for the Mn sublattice with antiferromagnetic interactions.
When hydrogen is added and occupies the interstitial site in the metal sublattices, new interesting effects can be
studied : hydrogen acts as a negative pressure on the magnetism of Mn; hydrogen can order and the H ordering can
affect the magnetic ordering of Mn and R.
In recent studies of the magnetic and crystal structures of YMn2H4.3, a peculiar interplay between the magnetic and
hydrogen order has been observed. Mn magnetic moments and hydrogen atoms order simultaneously through a first
order structural transition.
Further neutron diffraction (and eventually inelastic neutron scattering) studies of the interplay between hydrogen
and magnetic orders are in preparation using chemical substitution, applied pressure and varying the hydrogen
content.
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Similar structural and magnetic phase determinations have been pursued on the same hydrides but for lower
hydrogen concentration (specifically x=1.1) by M. Latroche, V. Paul-Boncour from CNRS-Thiais and F. Bourée, G.
André (LLB).

5. DETERMINATION OF MAGNETIC STRUCTURES IN MAGNETIC SYSTEMS WITH D AND F ELECTRONS

When new families of magnetic compounds are synthesized, it is essential to determine their magnetic structure in
order to have access to the microscopic magnetic interaction at work. This is done in close collaboration with solid
state chemistry laboratories in France (Bordeaux, Rennes, Paris VI, Clermont-Ferrand...) and abroad (Spain,
Germany, Poland, Russia, Switzerland). Many different compounds are studied, ranging from transition metal, rare
earth to actinide compounds. Among these, let us consider three typical examples:
With the ICMCB Bordeaux (B. Chevalier) and the LLB (F. Bourée and T. Roisnel), the study of the family R2T2X
(R=rare earth or U; T=transition metal; X=Sn or In) has been pursued (PhD thesis of D. Laffargue) mainly for
X=Sn, T=Pd and R=Tb,Dy,Ho,Er. Two magnetic structures (commensurate and incommensurate) have been
determined at low temperature for all of these four compounds but with different magnetic moments depending on the
rare earth element and reflecting the competition between the magnetic RKKY exchange and the crystalline field
anisotropy.
The magnetic structures of different and new Uranium compounds (UGe2, U3Ge5, U3TiGe5, U3Ga2Ge3) synthesized
by the group of H. Noël at Rennes (collaboration with LLB (G. André and F. Bourée)) have been obtained, stressing
the key role of the local Uranium ion environment (nature and ligand position in the cell) on the Uranium magnetic
properties.
A study on a new Terbium fluoride family has begun with the compound KTb3F12 (D. Avignant from Clermont-
Ferrand in collaboration with the LLB ( F. Bourée and G. André)) where Tb is present in two valence states : Tb4+

and Tb3+ (ratio Tb3+/Tb4+=1/2). Neutron diffraction gave two main results : the precise localization of the light F
atoms leads to correct the X-ray space-group determination (from I4/mmm to I4/m); the compound is
antiferromagnetic below TN ≈ 3.65K with only the Tb4+  moments magnetically ordered.

CONCLUSION

Six years after the impulse given by Jean Rossat-Mignod when he joined the LLB from 1991 to 1993, the activity in
magnetism is progressing well with a large spectrum of research themes.
It benefits from a close collaboration with chemists : O. Kahn (Bordeaux) for molecular magnetism, A. Revcolevschi
(Orsay) for the preparation of single crystals of Strongly Correlated Electron Systems and G. Collin and P. Gautier-
Picard (crystallogenesis group at LLB) for the preparation of single crystals of high Tc compounds.
Efforts are made to get better instruments (new polarized neutron triple-axis 2T) with a better environment (high
pressure and high magnetic field).
The coupling with theory is good especially on high Tc cuprates and is progressively extending to other subjects.
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SPIN DENSITIES IN FERROMAGNETIC MN(II)NI(II) BIMETALLIC CHAINS :
POLARIZED NEUTRON DIFFRACTION

B. Gillon

Laboratoire Léon Brillouin (CEA-CNRS)

In the field of molecular magnetism, the determination
of spin density maps provides crucial information about
phenomena such as spin delocalization and spin
polarization that play a role in magnetic interactions
between metallic ions through organic bridges. The
compound MnNi(NO2)4(en)2 (with « en » =
ethylenediamine) constitutes the first bimetallic
ferromagnetic chain compound to be fully characterized,

both magnetically and structurally. The chains present a
zig-zag structure formed by alternating Mn(II) and

Ni(II) ions bridged by a bidendate NO2
-
 group, as

shown by Figure 1. The two oxygen atoms of the
bridging nitro group are linked to Manganese and the
nitrogen atom is bonded to Nickel.

Figure 1 Structure of the chain in MnNi(NO2)4(en)2 at low temperature from unpolarized neutron measurements at 20K on 5C2

The Nickel ion is located on an inversion center, in a
nearly perfect octahedral environment. It is surrounded
by four nitrogen atoms coming from the two

ethylenediamine groups and by two NO2
-
 bridging

nitrogen atoms. The Manganese ion resides on a two-
fold symmetry axis and presents an unusual
coordination sphere consisting of eight oxygen atoms,
with two non-bonding oxygen atoms at a slightly larger
distance than the six others. The intrachain      Mn ... Ni
distance is equal to 4.817Å.
The structure can be described as a superimposition of
ABAB layers perpendicular to the [001] direction: in the
A layer the chains are parallel to [110] while in the B
layer they are directed along the [-110] direction.
Magnetic susceptibility measurements give evidence for
a weak intrachain ferromagnetic coupling  J = 1.33
cm-1. A long range antiferromagnetic ordering between
the chains occurs at TN = 2.35K. The behaviour of the
magnetization versus magnetic field is characteristic of

a metamagnetic compound with a threshold field of
1.2 KOe.
Figure 2 shows the induced spin density map, in
projection perpendicular to the N1-Ni-N3 plane. The
spin density is positive over all the map including on the

NO2
-
 bridge. This map was obtained by a multipole

model refinement on a set of 127 independent magnetic
structure factors measured on the polarized neutron
diffractometer 5C1 of the L.L.B. In this model the spin
density is assumed to be the sum of atomic spin
densities centered on the metal ions and on their first
neighbours.. Spherical atomic spin densities were
assumed for all atoms except Nickel, for which a 3d-
type spin density was refined. The refined spin
populations are normalized to 7 µB for each MnNi unit
which corresponds to a system of local spins
SMn2+ = + 5/2 and SNi2+ = + 1.
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Figure 2  Induced spin density integrated along the perpendicular to the N1-Ni-N3 plane in the ferromagnetic chain compound
MnNi(NO2)4(en)2 at 4K under an applied field of  2 Teslas. Positive spin density is in red. Different intervals are used for the

low density and high density levels: low levels (from 0.005 to 0.095 µB/Å2 by steps of  0.010 µB/Å2) and high levels (from 0.2 to

4.2 µB/Å2 by steps of  0.4 µB/Å2)

The Mn2+ and Ni2+ spin populations are respectively
equal to 4.48(4) and 1.62(3) µB. The unpaired spin on

Ni2+ is found to be essentially located in the 22 yxd −

and d2x orbitals. For Mn2+, equal populations of the
five 3d orbitals were assumed. The quantity of spin
transferred from Mn2+ to its neighbours only amounts
to 8 per cent of the moment associated to the manganese
region while the spin delocalization from Ni2+
represents 24 per cent of the total moment on the nickel
site,  reflecting the stronger covalent character of the
nickel than that of the manganese ion.
The delocalization from the nickel ion towards the
bridging N3 atom of the nitro group (0.01(3)µB) is
clearly weaker than towards the atoms of the
ethylenediamine groups N1 (0.16(3)µB) and N2

(0.09(3)µB). Similarly the spin transfer from Mn2+ is
smaller on both oxygen atoms of the bridge O1
(0.04(3)µB) and O2 (0.01(2)µB) than on the O3 atom

(0.08(2)µB) of the non-bridging NO2
-
 groups. The

weak spin population on the oxygen atom O4
(0.05(2)µB) may be explained by the larger Mn-O4
distance.

The apparently negligible spin transfer from both

metallic ions towards the atoms of the NO2
-
 bridging

group, compared to the significant spin transfer towards
the external ligands is quite paradoxical. The
interpretation that we propose is a balance between two
phenomena which act in opposite ways: spin
delocalization responsible for σ type positive spin
density on the neighbours of the metallic ions and spin
polarization responsible for negative spin density of π
type on the second neighbours. On the spin density map,
the positive spin actually delocalized from each metallic
ion towards its first neighbours belonging to the bridge
would then be compensated for by a negative
contribution due to the presence of the other metallic
ion.
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OBSERVATION OF A FERROMAGNETIC MODULATION IN DOPED MN PEROVSKITES:
AN ELECTRONIC PHASE SEPARATION

G. Biotteau1, M. Hennion1, F. Moussa1, J. Rodriguez-Carvajal1,
L. Pinsard2 and A. Revcolevschi2

1Laboratoire Léon Brillouin, CEA-CNRS,
2Laboratoire de Chimie des Solides, Université Paris-Sud,  91405 Orsay Cedex, France

In manganites La1-xAxMnO3, where the divalent ions
(A=Sr, Ca, Ba) induce a hole doping, the coupling
between the hole mobility and the  ferromagnetism
provides spectacular effects. Close to the magnetic
transition where the metal-insulator transition occurs,
an applied field induces a variation of the resistivity
by several orders of magnitude (giant
magnetoresistance), the largest effect being for x≈0.3.
On a fundamental basis, the parameters leading to
these effects are still not clearly understood. For
several years, the existence of magnetic
inhomogeneities has been suggested[1-3], associating
the ferromagnetic transition and likely the metal-
insulator transition to a percolation effect. Several
experiments[4-5] have reported unusual fluctuations
close to the ferromagnetic transition T≈Tc, suggesting
a picture of fluctuating ferromagnetic clusters.

Figure 1. Scattering Intensities versus q observed using
the diffractometer PAXY with an incident wavelength
λ=6Å for x=0, 0.05, 0.08, and 0.1 of Ca doping. The
intensities, renormalised by the volume, taking account of
the sample transmission are readily comparable.

We have  undertaken a small angle scattering study,
using a small angle diffractometer  (PAXY) in a first
step, and then, a three-axis spectrometer (4F1), in an
elastic configuration.  The first one (PAXY), thanks
to the multidetector device, provides measurements
with an isotropic q resolution. However, any static
(ω=0) spin correlations cannot be observed as a
function of temperature (contamination by the spin
excitations) so that the magnetic contribution cannot
be separated from the nuclear one. By contrast, the

three axis spectrometer allows to determine any  ω=0
scattering intensity at any temperature, and, by
subtracting the nuclear contribution determined at
high temperature,  allows to select the purely
magnetic contribution.

Figure 2. Scattering Intensities of magnetic origin,
I(q)=I15K – IHT, versus q, calibrated in barns per Mn atom,
observed using a three axis spectrometer for x=0.05 and
x=0.08. The dashed line is a calculated curve according to
the model described in the text

Figure 3. Scattering Intensities of magnetic origin
I(q)=I15K -  IHT, versus q, calibrated in barns per Mn,
observed using a three-axis spectrometer for x=0.1 and
x=0.15. The dashed line is a guide for the eye.

In the  0≤x≤0.15 range studied, both experiments
reveal the occurrence of a ferromagnetic modulation,
in all the q directions. We have shown that it can  be
interpreted in terms of magnetic inhomogeneities,
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with a liquid-like distribution, and therefore in
repulsive interaction. Both the size of the
inhomogeneities and their characteristic distance can
be quantitatively determined. Such an experimental
result, observed for the first time,  likely originates
from a purely electronic effect[6].
In the  range 0≤x≤0.15, the compounds are
insulating  at all temperatures and, depending on x,
undergo either a transition from a paramagnetic to a
canted-antiferromagnetic state at TCA (TCA=122K at
x=0.08) or a transition from a paramagnetic to a
ferromagnetic state at TC=155K for x=0.15.
In figure 1, the SANS scattering intensities obtained
at 10K  for x=0, 0.05, 0.08 and 0.1 are compared.
The new experimental feature occurring in doped
samples is a q-modulation, growing with x and
superposed on a large scattering intensity (see the
weak scattering intensity in the pure LaMnO3). The
multidetector device allows in principle, to check the
q-isotropy of this modulation, but here, the
complication related to the twinning domains
prevents any definitive conclusion. A similar study
on a three-axis spectrometer allows to separate the
contribution of nuclear origin (dislocations or any
structural defects induced by Ca doping) determined
above the magnetic transition TCA, where the
intensity I(q) is temperature independent, from the
intensity of magnetic origin that grows below TCA.
This  magnetic contribution is reported in figure 2 at
15K, for x=0.05 and x=0.08 of Ca. It reveals clearly
that the modulation observed around q≈0.2Å-1 using
PAXY has a magnetic origin and its intensity evolves
strongly in this small concentration range. The
magnetic contribution is also shown at higher doping
value in figure 3.  At x=0.1 the scattering intensity is
close to that observed for x=0.08 (represented by the
red dot-dashed line) except at small q, where a flat
plateau instead of a true modulation is observed. At
x=0.15,  the modulation is no more observed in our
experimental window . We have also studied the
temperature evolution of the scattering. In figure 4 ,
the evolution with temperature observed in the
sample with x=0.05 is reported. It shows that as the
intensity decreases, there is a slight shift of the
modulation towards smaller q values. Since  the
studied samples are single crystals, all the
experimental features observed close to the direct
beam also  exist around  Bragg peaks. For example,
in Figure 5, the intensity observed around (110)
Bragg peak is reported for x=0.08 at several
temperatures. There, the  q-modulation is clearly
observed, without any subtraction. It disappears
above the magnetic transition (TCA=122K), where a
monotoneous decreasing scattering intensity, nearly
temperature independent, persists. In addition, a
study at small angle scattering using X-rays, for
which a large contrast between La and  Ca scattering
exists, has been performed. It allows to check that
there is no scattering in this small q range, which

excludes any chemical clustering related to Ca
impurities associated to the magnetic scattering
observed by neutrons.

Figure 4. Diffuse scattering intensity versus Q  along
[110] at several temperatures obtained at x=0.08 of Ca
doping.

Figure 5. Diffuse scattering intensity versus Q  along
[110] at several temperatures obtained at x=0.08 of Ca
doping.

The existence of such an isotropic modulation,
suggests a typical characteristic distance between
similar magnetic inhomogeneities as in a liquid-like
distribution. These inhomogeneities can be seen
thanks to the contrast between their magnetization
density and that of the surrounding matrix.  To get a
more quantitative description, a hard sphere model
has been used with a liquid function for the
distribution and excluded volumes, assuming a
perfect isotropy. The corresponding calculated curves
which fit the experimental data are shown also in
Figure 2 for x=0.05 and x=0.08. They determine a
typical  size of 15 Å for x=0.05, increasing to 18 Å
for x=0.08 with a typical distance of 38 Å. The most
striking result is that the density of these
inhomogeneities, or "droplets", is smaller by more
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than an order of magnitude than the density of Ca
atoms. Such a result gets rid of a picture of magnetic
polarisation surrounding each Ca or hole defects, but
rather suggests a purely electronic effect of hole rich
regions in repulsive interaction within a hole poor
medium. This segregation would occur on a small
spatial scale of some tens of Å. The temperature
dependence reported for x=0.05  reflects a decrease
of the size of the inhomogeneity and of their spatial
density. However, the fall down of the intensity may
be also related to a change of the magnetic contrast
which must become nul in the paramagnetic state.
The calibration of the intensities in barns per Mn
atom, allows in principle, an estimation of the
difference between the magnetization densities of the
two magnetic regions at low temperature. This
determination is model dependent. In particular, the
isotropy of the structure, which could not be checked
with accuracy because of twinned domains, is
assumed.
The present determination of the magnetic contrast,
0.7 µB, does not agree with a ferromagnetic state
within the hole rich regions. This conclusion
apparently disagrees with NMR experiments
performed on the same samples. These latter
experiments indicate that some Mn spins follow the
applied field as expected for spins within a

ferromagnetic state. Both findings can be conciliated
in a more complex picture of magnetic clusters with a
small ferromagnetic core, therefore not observable by
neutrons (the intensity is proportional to the square of
the volume).
Very recently, a similar study has also been
performed in a x=0.06 Sr doped compound. A
ferromagnetic modulation with characteristics close
to those found for Ca doping has been also observed.
This suggests the general character of these
observations.
The disappearance of the modulation in the
scattering intensity for x=0.15, where the compound
is fully ferromagnetic, could be explained by a
percolation of the magnetic inhomogeneities or by an
homogeneization of the electronic density. In the first
case, one expects the intensity to be restricted within
a much smaller q scale, out of the present
experimental window.
The role of such an electronic phase separation in the
metal-insulating transition, is still unclear. At x=0.15,
where one can expect a percolation of these
inhomogeneities, the compound keeps insulating
properties. This stresses out that the magnetic state
alone is insufficient to explain the metal-insulating
transition.
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INTERPLAY OF ANTIFERROQUADRUPOLAR AND ANTIFERROMAGNETIC ORDER IN TmTe

P. Link1, J.-M. Mignot1, A. Gukasov1, T. Matsumura2 and T. Suzuki2

1Laboratoire Léon Brillouin (CEA-CNRS)
2Tohoku University, Sendai, Japan

Neutron diffraction is the reference technique for probing long-range order formed on a lattice of atoms or magnetic
moments. It is shown that, under certain conditions, it can also be invaluable for studying more exotic types of ordered
structures involving electron charge distributions. Although the determination is indirect in this case, detailed information
on the ordered state of quadrupole moments can be derived from the symmetry properties of the response to an applied
magnetic field. This method is demonstrated in the case of the antiferroquadrupolar phase of TmTe.

Besides their magnetic dipole moments, lanthanide
elements with incomplete 4f electron shells are
known to also possess higher-order moments
(quadrupole, octupole, etc.). In a classical picture,
this reflects the non-sphericity of the electron charge
distribution. In the case of solids, pair interactions
between 4f quadrupoles located at neighboring sites
can occur either directly through their electrostatic
potentials (usually weak), or indirectly through
various channels such as lattice strains (cooperative
Jahn-Teller effect), conduction electrons in metals
(RKKY-type coupling), higher-order exchange terms,
etc. For most real systems, conventional magnetic
interactions dominate, and the 4f dipole-moment
lattice orders in a long-range magnetic structure at
low temperature. Accordingly, the quadrupole
moments will have non-zero values in the magnetic
state, but this is only the result of dipole ordering.
More rarely, quadrupole interactions can prevail and
produce a phase transition on their own, whose
primary order parameter is a component, or
combination of components, of the quadrupole
moment tensor. In some intermetallic compounds
(TmZn, CeAg), as well as in typical Jahn-Teller
systems (rare-earth zircons), the value of the order
parameter is uniform at all sites, and the order is thus
denoted “ferroquadrupolar” in analogy with
magnetism. On the other hand, staggered types of
quadrupole order, loosely termed “antiferro-
quadrupolar” (AFQ), have been reported so far only
for a small number of metallic compounds (TmGa3,
CeB6). However, their study is of particular interest
because the tensor nature of the quadrupole moment
operator, as well as the possible interplay between
magnetic and quadrupole order parameters, may
result in a rich variety of physical situations. To
characterize these phases, microscopic information is
even more crucial than in the case of magnetism
because one has to determine not only the wave-
vectors and Fourier components of the structure, but
also which components of the quadrupole moment
tensor constitute the order parameter.

At first sight, neutron experiments do not seem well
suited to probing quadrupole order because the

neutron does not interact directly with electrostatic
charge distributions. However, as was shown in the
work of Effantin et al. on CeB6 [1], this obstacle can
be partly circumvented by concentrating on the
response of the dipole moment lattice to a magnetic
field applied along a high-symmetry direction in a
single-crystal: indeed, this response is strongly
constrained by the preexisting quadrupole order, and
therefore contains relevant information, in the first
place concerning the wave-vector of the quadrupole
structure. We have applied this strategy to the
magnetic semiconductor TmTe, which was recently
reported to undergo a phase transition at TQ ˜  1.8 K
[2] (far above the Néel temperature of approximately
0.4 – 0.6 K) whose characteristics are suggestive of
quadrupole order.

High-field measurements have been performed on the
lifting detector diffractometer 6T2 using the Saclay-
Grenoble 12-tesla split-pair cryomagnet, The data
shown in Figure 1 clearly indicate that superstructure
magnetic peaks associated with the zone-boundary
wave-vector k = (1/2,1/2,1/2), which were absent in
zero field, grow below TQ as H is increased parallel
to the [110] direction.

Figure 1.  Intensity of the magnetic Bragg peak
(3/2, -1/2, 1/2) induced by the external field H || [110].
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This result is very important because it establishes
the possibility for a uniform field to induce a
staggered magnetic component in the ordered state
below TQ, whereas it induces only a component at q =
0 in the paramagnetic state. This lends considerable
support to the above assumption of an underlying
quadrupole order. By tracing these intensities as a
function of temperature for different values of H, we
were able to delineate the quadrupolar phase diagram
for the three main symmetry directions, H || [001],
[110], and [111] (Figure 2), and found good
agreement with existing specific-heat results.

Figure 2. Quadrupolar phase diagram from the neutron
diffraction results.

Furthermore, the quality of the data allowed us to
fully disentangle the contribution of the different k-
and S-domains, and to establish the direction of the
staggered magnetic component µAF for H || [110], and
[111]. In both cases, the best refinement was obtained
by assuming µAF to be oriented along the two-fold
axis 11 0[ ] perpendicular to both the wave-vector k
and the field direction. For H || [001], on the other
hand, the induced magnetic component is much
weaker and the direction of µAF cannot be reliably
determined. Using the group-theoretical analysis
developed by Shiina et al. [3], it can be concluded
that the latter results are compatible with only one
type of order parameter, namely O2

2 .  A schematic
illustration of the field response for H applied along
(110) is given in Figure 3.

Recently, the measurements have been extended to
temperatures around 0.1 K and it was found that the
magnetic phase forming below TN is of the canted

type: it gives rise to two magnetic components, one
antiferromagnetic with the same wave-vector
k = (1/2,1/2,1/2) as the quadrupolar structure, and the
other ferromagnetic. This effect had actually been
predicted by Shiina et al. [3] for the case where “in-
plane” magnetic couplings (i. e. bilinear interactions
involving the x and y components of the dipole
moment) dominate. Its experimental observation
further supports the type of quadrupole order
suggested above.
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Figure 3. Schematic representation of the effect of a
magnetic field H || [110] on the AFQ phase of TmTe; for
H || [001], the symmetry is not broken and, ideally, only a
uniform magnetic component is expected.

The results of this work [4] demonstrate that neutron
diffraction, combined with a large external magnetic
field, can provide a very powerful, albeit indirect,
tool for studying quadrupole order in solids.
Depending on systems, other techniques, such as
synchrotron x-ray scattering may offer attractive
alternatives. In the case of TmTe, however, the
relatively low value of TQ, as well as the risk of
surface oxidation, make neutron diffraction the most
straightforward method at the present time.

Further developments of this work, in particular
measurements of the excitations in an applied field,
will be aimed at clarifying the nature of the
interactions responsible for the quadrupole ordering.
Higher-order superexchange interactions have been
suggested in Reference [3] but this assumption
remains to be confirmed.
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MAGNETIC EXCITATIONS IN THE SPIN LADDER COMPOUNDS

Sr14-xCaxCu24O41+δ

H. Mouddenl, L.P. Regnault2, J.P. Boucher3, L.E. Lorenzo4, A. Revcolevschi5

1Laboratoire Leon Brillouin (CEA-CNRS)
2Département de Recherche Fondamentale sur la Matière Condensée, CEA-Grenoble, 38054 Grenoble cedex 9, France
3Laboratoire de Spectrométrie Physique, Université Joseph Fourier, BP87, 38042 Saint Martin d'Hères cedex, France
4Laboratoire de Cristallographie, CNRS Grenoble, BP.166, 38042 Grenoble, France
5Laboratoire de Chimie des Solides, CNRS URA 446, Université Paris Sud, Bât. 414, 91405 Orsay, France

At the boundary between dimensions one and two, spin-ladder systems are conceptually very interesting as they exhibit rather
"exotic" properties. In particular, the spin-pairing expected to develop in a 2-leg ladder gives rise, upon doping, to a charge
pairing and finally to a non conventional (i.e. non phonon mediated) superconductivity. In this report, we present recent
neutron inelastic scattering results obtained on a single crystal of the undoped Sr14Cu24O41+δ  and doped Sr14-xCaxCu24O41+δ 2-
leg spin-ladder compounds.

After the discovery of the high-Tc superconductivity,
a renewed interest in low-dimensional quantum
magnetism has emerged, motivated by the possible
role played by the magnetic interactions in the charge-
pairing mechanism. One-dimensional antiferromagnets
are particularly interesting to consider as they often
exhibit unconventional phenomena. The first striking
effect was discovered in the early 80's by Haldane[1],
who suggested that Heisenberg antiferromagnetic
chains with half-integer (S=1/2,3/2, ... ) and integer
(S=1, 2, ... ) spin values behave quite differently at
low temperatures. Whereas the former is expected to
be gapless, the latter should have a non-magnetic
singlet ground state and a quantum gap should open in
the magnetic excitation spectrum. This non-intuitive
prediction has been further very comprehensively
verified from neutron-inelastic-scattering experiments
performed on the spin-1 antiferromagnetic chain
compound Ni(C2H8N2)2NO2ClO4.[2]. On the other side,
the spin-1/2 square lattice with antiferromagnetic
nearest-neighbour Heisenberg exchange couplings
exhibits a quasi-ordered gapless ground state at T=0.
Spin-ladders can be viewed as an array of a finite
number of coupled chains, allowing therefore to study
the crossover between space dimensions 1 and 2.
While spin ladders with an odd number of legs behave
like the spin-1/2 antiferromagnetic chain (gapless
excitation spectrum, power-law spin correlations, ... ),
those with an even number of legs exhibit an
exponential decay of the spin-correlations due to the
opening of a spin-gap (with energy A) in the
excitation spectrum[3]. Of particularly high interest is
the 2-leg spin-ladder system, since the prediction that
charge doping could induce a non-conventional
superconductivity, in which a d-wave pairing could be
achieved, driven by the magnetic fluctuations[3].
Indeed, superconductivity has been recently
discovered in the Ca-doped spin-ladder family Sr14-

x,CaxCu24O41+δ  for x>11, under high pressure in the
range 30-45 kbar.[4] The understanding of the

mechanism yielding to superconductivity in this
material requires an accurate determination of both
the temperature and doping dependencies of the
magnetic excitation spectra. This can be achieved by
neutron-inelastic- scattering investigations on undoped
and doped single crystals.
As a first step, we have recently undertaken such a
determination on the undoped Srl4Cu24O41+δ and doped
Sr14-xCaxCu24O41+δ compounds. The structure of this
material is a misfit stacking of layers of two distinct
quantum spin systems : linear CuO2 chains and 2-leg
Cu2O3 ladders[5]. Figure 1 shows a "3D" view of the
crystallographic structure, which emphasizes the
chain and ladder subsystems. Quite interestingly, the
pure material contains a large amount of holes mainly
localized in the CuO2-chains (0.6 hole/Cu), which
play the role of a charge reservoir.

Figure 1: Crystal structure of  Sr14Cu24O41+δ showing the
chain and ladder subsystems (viewed along the c axis).

Following the theoretical predictions, the ground state
of a 2-leg spin-ladder system in the case J⊥ < J//, where
J// and J⊥ represent respectively the exchange coupling
constants along the legs and along the rungs, should
be a non magnetic singlet ground state, well separated
from the first excited states by an energy gap ∆ ≈ 0. 4
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J⊥. These two features have been unambiguously
observed from neutron-inelastic-scattering
experiments carried out on the 3-axes spectrometers
(TAS) IN8/ILL, 1T/LLB and IN22/CRG-ILL. We
show in Figure 2 two typical energy scans performed
on TAS 1T/LLB at the scattering vectors Q=(4.5, 0,
0.5) (where one expects a strong signal originating
from the ladders) and Q=(4.5, 0, 0.65) (where one
expects a vanishing contribution of the ladders). The
observed line shape is characteristic of a gapped
magnetic response, with no signal detected at low
energy and a gap value ∆=33 meV. The magnetic
response can be understood from the existence of
"two" contributions: one narrow contribution peaked
at ∆ and a second one, persisting at much higher
energy and peaked around 40-50 meV. The
temperature dependence of the magnetic response
reveals several interesting and new features:

- the "33 meV-peak" disappears above roughly 200K,
without strong renormalization nor damping below
150K. Figure 3 displays constant-Q scans at the
scattering vector Q=(4.5,0,0.5) and two temperatures
T=150K and 200K which demonstrate the presence of
two distinct contributions.
- the second contribution is wealdy temperature
dependent above 200K and extends at least up to 90
meV (data taken on IN1 and IN8/ILL).
We have presently no definitive explanation for these
results, which however bear some ressemblance with
those obtained on, e.g., YBa2Cu3O6..5 in the normal
state [6].

Figure 2: Inelastic neutron scattering response of the
ladder subsystem at 1.5 K, showing the presence of a
quantum spin-gap with energy 33 meV.

Figure 3: Dynamical magnetic response at 150K and
200K showing the existence of two distinct contributions
in Sr14Cu24O41+δ

Upon Ca-doping, holes are progressively transferred
from the CuO2 chains to the Cu2O3 ladders which
become metallic. Our neutron data show that the spin
dynamics in the ladders is little affected by hole
doping. The magnetic response, despite well visible
broadening effects, remains peaked at 33 meV. At the
reverse, the spin dynamics in the chain is much more
affected, as a result of the partial destruction of the
charge ordering in the chain subsystem.
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Many of the physical properties of the copper oxides
high-temperature superconductors appear to defy the
conventional "one-electron" theory of metals. The
development of alternative theories incorporating
strong electron correlations is currently at the
forefront of research in condensed matter physics.
In this context inelastic neutron scattering can
provide valuable insight into collective magnetic
excitations in copper oxide superconductors and so
guide these theoretical efforts.
For lack of suitably large single crystals, inelastic
neutron scattering (INS) measurements have thus
far proven possible for only two of the many families
of high temperature superconductors, YBa2Cu3O6+x
and La2-xSrxCuO4. While the magnetic spectra of
both materials bear certain similarities, there are also
pronounced differences that have hampered an
unified description of the spin dynamics in the
cuprates. In particular, the magnetic resonance peak
that dominates the spectrum in the superconducting
state of YBa2Cu3O6+x, is not found in La2-

xSrxCuO4.
In the optimally doped YBa2Cu3O6+x
(superconducting transition temperature Tc=93 K),
the magnetic resonance peak is a sharp collective
mode that occurs at 40 meV and at the two-
dimensional wave vector (π/a, π/a), where a is the
nearest neighbour Cu-Cu distance (Fig.a). Its
intensity decreases continuously and vanishes above
Tc (Fig.b). In the underdoped YBa2Cu3O6+x, the
mode energy decreases monotonically with
decreasing hole concentration. Such a collective
excitation mode has not been observed in
conventional superconductors. Several microscopic
models have been proposed, ranging from band
structure  singularities to interlayer pair tunnelling. In
all these models, the interactions that give rise to the
resonance mode are the same that cause pairing of
electrons in the superconducting state, so that this
phenomenon provides a direct clue to the mechanism
of high-Tc superconductivity.
A very sensitive test of the disparate models is
whether  they  are  capable  of  providing  a  detailed

description of both the INS results and those of angle
resolved photoemission measurements (ARPES), a
complementary momentum resolved experimental
technique that primarily probes single electron
excitations. By far the best ARPES data have been
obtained in Bi2Sr2CaCu2O8+δ, a material for which
no INS data have been available for experimental
difficulties (Bi2Sr2CaCu2O8+δ  cleaves easily along
CuO2 layers, which facilitates surface sensitive
techniques such as ARPES, but this property is also
responsible for the lack of large single crystal
required in INS measurements). This situation that
has precluded a direct quantitative comparison of
both techniques is remediated by the present study.
We have performed the first INS measurements on
a 60 mm3 single crystal of Bi2Sr2CaCu2O8+δ (Tc=91
K). Measurements have been carried out on the
triple-axis spectrometers 2T located at the reactor
Orphée at Saclay and IN8 located at Institut Laue
Langevin at Grenoble (France)
The magnetic excitation spectra of Bi2Sr2
CaCu2O8+δ and optimally doped YBa2Cu3O6+x
exhibit an unmistakable similarity. In the
superconducting state, the magnetic intensity is
sharply concentrated around a single point in energy
(~43 meV, with a width of ~10-15 meV) and wave
vector (Q=(π/a, π/a)) (Fig.c). In the normal state,
the intensity is either too broad or too weak to be
observable above background. Fig. d shows the
temperature dependence of the peak amplitude
which vanishes above the superconducting transition
temperature to within the experimental uncertainty.
There is also no indication of magnetic intensity
above the background level at other energies or
wavevectors. In particular, an extensive search for
magnetic excitations at 10 meV has thus far been
fruitless in Bi2Sr2CaCu2O8+δ.
In both Bi2Sr2CaCu2O8+δ and YBa2Cu3O7, the
magnetic resonance peak is thus by far the most
predominant feature in the magnetic excitation
spectrum.
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Figures : Resonance peaks in YBa2Cu3O6.97 (a,b) [E=40 meV] and Bi2Sr2CaCu2O8+δ (c,d) [E=43 meV]. The resonance peak is
centered at the antiferromagnetic wave vector q = 0.5 (in reciprocal lattice units 2π/a). Its intensity vanishes above Tc (b,d)

A further comparison between both compounds is
made possible by a calibration of the absolute
neutron cross-section against a vanadium standard.
The energy integrated spectral weight of the
resonance peak is 1.9±1 µB2, in close agreement
with 1.6 µB2 found in YBa2Cu3O7. The width of the
resonance peak at the (π/a, π/a) wavevector is
much larger in Bi2Sr2CaCu2O8+δ (0.53 Å-1, full
width at half maximum) than in YBa2Cu3O7 (0.25
Å-1). If averaged over the Brillouin zone, in addition
to integrating over energy, the resonant spectral
weight is clearly larger in Bi2Sr2CaCu2O8+δ (0.23
µB2) than in YBa2Cu3O7 (0.043 µB2).
Such a quantitative comparison between different
materials are required for a microscopic, quantitative
description of the origin of the magnetic resonance
peak. In the framework of the models proposed for
the resonance peak, it should be now possible to
relate the different Q-width measured in
YBa2Cu3O7 and Bi2Sr2CaCu2O8+δ to their different
Fermi surfaces as measured by ARPES.

Our study opens the way to a variety of further
neutron experiments, in particular in the overdoped
regime which is easily accessible in
Bi2Sr2CaCu2O8+δ over a wide range of hole
concentrations.  It has also left open questions that
can only be answered by neutron scattering work on
other families of high-Tc superconductors. For
instance, as both YBa2Cu3O6+x and
Bi2Sr2CaCu2O8+δ are bilayer materials, the present
study does not provide further insight into the role of
interlayer interactions in the resonance peak. Most
importantly, the observation of the resonance peak in
Bi2Sr2CaCu2O8+δ rules out the possibility that this
phenomenon is due to a conspiracy of structural and
chemical parameters in YBa2Cu3O6+x. It is in fact
an intrinsic feature of copper oxides superconductors
and an explanation of this feature needs to be an
integral part of any theory of high-temperature
superconductivity.
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Specular polarised neutron reflectometry with
polarisation analysis allows one to probe in-depth
magnetic profiles of thin films (along the normal to the
film). In the case of homogeneous films, the neutron is
sensitive only to the in-plane magnetisation and all the
intensity is reflected in the specular direction. In the
case of non homogeneous films, all the directions of
the magnetisation can be explored and intensity is
scattered off the specular direction. The convention is
to call « off-specular » the intensity measured in the
incidence plane and « surface diffraction » the
intensity measured out of  the incidence plane. The
incidence plane is defined by the incident wave vector
and the perpendicular of the surface. Off-specular
reflectometry gives information about lateral
structures (in the plane of the film) with typical length
scales ranging from 2 µm to 100 µm. Furthermore,
surface diffraction at grazing angle gives access to
transverse dimensions between 10 nm and 300 nm
with a resolution in that direction of a few
nanometers. The combination of these three types of
signals (specular, off-specular and surface diffraction)
applied to magnetic systems can lead to a 3D
magnetic structure measurement. Off-specular
measurements are however not applicable to the study
of a single magnetic dot, but it can generate unique
results in several cases including patterns of domain
walls in thin films with perpendicular anisotropy,
arrays of magnetic dots or patterned lines in magnetic
thin films.
To demonstrate the potential of non-specular neutron
scattering, we have measured magnetic surface
diffraction on magnetic stripe domains appearing in
FePd thin films. The sample was prepared by
Molecular Beam Epitaxy under ultra-high vacuum
(10-7 Pa). A 2 nm seed layer of Cr was deposited onto
a MgO (001)-oriented substrate in order to allow the
epitaxial growth of the 60 nm single crystal Pd buffer
layer. A 50 nm thick FePd alloy layer was then
deposited at room temperature using a mono-layer by
mono-layer growth method in order to induce a
chemical order similar to the one found in the
tetragonal structure L10. This structure consists in
alternate atomic layers of Fe and Pd on a body centred
tetragonal lattice [1]. After a magnetisation along the

easy axis, a magnetic stripe domain structure is
observed [2] (see bottom picture on Figure 1).
The diffraction measurement has been performed
using a small angle neutron scattering spectrometer
(the spectrometer PAPOL at the Laboratoire Léon
Brillouin) in a reflectivity configuration [3]. In the
experiment, the stripes were aligned along the plane of
incidence. An example of diffraction is shown on
figure 1. One can observe a bright specular spot and
two weaker (10-3) off-specular peaks. The position of
these peaks along the q// direction reflects the
periodicity of the stripe domains (100 nm). The
diffraction peaks are reflected with an angle θo equal
to the critical angle θc of the layer whatever the
incidence angle is.

θout

(Degrees)

(nm-1)q//

2 µm

0 0.06

1

-0.12 -0.06 0.12
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Figure 1 : diffraction geometry and off-specular
scattering signal measured on a network of magnetic
domains using a multidetector. The top peaks are the
specular and off-specular peaks. The bottom signal is due
to the refracted wave. The bottom picture is a Magnetic
Force Microscopic image of magnetic domains observed
in Fe0.5Pd0.5 thin films



35

The maximum intensity of the diffraction peaks is
obtained when the incidence angle of the neutron beam
on the sample is θc. These peaks have a behaviour
similar to Yoneda peaks (or anomalous reflections)
[4].

As a first approach, we have explained these
observations by using a DWBA (Distorted Wave
Born Approximation) approach. The considered
« unperturbed » system is the flat FePd layer ; the
perturbation is the magnetic structure created by the
stripes. In this case, the diffuse cross-section can be
written as [5] :
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(in the case where qz
t  is small) where C(X,Y) is the

magnetic roughness correlation function, q is the
scattering vector k2-k1 and qt is the wave-vector
transfer in the medium. Maxima are obtained in the
diffuse scattering when k1 or k2 makes an angle close
to qc since in these positions, the Fresnel coefficients
T reach a maximum.
S t( )q is the Fourier transform of the magnetic
roughness correlation.
In the case of our magnetic lines, we define the
correlation function of the magnetic roughness as :
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The surface diffraction signal measures the Fourier
transform of the magnetic correlation function. The
figure 2 shows the off-specular signal calculated for
an incidence angle equal to the critical angle
θi=θc=0.5°. The peak positions are unchanged
whatever the incidence angle is. The maximum of

intensity is obtained when the incidence angle is equal
to the critical angle θc.
The DWBA approach is however not well suited to
this problem since the magnetic roughness extends
over the full thickness of the magnetic layer so that the
flat layer as a basis state is far from the real
eigenstates of the system. We are presently working
on a fully dynamical theory to be able to
quantitatively analyse magnetic off-specular patterns.

Figure 2 : calculated off-specular signal as measured on a
multidetector for an incidence angle θinc = θc = 0.5°. The
peaks maximum position does not move when the
incidence angle is varied but the intensity decreases as
soon as the incidence angle is moved away from the
critical angle θc.

We hope that this work will pave the way for a new
technique of 3D magnetometry making it possible to
measure quantitatively magnetic structures with an in-
depth and in-plane resolution. The aim is to eventually
be able to obtain magnetic information on the
magnetic order in the plane of thin films through
polarised neutron reflectometry. Off-specular and
surface diffraction will then make it possible to probe
in-plane magnetic structures of sizes ranging from 10
nm to 100 µm.
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This is a particularly exciting time for high-Tc. The
experimental knowledge  converges. Almost all
experiments, nuclear magnetic resonance (NMR),
angle resolved photoemission spectroscopy (ARPES),
tunneling spectroscopy etc., provide an evidence for
the existence of a characteristic energy scale  T*(δ)
in the underdoped regime  (δ is  hole doping). Below
and around the line T*(δ)  the "normal" state (i.e.
above Tc) has properties fundamentally incompatible
with the present understanding of metal physics. The
field has reached the point when a consistent theory is
needed to understand this experimentally well defined
but theoretically exotic metallic behaviour and its
relevance to high Tc  superconductivity.
We show  that these phenomena  can be naturally
understood within the concept of a proximity of the
underdoped regime to an electronic  topological
transition (ETT). The concept of electronic
topological transition  due to the variation  of the
topology of the Fermi surface was introduced in the
early 60’s by I. Lifshitz and applied to 3D systems [1].
It was shown  that an ETT implies  singularities in
thermodynamic and transport properties at T=0 which
are smoothed at finite temperature (this left Lifshitz in
a difficult position concerning the classification of this
transition as a phase transition). Due to (i) the
weakness of the singularities in 3D case (the only
dimension considered at Lifshitz's time) and (ii) the
difficulty of classification, this phenomenon (which is
as general as for example the phenomenon of phase
transition) has been quite forgotten.
We analyse a 2D electron system on a square lattice
(in direct application to the high-Tc cuprates) and
show that it obligatory undergoes an ETT (the Fermi
surface changes from open to closed) under change
of electronic concentration n  (or of hole doping δ=1-
n) and that the ETT occurs in the doping range where
all anomalies in  the high-Tc cuprates are observed.
We show that the ETT point, δ = δc, T = 0, is a
quantum critical point (QCP) (at  Lifshitz's time the
concept of QCP had not yet been introduced), which
is very rich in the 2D case, and that its existence
results in global anomalies of the system[2-6].  Firstly,
in the presence of interaction of necessary sign  (such
interaction does exist in the strongly  correlated
CuO2  plane  being  of magnetic origin, see [7]), a d-
wave superconducting state with high Tc develops

around the ETT QCP with maximum Tc at δ = δc ; its
symmetry and properties studied in [7] are in a good
agreement with experiments. Secondly, the
underdoped regime, δ < δc above Tsc(δ) is a new type
of metallic state: quantum spin-density wave (SDW)
liquid re-entrant in temperature and frozen in doping
[4,2].  The re-entrance  means that the characteristics
of the short range order behave in a re-entrant way:
the system becomes more ordered with increasing T
and it reaches a minimum disorder at some
pseudocritical temperature T*(δ) which increases
with decreasing doping. Freezing means that the
system keeps strong short range order (or strong
quantum critical fluctuations) quite far in doping from
the ETT QCP.
A detailed study of these phenomena allows to
understand many effects observed in high-Tc cuprates
by different experiments and unexplained until now.
Below we present several examples of theoretical
predictions of our theory. Notice that the different
anomalies are explained within the same theory and
that neither adjustable parameters nor
phenomenological anzatz are used.

Nuclear magnetic resonance (NMR)
There are two glaring anomalies observed
systematically in the underdoped high-Tc cuprates; (i)
the nonmonotonical behaviour of the nuclear spin
lattice relaxation rate 1/T1T on copper with maximum
at some T* (see Fig.1b) instead of the Korringa law
1/T1T=const for ordinary metals, (ii) qualitatively
different behaviour of 1/T1T measured on copper and
oxygen (or for the wavevectors  q ≈ QAF  and  q ≈ 0
from theoretical point of view), see Fig 1d. (The
relaxation rate 1/T1T  is roughly proportional to the
slope in the imaginary part of the spin dynamic
susceptibility,  limω→0 Imχ0(q,ω)/ω). The results of
our theory are in a very good agreement with
experiment, compare Fig.1a and 1b (there are no
adjustable parameters).  The shown dependences are
a manifestation of the quantum SDW liquid : the
nonmonotonic behaviour reflects the re-entrance in T.
The difference in behaviour for q ≈ QAF  and q ≈ 0  is
related to the different aspects of criticality of the
ETT QCP. The detailed analysis is done in [4].
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Figure 1. Comparison between  theory  and experiment
for 1/T1T  on copper and oxygen. (a) and (b) show the
1/T1T and 1/T2G  (nuclear transverse relaxation rate) on
copper, (a) calculated  [2,4] (should be considered only
above Tsc)  and (b) measured by NMR for YBCO6.6 [8];  (c)
and (d) demonstrate the qualitatively different
temperature dependences for  copper (q ≈ QAF) and
oxygen  (q ≈ 0): (c) shows the theoretical results
nonintegrated in q (the function for q ≈ 0 is  multiplied by
factor 20), (d) shows experimental data for 1/T1T  on
copper (Cu63) and on oxygen (O17) in YBa2Cu4O8  [9].

Angle resolved photoemission spectroscopy
(ARPES)
There are numerous anomalies observed by
photoemission in the underdoped regime (ARPES
directly measures the electron spectral function as a
function of energy and wavevector) which can be
summarized as the so-called (π,0) feature : the Fermi
surface disappears in the normal state in the vicinity
of (π, 0)  wavevector while in all ordinary metals it is
well defined; the spectrum has a very unusual flat
form as a function of wavevector; the electron
spectral function  A(k, ω)  is almost non-structured
as a function of energy with a hump in the normal
state and with the peak-dip-hump in the
superconducting state instead of the usual almost δ-
function form, etc. Within our theory all anomalies
find a natural explanation. They are signatures of the
quantum spin density wave (SDW) short range
ordered liquid state, being a precursor of the ordered
SDW phase. For example, the spectrum shown in
Fig.2a, 2b is a result of a hybridization of the two
parts of the bare spectrum in the vicinity of two

different saddle points  (0,π) and (π,0). The bare
spectrum (dashed line) splits into two branches, ε1(k)
and  ε2(k). The hybridization is static for the ordered
SDW phase and is dynamic for the disordered
(quantum SDW liquid) state. In the latter case the
mode ε2(k) is strongly damped and appears above an
incoherent background.  The spectrum is in  excellent
agreement with ARPES data, see Fig.2c (ARPES
measures only the part corresponding to negative
energies ω). The existence below Fermi level of the
incoherent background and of the damped mode
ε2(k) explains the anomalous almost nonstructured ω
dependence of the electron spectral function  with the
hump at energy ≈ ε2(π,0) observed experimentally
above Tsc. The effect of splitting into two branches
leads to the  pseudogap opening. The behaviour as a
whole is  strikingly similar  to that observed
experimentally. It concerns   the very  existence of

pseudogap below *
gapT  which grows with decreasing

δ, its doping  and temperature dependences,   the
gradual disappea-rence of the Fermi surface with T,
the shape of the spectrum around (0,π), etc. Details
are given in [3].
These were the features existing at intermediate
temperature (above Tsc). At low temperature, the
general picture of the spectrum is the same except
that the  upper branch ε1(k)   (i) moves to lower
energies and intersects the Fermi level [3], (ii)  gets a

gap, )()()(E 22
11 kkk ∆+ε±=±  in the presence of

superconductivity with ))kcos()cos(k()( yx −∆=∆ k

for the d-wave symmetry. Therefore two modes exist

below  Fermi  level:  the  well- defined   )(E1 k−   and

Figure 2. Electron spectrum ε(k)/t as a function of
wavevector along Γ - X symmetry lines in the Brillouin
Zone,  (a) in the ordered SDW phase, (b) in the quantum
SDW liquid state above Tsc. (c) ARPES data[10] for
underdoped BSCO above Tsc. The   dashed lines
correspond to  the bare spectrum, the thick lines to the
two branches of the splitted spectrum, the dot-dashed line
in (a)  to the spectrum with the spectral weight less than
0.1.
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the strongly damped ε2(k) which leads to the peak-
dip-hump form of A(k,ω) as a function of ω observed
experimentally in the superconducting (SC) state (E1

corresponds to the peak and ε2 to the hump).

Tunneling spectroscopy
The typical form of the tunneling function with peak-
dip-hump  features at negative energies, ω<0 as well
as  the asymmetry between ω<0 and ω>0 observed
experimentally (see Fig.3b) and not understood until
now are also explained well by our theory, compare
Fig.3a and 3b. The effects are direct consequences of
the discussed above form of the electron spectrum in
the quantum SDW liquid state (tunneling spectroscopy
measures the density of states, i.e. the electron
spectral function integrated in k). The peak-dip-hump
structure seen in Fig.3 at negative ω results from the
existence of two modes below the Fermi level (FL).
So far, as it is not the case above FL, the picture in ω
is quite asymmetrical.

Figure 3. The density of states (a) calculated in the
normal  state (dotted line) and in the superconducting
state (full line), (b) measured by tunneling [11] at T=4.2K:
the lowest curve corresponds to the underdoped Bi2212
(Tc=83K); the energy scale is given in meV.

Inelastic neutron scattering (INS)
The existence of the quantum SDW liquid state and
of  the corresponding quantum spin fluctuations have
a direct consequence for the spin dynamics measured
by INS. Firstly, it explains the very fact of magnetic
response so strong that it can be measured by INS (in
ordinary metals it is impossible). Secondly, it explains
practically all details observed by INS. Most
interesting among the theoretical predictions are
maybe  the existence in the SC state (i) of the
resonance spin mode (with almost horizontal
dispersion in the vicinity of QAF) developing out of
two particle electron-hole continuum and (ii) of the
incommensurability at low energies[5]. The former
explains well the resonance peak at  q=QAF  and ω ≈
40 meV with resolution-limited energy width and a
finite q width  observed systematically in the SC state
from the beginning of high-Tc era[12]. The latter
explains recent results obtained with a high resolution
spectrometer, see Fig.4b[13]. The agreement with
experiment is remarkable, compare Fig.4a and 4b.

Figure 4.  q  dependence of Imχ(q,ω) (a) theoretical for
ω/J = 0.25, (b) experimental [13] (YBCO6.6  for  ω = 25
meV). The point (0.5,0.5) corresponds to (π/a,π/a). Note
that J ≈120 meV for the cuprates.
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SSTTRRUUCCTTUURREESS
AANNDD  PPHHAASSEE  TTRRAANNSSIITTIIOONNSS

The study of both crystallographic and magnetic structural phase transitions is an important activity of the
Laboratoire Léon Brillouin. It makes use of several neutron scattering techniques, such as diffraction or inelastic
scattering; the samples are either powders or single crystals. Most of the time, such studies are performed as a
function of a unique parameter, namely the temperature, but pressure has recently become another important
variable. Many different physical problems are related to these activities and the present summary intends to show
the main goals of the research in the field. Magnetic phase transitions are treated in a different chapter.

FULLERENES AND CARBON NANOTUBES

Among the materials studied at LLB, fullerenes and carbon nanotubes are fashionable materials. The study of the
former is older and the recent achievement of growing single crystals of C60 of sufficiently large size allowed the
precise characterisation of the intramolecular dynamics of the molecule [L. Pintschovius et al,
Kernforschungszentrum, Karlsruhe; see “highlight”]. Comparison with theory is particularly rich and yields the
unambiguous identification of each of the internal modes of vibration. This comparison between experimental
results and theory has been done, not only at the level of the frequencies, but also at the level of the intensities, in
order to access the eigenvectors. The next step of this study will concern the intermolecular modes as a function of
applied pressure. The problem of the nature of these interactions (which are weaker as compared with
intramolecular interactions) is still not solved. It is currently assumed that they depend on the relative orientation of
two neighbouring molecules and that the orientation is modified under pressure. Preliminary results show that
pressure actually does not affect the vibrational frequencies as much as predicted by the theory.
More recently obtained (1991), carbon nanotubes are prepared by evaporation of graphite in the presence of
metallic catalysts (Co, Ni, Fe...). The study of both the structure and vibrational dynamics of single wall carbon
nanotubes (SWCN) has several interests. Firstly, SWCN are a model of one dimensional molecular systems that
organise themselves as two dimensional crystalline bundles with a finite size. Also, their mechanical, optical and
electronic properties are totally specific and dependent on the structure, which has been studied in real space by
means of electronic and atomic force microscopies. However, even if they give useful information about the
structure of the tubes and of the bundles, these techniques provide only a purely local picture. Studies in reciprocal
space by neutron or X-ray scattering, are complementary and furnish the structure averaged over very large
volumes. Comparison between experiment and theory yields the distribution of the diameters of the tubes and of
the diameters of the bundles, and a relation to the processes of preparation of the SWCN is possible. The present
activity in this domain concerns the pressure and temperature dependencies of the structural organisation of the
tubes, by neutron scattering.
Concerning dynamic aspects, the low energy excitations (molecular and intermolecular) are very sensitive to the
structure of the tubes. Raman scattering is widely used in studies of SWCN essentially because of the small amount
of material requested by the technique and of the relatively high intensity of the signal. These experiments
succeeded in obtaining the distribution of diameters from the analysis of the breathing modes of the tubes, in
perfect agreement with former neutron scattering results. The first results obtained by inelastic neutron scattering
showed clearly the breathing modes of the tubes in the domain 50-200 cm-1, but also other low frequency
excitations (< 50 cm-1), such as librations, interactions between tubes and a peculiar vibrational density of states [S.
Rols, E. Anglaret, J.L. Sauvajol, Groupe de Dynamique des Phases Condensées, Université de Monpellier].

CHARGE ORDERING IN MANGANESE OXIDES

Concerning the study of perovskites of manganese with a giant magnetoresistance, an important problem is at
present the eventual existence of ordering of the charges Mn3+ and Mn4+ at low temperature, according to the nature
of the cations and the stoichiometry of the structure. The crystallographic order of Mn3+ and Mn4+ is relatively
difficult to observe for these perovskites, due to  the presence on the powder diffraction diagram of only one
superstructure peak, which is very weak and within the wing of a structural line. However, such order has been
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clearly observed in the defined compound LiMn2O4 which has a spinel structure at high temperature. Previous
measurements of the electrical resistivity and experiments performed by thermal differential analysis, showed the
existence of a first order transition just above room temperature, which can be due to a cooperative Jahn-Teller
effect. Combination of electronic and neutron scattering data on powders allowed the classification of the transition
as an order/disorder of the charges Mn3+, Mn4+ (octahedral site of the spinel structure). The analysis of the data at T
= 230 K demonstrates that this ordering is only partial [Collaboration Laboratoire de Chimie des Solides,
Université Paris-Sud - LLB; see “highlight”; current PhD: G. Rousse, LCS, Orsay].

PEROVSKITES RELAXORS

Another problem extensively studied at LLB by the Laboratoire “Structure, Propriétés et Modélisation du Solide”
of Ecole Centrale de Paris [J.M. Kiat et al; PhD: C. Malibert, B. Dkhil, ECP], is that of relaxor materials such as
the perovskites Pb(B,B’)O3, for which one observes a large dielectric constant, very soft in temperature and
dependent upon the measuring frequency. Some of these materials have industrial applications, namely as
capacitances. As far as structure is concerned, they are characterised by some disorder of the cations B and B’ and
one can actually observe ordered or disordered perovskites depending on the size and charge of the cations B and
B’. The combination of X-ray and neutron diffraction allows the precise characterisation of the cationic order and
its relation to the dielectric properties.

PHASE TRANSITIONS : STRUCTURAL STUDIES

Another example of structural determination using both X-rays and neutron diffraction concerns ErFe4Ge2. This
compound is magnetically ordered at low temperature and characterised by the existence of a strong magnetoelastic
coupling, which is at the origin of a crystalline phase transition. Below the temperature of magnetic ordering, two
different crystalline structures are present in ErFe4Ge2 and the relative volume of each domain depends on
temperature [Collaboration Laboratorium für Kristallographie, ETHZ, Zürich - LLB].

One can also mention the following structural determinations by neutron diffraction:
- localisation of hydrogen atoms in strontium nitroprussiate, 4H2O [Collaboration Laboratoire de Physique,

Centre Pharmaceutique, Chatenay-Malabry - LLB];
- study of phase transitions of Co-0.85%at Fe as a function of temperature or of time at fixed temperature

(characteristic time of the order of hour, accessible to real time in situ neutron diffraction experiments)
[Collaboration Institut für Experimental Physik, University of Vienna, Austria - LLB];

-study of tridimensional structures, such as iron phosphates or arseniates, of interest as possible anode
materials in lithium batteries. The first members of the series were Li3Fe2(PO4)3 and Li3Fe2(AsO4)3, for which the
order/disorder of alkaline cations in the structure has been followed as a function of temperature [Collaboration
Laboratoire de Chimie des Solides, Université Paris-Sud - LLB; current PhD: C. Würm, LCS, Orsay].

MOLECULAR CRYSTALS

The determination of the structure of molecular crystals is an important problem for which neutron diffraction is
particularly suitable because the neutron scattering amplitudes of the different constituents (light and heavy atoms)
are of the same order of magnitude, in contrast with the situation of X-ray scattering. Moreover, in the particular
case of hydrogen, the isotopes hydrogen and deuterium have very different coherent scattering lengths, one being
positive and the other negative. This property has been used to study the structure of partially deuterated aspirin,
C8H6O4-CH2D, a molecule where the methyl group is distinct from CH3 or CD3, i.e. non-symmetric. Earlier studies
by NMR had shown that the protons of this group remain relatively mobile down to 15 K. Consequently, the
diffraction experiment should give an averaged image of the position of the H/D atoms, in a “superposition” of
three methyl groups shifted by 120°, D-H-H, H-D-H and H-H-D. The crystalline structure of C8H6O4-CH2D
(monoclinic) has been determined first at room temperature (diffraction by a single crystal, data treatment using the
maximum entropy method) and indeed, at this temperature, the nuclei H and D are not distinguishable, and an
average scattering amplitude equal to 2/3 bH + 1/3 bD is obtained for each of the three sites H/D of the methyl
group. However, at low temperature (T = 15 K), such analysis is no more adequate. Actually, one of the positions
among D-H-H, H-D-H or H-H-D is more likely than the other two, i.e. the deuterium occupies preferentially one of
the three possible H/D sites of the methyl group [Collaboration Institut für Kristallographie, Tübingen - LLB; see
“highlight”].
Potassium hydrogenomaleate [KH(OOC-CH=CH-COO)] is a typical example of an intramolecular hydrogen bond,
very strong and symmetric. The nature of the potential that explains the dynamics of the hydrogen bond has been
the object of several discussions, because of the absence of a well defined crystalline structure at different
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temperatures, of the complexity of the vibrational spectra and of the natural limitations of the quantum chemistry
calculations. The structure determined by neutron diffraction shows that the hydrogen bond is rigorously centred at
all temperatures. Following this experimental result, a new form of interaction potential has been proposed in order
to take into account the inelastic neutron scattering spectra. This function is symmetric about the centre of the bond
and has three wells. As far as we know, this is the first example of such form of potential. This study illustrates the
complementarity of structural and dynamic studies. It is also a contribution toward a better knowledge of the
mechanisms of proton transfer and of the elementary steps of chemical reactivity in solutions [Laboratoire de
Dynamique, Interactions et Réactivité, CNRS, Thiais].

PHASE TRANSITIONS : LATTICE DYNAMICS

The study of phonons is one of the main domains accessible to inelastic neutron scattering. In this domain, the main
results obtained at LLB, by the Karlsruhe research group, concern fullerenes (see above) and iridium. In both cases,
comparisons between experiment and ab initio theory have been carefully established.
In the case of solid solutions (BaF2)1-x(RF3)x, where R represents a rare earth, the modifications of the phonon
spectrum have been followed as a function of the temperature (from room temperature to 1000°C) and of the
thermal history of the sample. These compounds are ionic conductors. Two main results have been obtained: first,
the lattice vibrations are hardly observed at room temperature and appear more clearly at higher temperatures
(R=Nd, T ≥ 400°C), as a consequence of the coupling between phonons and the mobility of the fluorine ions. One
also observes low frequency components that correspond to localised vibrations of clusters formed by the ions R3+

and the ions F- at neighbouring interstitial sites (compensation of charge). Such modes depend strongly on the
geometry of the clusters, thus on the thermal history of the sample [PhD: P. Kadlec, Institute of Physics, Praha and
CRMHT, Orléans].
The University Pierre et Marie Curie in Paris [S. Klotz et al, Laboratoire de Physique des Milieux Condensés], in
collaboration with the LLB, has developed a common programme with the objective of measuring phonon spectra
under pressure (cell “Paris-Edinburgh”, see the chapter on Technical and Instrumental Developments).
Measurements on iron oxide, Fe1-xO, one of the most studied compounds in Geophysics, have been performed
intending to study more in detail the origin of the cubic-rhomboedric phase transition, observed around 15 GPa.
Other authors, using different techniques (ultrasound, P < 5 GPa) have shown that the frequency of acoustical
modes was reduced under pressure, suggesting that a soft mode could be at the origin of the observed phase
transition. The results obtained by inelastic neutron scattering contradict this hypothesis: even if the frequency does
decrease linearly as pressure increases, no soft mode is observed up to 12 GPa. It is worth noting that this pressure
is the highest one at which a phonon has been observed so far.
The “neutral-to-ionic” transition is an unusual type of transition because it is associated to a change of electronic
structure between two solid states. This transition is a consequence of the condensation and ordering
(crystallisation) of charge transfer excitations. It has been observed in molecular materials of peculiar structures,
when donor (D) and acceptor (A) molecules alternate in a linear chain. It is characterised by a cooperative
modification of the electronic states of the molecules, accompanied by a significant increase of the level of charge
transfer between the neutral and ionic states and by a dimerisation process taking place in the ionic state with
formation of ionic pairs D+A- along the stacking axis. The prototype of such compounds is TTF-CA
(TetraThiaFulvalene-ChlorAnile), which has been studied at LLB by the Groupe Matière Condensée et Matériaux
of the University of Rennes [Current PhD: E. Collet, GMCM, Rennes]. Complementary measurements of
Quadrupole Nuclear Resonance of 35Cl and of inelastic neutron scattering under pressure, allowed the
establishment of a phase diagram containing the neutral-to-ionic transition on TTF-CA. Actually this phase
diagram “pressure, temperature” (for P ≤ 1.2 GPa) is similar to a 3-phase (solid-liquid-gas) diagram, but concerns
only the solid.

INCOMMENSURATE MATERIALS AND QUASICRYSTALS

Another important domain of research at LLB concerns incommensurate materials both in their structural and
dynamical aspects. Here, incommensurate must be understood both in its strict meaning and in relation to the
physics of quasi-crystals and composites.
Experimental studies on BCCD (Betaine and Calcium Chloride di-hydrated) are numerous and performed as a
function of several external parameters: temperature, pressure, electrical field. The preceding activity report of LLB
described most of this activity [PhD: O. Hernandez, LLB]. In a more recent experiment, chlorine has been partly
replaced by bromine, introducing a “negative” pressure of chemical origin. The subsequent modification of the
phase diagram has been followed as a function of temperature.
(ClC6D4)2SO2 (BCPS) is a molecular compound for which a displacive phase transition is observed, from a high
temperature phase to an incommensurate phase at low temperature. Inelastic neutron scattering allowed the
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evolution of collective excitations below the transition temperature (phasons) to be followed. It is worth noting that
the observation of phasons is not usual because of their overdamped character at the neighbourhood of other
satellite reflections: BCPS is one of the rare cases where phasons have been observed [Groupe Matière Condensée
et Matériaux, Université de Rennes; PhD: J. Ollivier, GMCM, Rennes].
Incommensurate composite crystals are built with at least two interpenetrating lattices with periodicities that are
mutually incommensurate at least in one direction. Such aperiodic systems are intermediate between
incommensurate modulated systems (e.g. BCCD and BCPS) and quasi-crystals. The aim of the study performed by
the Groupe Matière Condensée et Matériaux (Université de Rennes) was to use neutron scattering as a tool for the
characterisation of structural and dynamic aspects of these little known materials. The study has been done on urea
inclusion compounds. The determination of the structure is complementary to that performed by X-rays and has
been done with a single crystal: the structure can be described in a 4-dimension space. The first observations of
phonons associated with the host lattice have been done and show the presence of an anomalous high damping of
the longitudinal acoustical mode propagating along the direction of incommensurability [PhD: R. Lefort, GMCM,
Rennes].
A fundamental problem of the physics of quasi-crystals is the nature of the dynamic phasons. In contrast with the
case of crystalline incommensurate materials, phasons in quasi-crystals are not propagative modes but, instead,
atomic jumps. Experiments of inelastic neutron scattering on a large single domain sample of icosahedral Al-Mn-
Pd demonstrated that indeed a correlation between simultaneous jumps is present. This surprising result represents
an important contribution to the understanding of dynamic phasons in quasi-crystals [G. Coddens et al; see
“highlight”; PhD: S. Lyonnard, LLB]. Atomic jumps have been studied also in the decagonal system Al-Co-Ni as a
function of temperature, wave-vector and isotopic composition.
Many other aspects of the physics of quasi-crystals will be the objects of further studies. One can mention the study
of the dynamics of hydrogen and deuterium atoms in Ni-Ti-Zr, the structural study of Al-Cu-Fe which will be
approached by different techniques, namely quasielastic neutron scattering (isotopic substitution), inelastic neutron
scattering, anomalous X-ray scattering and Mössbauer spectroscopy (for the correlations iron-iron).

THEORY : « DISCRETE BREATHERS »

Finally, one of the important activities of LLB is the theoretical studies of S. Aubry and co-workers [Current PhD:
A.M. Morgante, LLB; PhD: J.L. Marin, Zaragoza, Spain; T. Cretigny, ENS-Lyon] about “discrete breathers”,
periodic excitations in time that are localised in space. Their existence has been proved in non-linear systems
whatever their dimensionality. One knows that spatial localisation can also be obtained by linear modes in a
random medium. Consequently, the theoretical study of excitations in non linear systems has been extended to
random media. Several one dimensional physical systems have been studied, such as the case of a periodic chain of
atoms [see “highlight”] using an hamiltonian with harmonic frequencies randomly distributed at each site and a
quadratic coupling of neighbouring sites. One of the interests of these models relates to new possible interpretations
of relaxation in glasses and amorphous materials.

CONCLUSION

It is clear that neutron scattering is quite often a complementary technique of X-ray scattering, particularly in the
case of molecular compounds. The isotopic substitution H/D, for example, is one of the major tools in structural
determinations. We have seen that, for the first time, the positions of H and D in a crystalline structure have been
clearly separated. In dynamic studies, the access to the whole Brillouin zone and the absence of selection rules
complement the information obtained by optical spectroscopic techniques.
The very large variety of problems treated at LLB, such as Mn3+/Mn4+ charge ordering, incommensurate systems,
quasi-crystals (observation of phasons), fullerenes and carbon nanotubes, studies under pressure (up to 12 GPa) and
neutral-to-ionic transition, exemplifies the amplitude of the domain of research performed by neutron scattering
and the role played by LLB in collaboration with several French and European groups.



43

VERWEY-LIKE TRANSITION IN A LITHIUM BATTERY MATERIAL: THE SPINEL
LiMn2O4

J. Rodríguez-Carvajal1, G. Rousse2, C. Masquelier2, M. Hervieu3

1Laboratoire Léon Brillouin (CEA-CNRS)
2 Laboratoire de Chimie des Solides, Université Paris-Sud, 91405 Orsay Cedex, France.
3 CRISMAT, ISMRA, 6 Bld du Maréchal Juin, 14050 Caen Cedex, France.

An increasing interest has developed around Li-Mn-O
spinels due to their potential use as positive electrode
materials in lithium rechargeable batteries. A vast
majority of the studies devoted to these compounds
deals with their electrochemical characteristics in
lithium cells[1]; only very recently, their structural and
physical properties have also been studied[2-4]. The
stoichiometric compound LiMn2O4 presents a first
order structural transition close to room temperature
(RT) that was attributed to a Jahn-Teller distortion[4].
In the case of Mn-perovskites close to the composition
(R1/2D1/2)MnO3 (R: trivalent rare earth, D: divalent
ion), structural phase transitions accompanied by
sharp modifications of electronic and magnetic
properties have been attributed to charge-ordering[5].
This phenomenon is supposed to be due to the
Coulomb interaction that overcomes the kinetic energy
of carriers below a certain temperature (Wigner
crystallization) producing an alternating Mn3+-Mn4+

NaCl-like lattice. This mechanism was first invoked
by Verwey in 1941 to explain the low temperature
transition in magnetite Fe3O4 as a Fe2+-Fe3+ ordering
within the B-sites of the spinel structure[6]. In spite of
a different lattice organization of Mn ions in the spinel
as compared to Mn-perovkites, it is reasonable to
expect some kind of similar electronic behaviors in
both families.
To date, the structural details of charge-ordered Mn-
perovskites are quite limited, since the superstructure
reflections in neutron powder diffraction patterns are
barely visible and single crystals show complicated
twinning effects. It is extremely important to know
whether the ionic picture usually invoked to describe
the charge ordering in these materials is supported by
structural experimental evidence. For instance, the
simple NaCl-like ordering picture of Mn3+ and Mn4+

ions in La1/2Ca1/2MnO3 has not yet been confirmed
definitively even if experimental data are not in
contradiction with such a picture[7]. We have recently
shown that the ionic picture is well supported in the
case of LiMn2O4 spinel and we have demonstrated
that the charge-ordered state is not complete at 230K[8,

9].
DSC (Differential Scanning Calorimetry) experiments
confirmed the presence of a first order transition

around RT. With a cooling rate of 5 K/mn, the cubic
→ orthorhombic transformation starts at 290K with a
hysteresis of 10K (fig.1). An increase of resistivity is
observed upon cooling to the low temperature phase
(fig.1). The activation energy of the low temperature
form is slightly higher but similar to that of the high
temperature. The charge carriers are very probably
Jahn-Teller small polarons.
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Figure 1: DSC and resistivity of LiMn2O4

Neutron diffraction experiments were performed using
the high-resolution powder diffractometer 3T2. The
high temperature form was carefully studied at 350K
(a=8.2495(2)Å) to confirm the crystalline quality and
the stoichiometry of the sample (fig.2). The refined
value of the oxygen occupation was the nominal value
within the experimental error. The unique Mn-O
distance is 1.9609(3) Å, which is intermediate
between what is expected for Mn3+-O and Mn4+-O
bond lengths. Neutron powder diffraction at low
temperature showed many small superstructure
reflections (fig.2). The indexing of the pattern using
solely the neutron data was ambiguous and gave
several reasonable solutions due to the strong overlap
between neighboring reflections. The information
provided by electron diffraction at different
temperatures was of capital importance for finding a
"3a × 3a × a" supercell and extinction conditions
compatible with the space group Fddd.
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Figure 2: Details of the observed and calculated neutron
diffraction patterns (λ=1.2253 Å) of the high temperature
charge-disordered phase (350K), and of the low
temperature partially charge-ordered phase (230K) of
LiMn2O4. Additional tick marks in the low temperature
pattern  correspond to the superstructure reflections.

The final atom positions can be found in reference [8].
The analysis of the structure obtained from the
Rietveld refinement of our neutron data clearly shows
the electron ordering nature of the phase transition and
allows us to interpret the resistivity measurements.
Two Mn-sites correspond to well-defined Mn4+ ions
(the average Mn-O distance is 1.91Å). The other three
sites are not pure Mn3+ ions. This is revealed by the
average Mn-O distance for the three Mn-sites (2.00
Å) which is slightly smaller than what is expected for
pure Mn3+ (2.02 Å). To simplify the visualization of
the crystal structure we have represented in Fig. 3 an
idealized projection along [001] of the Mn and Li sites
within a unit cell. Neglecting the z-position of the
atoms, it is apparent that octagonal cylinders surfaces
(hole-rich regions), containing all the Mn4+, wrap two
types of Mn3+ columns (electron-rich regions) which
are distinguished by the presence, or lack therein, of
Li ions. The space between the octagonal cylinders is
occupied by columns containing the Mn(1) site in the
special position (16d).
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Figure 3. Simplified projection of the charge-partially-
ordered structure. Oxygen atoms have been removed from
the drawing. Static holes (Mn4+, blue circles) wrap
columns of nearly pure Mn3+ ions along the c-axis.
8/72=1/9 of the total number of holes are mobile within
the Mn3+ sublattices.

The average valence of Mn ions, obtained from
chemical analysis and structure refinement at high
temperature, indicates that the number of holes (Mn4+)
in the eg-band is equal to the number of electrons
(Mn3+) available for hopping. The crystal structure
indicates that there are 64 localized holes per unit cell,
so there are eight remaining holes per cell distributed
within the remaining 80 Mn positions. Thus, a certain
electron hopping should persist at low temperature as
revealed by the previous analysis. This is consistent
with the semiconducting characteristics of the
compound below the transition temperature. The static
distortion of the three Mn3+O6 octahedra is consistent
with a slightly attenuated Jahn-Teller effect[9] due to
the remaining electron hopping towards the 8 holes
per cell. The charge ordering process is, consequently,
accompanied by the presence of an orbital ordering
which is the manifestation of the Jahn-Teller polaronic
nature of the mobile charges above and below the
transition temperature.
To our knowledge this is the first time that a partial
charge ordering transition is clearly observed in a Mn
oxide. The electronic crystallization observed in this
compound must be due to a combination of Coulomb
interaction and another mechanism implying electron-
lattice coupling as is the Jahn-Teller effect. The
analysis of the crystal structure shows that the ionic
model seems to be adequate and the usual Mn3+- Mn4+

picture is well justified in LiMn2O4.
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Solid C60 is a prototypical example of a molecular
solid with very strong intramolecular and very weak
intermolecular bonds. The high symmetry of the C60

molecule is certainly a major reason that it has at-
tracted considerable interest. Moreover, it also
greatly facilitates theoretical computations of its
properties, and so C60 has become the best studied
member of the fullerene family. For this reason, C60

can be considered as an ideal testing ground of theo-
ries for strong (covalent) forces as well for weak (van
der Waals-like) forces. The most detailed information
for a check of the theoretical predictions can be ob-
tained by inelastic neutron scattering, and so we have
undertaken a series of experiments to explore the
vibrational properties of C60. In the beginning, only
the external vibrations could be studied because of
the small size of the available single crystals (V∼5
mm3)[1,2]. With the advent of fairly large single crys-
tals (V∼100 mm3) we were able to investigate the
internal vibrations, too, with energies up to E=70
meV. Moreover, we were able to study the pressure
dependence of the external vibrations. In the follow-
ing, we summarize the results of the most recent ex-
periments.

An isolated C60 molecule has 46 distinct vibrational
modes. When the molecules are packed into a lattice,
the intermolecular interactions give rise to mode
splittings and to some dispersion. However, these
effects are rather small due to the weakness of the
intermolecular forces and can therefore be neglected .
So, the problem of verifying the results of a certain
theory reduces to verify the predicted frequencies
and displacement patterns of the eigenmodes of the
C60 molecule. We emphasize that a good agreement
between calculated and experimental frequencies is
of little value unless it has been checked that the ob-
served mode has the same character as the calculated
one. A minimum requirement is that the symmetry of
the displacement pattern of the observed mode is the
same as predicted for this frequency. However, as
most symmetry classes contain more than one mem-
ber, their displacement pattern is not determined by
symmetry alone, but by the force field as well. This is
demonstrated in Fig. 1, where we plotted the dis-
placement patterns of a number of C60 eigenmodes,
including those of the three lowest modes of Hg

symmetry.   Inelastic   neutron   scattering   has  the
particular advantage that it allows one not only to
unambiguously assign an observed frequency to a
mode of a certain symmetry but, moreover, to check
in detail whether the predicted displacement pattern

is correct or not. To this end, energy scans have to be
made at many different points in reciprocal space. As
can be seen from Fig. 2, the calculated scattering
cross section versus momentum transfer differs
widely for modes of the same symmetry but having
different frequencies.

Figure 1: Displacement patterns for five different
eigenmodes of the C60 molecule. The elongations are
strongly exaggerated for the sake of clarity. The left-hand
and the right-hand figures correspond to extremal
distortions following each other at time intervals 1/2 ν.
Eigenvectors are taken from the ab initio calculations of
Bohnen et al. (Ref. 4).

Our results revealed that several modes had been
assigned incorrectly in the literature. Furthermore, we
were able to show that ab-initio theory based on the
local density approximation[4] describes not only the
mode frequencies with high accuracy (∼ 2%), but
also the eigenvectors in a very satisfactory way. We
note that the agreement between calculated and ob-
served eigenvectors was significantly worse for a
sophisticated model fitted to the experimental fre-
quencies[5], which shows that a good agreement be-
tween calculated and observed displacement patterns
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is by no means granted even if the frequencies are
reproduced correctly.

Figure 2: Intensity of the 33 meV peak versus momentum
transfer (ζ,ζ,0) observed on a single-crystal sample at
T=12 K. The red and blue  lines denote the predictions of
an ab initio theory (Ref. 4) and of a force-constant model
(Ref. 5) for the Hg(1) mode, respectively, and the green
line shows the prediction of the ab initio theory for the
Hg(2) mode using the same scaling.

The good understanding of the covalent in-
tramolecular forces contrasts with our rather poor
understanding of the weak intermolecular forces.
From the large distance between atoms on different
molecules (≥ 3 Å) it was assumed that these forces
are of van der Waals (vdW) type. However, it is
known for long that the vdW potential taken from
graphite gives a poor account of many properties
depending on the intermolecular potential. In par-
ticular, the frequencies of the hindered rotations (li-
brations) calculated from the vdW are too low by
more than a factor of two [1,2].

In the absence of ab-initio calculations for the inter-
molecular forces, many empirical potentials have
been proposed in the literature which were designed
to improve the simple vdW ansatz by taking secon-
dary interactions into account. For instance, several
models have been developed which include Coulomb
forces between charges placed on various locations
on the C60 molecule. These models reproduce the
dispersion of the external vibrations quite satisfacto-
rily[2]. However, a recent experiment of us has shown

that this is true only for the usual phase of C60, where
double bonds of one molecule face pentagonal faces
of neighbouring molecules. By applying pressure, the
C60 molecules can be switched to a different orienta-
tion, so that double bonds face hexagons. When the
pressure is released at low temperatures,  the ‘hexa-
gon’ structure is frozen in. Measurements on this
metastable phase have shown that there are surpris-
ingly small differences between the frequencies of
the external vibrations in the two phases (see Fig.3),
whereas the empirical models predict very large fre-
quency changes (≈50% for the librational modes,
upwards or downwards, depending on the model) .

Figure 3: Energy scans taken at Q=(7.5,7.5,0) at T=70 K.
The data were fitted with three Gaussians with a width
corresponding to the experimental resolution. From model
calculations we know that the two low energy peaks
correspond to librational excitations and the high energy
peak to a translational excitation, respectively. The upper
and lower graph refer to measurements on the "pentagon"
and the "hexagon" phase, respectively.

Measurements of the external vibrations at pressures
up to 7 kbars are planned in the near future. The re-
sults are hoped to advance further our understanding
of the intermolecular potential in C60.
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CRYSTALLOGRAPHIC IMAGING OF A MOLECULAR CRYSTAL :
Aspirin C8H5O4-CH2D
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The nuclear density distribution of partially deuterated aspirin  at 300 K and at 15 K has been determined by single-crystal
neutron diffraction coupled with Maximum Entropy image reconstruction  (MEM). While fully protonated and deuterated
methyl groups in aspirin  (acetylsalicylic acid) have been shown to be delocalized at low temperature due to quantum
mechanical tunnelling, we provide here direct experimental evidence that in partially deuterated aspirin-CH2D the methyl groups
are orientationally ordered at 15 K whilst randomly distributed over three sites at 300 K. This is the first observation of low
temperature isotopic ordering in condensed matter by diffraction methods.

PHYSICAL BACKGROUND

The quantum mechanical behavior of ever larger and
heavier molecules and molecular subunits in
condensed matter is a subject of considerable
interest .    The onset of quantum behavior is usually
observed at low temperature. Substitution of hydrogen
with deuterium  leads to large isotopic effects, in fact
the largest ones known in chemical physics.
Spectroscopic methods such as NMR and QENS are
the prevalent tools to investigate these phenomena.
The rotational dynamics of molecules or side groups
such as methyl groups is a very sensitive probe of the
interatomic forces in crystals. Rotating a  methyl
group about the bond connecting it to the rest of the
molecule makes it experience a rotational hindering
potential which arises from the interactions of the
methyl hydrogens with their surroundings.
This potential has at least three wells due to the
molecular symmetry.  At moderately high
temperatures, the methyl groups undergo thermally
activated reorientations between all three wells,
whereas at low temperature, say below 30 K, the
dynamics of the methyl groups is usually dominated
by rotational quantum tunnelling [1].
While the dynamics of isotopically uniform methyl
groups is by now well understood, little attention has
been paid so far to the isotopically mixed CHD2 and
CH2D groups. Due to the loss of the three fold
permutation symmetry in the latter, dramatic
differences in the dynamical behavior are expected.

WHY ASPIRIN ?
A well-studied case of  the dynamics of the CH3  and
CD3 groups is that of aspirin C8H5O4-CH3 and
C8H5O4-CD3. The observation of rotational tunnelling
in this compound  by NMR triggered a whole series
of studies concerned with the potential and with the
dynamics of these methyl groups. These studies show
that from room temperature down to about 35 K the
per-protonated, the per-deuterated as well as the

isotopically mixed methyl groups perform thermally
activated stochastic reorientations between the three
potential wells. Upon cooling, the rate of  the
reorientations naturally slows down. What happens at
low temperature depends crucially on the isotopic
composition of the methyl group. For CH 3 and CD3,
coherent rotational tunnelling was inferred from NMR
experiments. This implies that the wavefunction
describing the methyl group is such that the three
protons, respectively deuterons, are completely
delocalized over three sites. By contrast, partial
ordering, which implies localization as well as a rapid
incoherent process between the almost degenerate
upper two of the three wells were suggested for
CH2D, again on the basis of NMR results .
As shown below, Neutron Diffraction provides a
direct check of the indirect NMR hints [2-4].

Figure 1. The aspirin molecule. Carbon and oxygen atoms
are shown in blue-green and red. The hydrogen atoms
from the methyl group are shown in blue and the
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remaining protons  attached to the backbone  are shown
in white .
SINGLE-CRYSTAL NEUTRON DIFFRACTION

This technique allows us to measure the nuclear
density distribution within the crystallographic unit
cell. This distribution is given by the probability density
function of finding a nucleus at a given position,
multiplied by the coherent neutron scattering length b
of that nucleus. The probability density function
relates to an average over space and time, i.e. over
the volume of the sample and over the duration of the
measurement. In case dynamic processes are
involved, then neutron diffraction yields a direct long
time exposure of  those processes. Due to the
opposite signs of the neutron scattering length of
protons and deuterons ( bH=-3.74 fm, bD=6.67 fm),
the former yield a negative contribution to the nuclear
scattering density, in contrast to the latter. Thus
neutron diffraction is an excellent tool for
distinguishing protons from deuterons, and hence for
studying isotopic ordering processes such as those
proposed for aspirin-CH2D.

A ZERO AVERAGE CONTRAST SAMPLE

In order to improve the visibility of the alleged H/D
orientational order of the methyl groups at low
temperature, we aimed at an aspirin-CX3 sample with
an average scattering length <bX> of zero.
Consequently the single-site nuclear scattering length
is expected to be close to zero for a random
orientational distribution, for which there will hardly be
any coherent scattering from the methyl hydrogens.
On the other hand, if ordering occurs, it will then be
revealed by positive bumps and negative holes in the
nuclear density distribution .

OUR EXPERIMENT

To test the above-mentioned ideas, we collected data
sets from our crystal at 300 K and at 15 K on the
four-circle 5C2 diffractometer (λ = 0.8302 Å) at
LLB. At both temperatures the crystal was found to
be isomorphous to normal protonated aspirin, which
had been examined much earlier by X-ray diffraction
[5].  The crystal is monoclinic, of space-group P21/c
with 4 molecular units per unit cell.
We used a crystal from a previous NMR study[3], and
for which the requirement <bX> =0 is nearly met. In
fact, <bX> ≈ -0.6 fm, about 11 times smaller than
<bD>. A further complication arises from the fact that
our sample comprises approximately 70% CH2D,
19% CH3, 10% CHD2  and 1% CD3.

LEAST-SQUARES RESULTS

The program SHELXL97 was used for refinements.
As expected, neither could methyl hydrogen positions
be found, nor did the calculated difference Fourier

map reveal any contribution from either the methyl
protons or deuterons. Any information about these
latter hydrogens (which is definitely present in our
data) is swamped by the inherent residual noise due to
series termination effects.
Taking this model which does not include methyl
hydrogens as the starting point for the LT structure
refinement, two proton positions and one deuterium
position are easily located by their negative and
positive contributions in the difference Fourier map
calculated by SHELXL97. Including these in the
structural model without any bond length or bond
angle constraint yields a good final agreement factor
R1=0.0465.

MAXIMUM ENTROPY IMAGING

  We are specifically interested in the nuclear density
distribution arising from the methyl hydrogens. Since
conventional Fourier syntheses would not reveal the
latter when used on our room temperature data, we
therefore applied the Maximum Entropy
reconstruction method (MEM) to both our LT and RT
data sets. We use our program GIFT (Generalized
Inverse Fourier Transforms) which makes use of the
Cambridge MemSys algorithm.
  A projection of the 3D  MEM-reconstructed nuclear
density distribution along the monoclinic b-axis based
on our 15 K data set is shown in Fig.2.

Figure 2. : Experimental nuclear density distribution of
partially deuterated aspirin (acetylsalicylic acid) at 15 K
projected along the monoclinic b-axis. Red contours
pertain to protons, which have a negative scattering
length, in contrast to deuterium, carbon and oxygen
atoms shown here in blue. The solid line delineates a
single aspirin molecule.

Similarly, the two sections shown below in Fig.3a,b
are obtained from 3D scattering density
reconstructions of the asymmetric unit of the aspirin
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crystal by making use of MEM rather than
conventional Fourier syntheses. Three dramatic
improvements arise : (a) noise suppression, (b)
flexibility to use non-uniform prior densities and (c)
possibility to tackle partially phased data sets. In the
present case, there is no phase problem : the phases
of the structure factors are perfectly determined by
the well-behaved atoms known from the X-ray study
by Wheatley[5]. The decisive point is that MEM
enables us to locate the methyl hydrogen even at
room temperature. This is demonstrated in Fig.3a, in
which a section of the nuclear density distribution
function through the plane of the methyl hydrogens is
displayed. Three holes, all negative as they should be
since <bX> < 0, are clearly seen. Despite being very
shallow, the three minima are robustly reconstructed
by MEM. No matter how the reconstruction is carried
out, with  or without non-uniform prior scattering
length densities , the three minima are consistently
reproduced. No prior knowledge about the hydrogen
positions, available in principle from the 15 K data,
was used in reconstructing this density distribution. It
demonstrates the superior power of MEM over both
standard Fourier and  least-square techniques and
provides clear evidence of the random distribution of
the methyl protons and deuterons at 300 K over three
geometrically well-defined sites.
In Fig.3b, we finally show the nuclear density
distribution at 15 K for the same section as in Fig.3a,
again reconstructed by MEM. The clear message of
this figure is that the methyl protons and deuteron in
aspirin-CH2D are well-ordered at 15 K. The deuteron
obviously occupies with high preference the site
associated with the large positive bump whereas the
protons occupy almost exclusively the sites related to
the negative holes. Truly, the localization of the
methyl hydrogens at 15 K is also detectable in
standard Fourier maps, albeit with a sizable
background noise.

COPING WITH THE ISOTOPIC MIXTURE

Quantitatively, the density distribution displayed in
Fig.3b corresponds to the [70%-19%-10%-1%]
superposition of the four isotopic species mentioned
earlier. This results in effective  occupancies for both
H and D different from unity when an assumed
unique species CH2D is refined using SHELXL97.
We find 0.7, 0.7 and 0.53 for the two protons and the
deuterium respectively. It can then be deduced that
the probability of finding a deuteron from the CH2D
isotopic species at the position evidenced by the
positive bump seen in Fig.3b is at least equal to 0.86.

FIG.3a. MEM section of  the nuclear density distribution
through the methyl hydrogens of aspirin obtained from the
300 K data set. Note the three shallow minima of almost
equal depth. They evidence the random occupation of the
three methyl hydrogen sites by the protons and deuterons
with weights corresponding to the isotopic composition of
the crystal (see text). The residual (positive) contribution
due to the thermal motion of the carbon atom of the CX3

group has been removed numerically. (density unit :
fm/A3)

FIG.3b. MEM section of the nuclear density distribution
through the methyl hydrogens of aspirin from the 15 K
data set. Note that the vertical scale has been changed by
a factor of 10 in comparison with that in Fig.3a. The
graph demonstrates the orientational ordering at 15 K of
the most abundant methyl isotopomer, CH2D in our crystal
sample. The deuteron occupies almost exclusively the site
related to the (positive) bump while the protons
preferentially occupy the two sites associated with
(negative) holes. (density unit : fm/A3) 
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The relationships between quasicrystals and other
incommensurately modulated crystals (IC) have many
interesting theoretical aspects. An obvious link is that
both can be derived from a common description based
on an embedding in a higher-dimensional superspace
that contains a periodic lattice of so-called atomic
surfaces. The superspace cut-and-projection algorithm
permits a group-theoretical classification of all possible
structures. Hyperspace crystallography leads also to
the possibility of an attractive analogy within the realm
of lattice dynamics based on the introduction of the
notion of " phasons "  in addition to the usual phonons.
Here we stumble onto a first real difficulty. Once we
go beyond one-dimensional structures, there are very
important differences in the topology of the atomic
surfaces between QC and IC. This has been pointed out
by many authors, and turns the subject into a really
subtle issue. Generally spoken, the atomic surfaces in
QC are not continuous[1].
Based on these studies it was anticipated that
"phasons" in QC would not be collective propagating
modes as in IC  but rather atomic jumps[2], that can be
visualized by configuration flips within Penrose-like
tiling models. Ensuing experimental studies confirmed
this picture. In our current understanding an atomic
jump is a stochastic single-particle process. The
phonon heat bath produces a fluctuating environment
that from time to time will open a low-energy gateway
that is prosperous for a jump. Starting from this
conceptual image that thrives on disorder, it is hard to
imagine an orderly concerted choreography of
simultaneous jumps of two or more atoms. This only
stresses the fact that, although they are both
materialized by a sliding of the cut in superspace,
phasons in QC and IC should correspond to very
different, antipodal types of dynamics. Nevertheless,
this poses a number of small problems in QC. First  of
all, the (anomalous) temperature dependence of  the
(quasielastic) neutron-scattering signal that reveals the
existence of the hopping does not tally with the
description we gave above of the jump process in
terms of a phonon bath[3]. Secondly, tile flips in real,
i.e. not mono-atomic structural models entail in general

several simultaneous atomic jumps. It was therefore
inferred that the elementary phason building brick
would rather be the atomic jump than the tile flip.
In triple-axis neutron-scattering experiments on a large
single-grain sample of the icosahedral phase
Al-Mn-Pd, we came across some evidence that seems
to challenge this common-sense based paradigm. In
fact, we found a Q-dependence of the quasielastic
signal that we are only able to explain by assuming that
two (or more) atoms jump simultaneously keeping
their separation vector fixed.

Figure 1. Binary scattering plane. The sizes of the full
circles represent the intensity of the Bragg peaks. The
locations of the various  constant-Q scans have been drawn:
they were all made in the kf  = 1.64 Å-1 configuration. The
angle  ϕ  is defined with respect to Qx

These experiments were performed with the cold-
neutron double-monochromator triple-axis spectrome-
ter 4F2 of the LLB in the fixed kf = 1.64 Å-1 and kf =
1.96 Å-1 configurations. The loci of some of the
constant-Q energy scans in the binary scattering plane
of the QC are indicated in Fig. 1, which also shows  the
intensities of the most prominent Bragg peaks. The
choice of the binary plane allows to explore all types of
symmetry axes (2-, 3-, and 5-fold) of the QC in one
set-up. The 3 cm3-sized single-grain sample has been
grown by the Czochralsky method.
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A typical data set is featured in Fig. 2 together with a
fit based on a Lorentzian quasielastic signal convoluted
with the Gaussian resolution function. Also included in
this fit are the elastic peak and a linear incoherent
phonon background. The Q-dependence of the
quasielastic intensity for Q = 2.85 Å-1 is displayed in
Fig. 3. It is strongly anisotropic. In a simple single-
particle model  in the white-noise approximation  for
atomic jumps between two sites separated by jump
vectors dj along a m-fold axis of the QC, the
quasielastic intensity should follow an (incoherent)
structure factor:
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Figure 2. Typical constant-Q scan with fit. The data shown
here correspond to |Q| = 2.85 Å-1  and  ϕ = 0°.

The sum allows for the fact that for jumps along m-fold
directions there are 30/m symmetry-related jump
vectors.  If the direction of the jump is not along a
symmetry axis, then the sums will have to extend over
the whole icosahedral group. (This corresponds to the
case m=1). The quasielastic and elastic intensities obey
a sum rule such that the incoherent elastic structure
factor is obtained from Eq.(1) by changing the sign in
front of the cosine term:
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Figure 3. Quasielastic intensities for |Q| = 2.65 Å-1  and |Q|
= 2.85 Å-1 . A fit with model function (2) is also shown.
(Data collected with a second sample, both in kf = 1.64 Å-1

and  kf = 1.97 Å-1  set-ups, bear out the reproducibility of
these results).

The quasielastic structure factors embodied by equation
(1) all exhibit an  isotropic first local maximum in Q, as
can be appreciated from Fig.4 for two-fold jumps. This
remains true if  the direction of the jump is not a
symmetry axis. This is quite at variance with the
experimentally observed data which do not display
such a spherical shell of maximum intensity and on the
contrary exhibit their strongest anisotropy at low Q.
We should point out that none of the three models
(m=2; m=3; m=5) expressed by equation (1) can
reproduce the peak/valley-ratios that occur in Figure 3.
This means that one needs another type of model.  By
some serendipity we found out that the data shown in
Fig. 3 are perfectly described by equation (2)  for m=3
and d= 3.85 Å.  Among the (idle) lines of thought we
followed  in our attempts to come to grasps with this
alienating finding,  we can mention models as proposed
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by Katz and Gratias[4] and down-sized versions of
Elser’s escapement model[4]. The failure to represent
our data by such models helped us to realize where the
minus signs in front of the cosines in equation (1) come
from. Each time an atom jumps from A to an empty
site B, the neutron-scattering contrast between A and B
is inverted, which amounts to a  π-flip of its phase.
Therefore, the only way to obtain a plus sign is by
designing a model that preserves the contrast despite
the occurrence of the jump. This can only be  achieved
by admitting that two atoms in A and B are jumping
simultaneously to  A’ and B’ respectively, whereby the
vectors AB and A’B’ are equipollent. This leads to
expressions of the type

 [ ][ ]).cos(1).cos(1
m

1
)(S jj

m/30

1jel,q sQdQQ +−= ∑ =
, where

the correlation vector sj is analogous to the  separation
vector AB. The [1 – cos(Q.dj)] parts are responsible for
the first radial maximum, while [1 – cos(Q.sj)] terms
entail a modulation of this local maximum that
otherwise would have  been an isotropic spherical

shell. In our data we thus have sj  = 3.85 Å, while dj

cannot be determined. At once, this means that
phasons in QC  could nevertheless share some
collective character with  propagating phason modes
that are typical of IC. We must  admit that such
collective motion clashes with our Weltanschauung, as
we were strong believers of the heat-bath-driven
scenario outlined above. We must signal that the
description of the data by Equation (2) breaks down at
higher Q-values, where we are unable to explain the
observed intensities. At 2.65 and at 2.85 Å-1 we are so
lucky to find ourselves in the small-Q limit, where the
largest characteristic distance within the dynamics can
be discerned in an isolated fashion, free from the
obfuscating presence of signals corresponding to
shorter length scales. We think  that this novel result
constitutes an important step towards the elucidation of
the physical nature of phasons in QC.

Figure 4. Contour plots for the quasielastic intensity, calculated in a model with two-fold jumps according to Equation (1),
m=2. Note the almost isotropic first maximum of the intensity around Q = 1. 5 Å-1. The color code is shown at the bottom of
the Figure, going from left to right, e.g. the first color on the left codes numerical values between 0 and 1.
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DELOCALIZATION INDUCED BY NONLINEARITIES OF ANDERSON LOCALIZED
LINEAR MODES IN A RANDOM MEDIUM

G. Kopidakis et S. Aubry
Laboratoire Léon Brillouin (CEA-CNRS)

It is known for many decades that in some very
particular models, there are exact solutions which
correspond to spatially localized time periodic
vibrations ("breathers"). About a decade ago, it has
been realized that in classical systems which are both
nonlinear and discrete,  such solutions generically
exist, that is no special potential forms are required[1].

In principle, discrete breathers  may exist in any
periodic nonlinear model at any dimension taking
into account the whole complexity of real systems,
and moreover they are robust against model
perturbations.
The existence  of these discrete breathers  is a
consequence of the facts that on one hand the
vibration frequency of an oscillation in a nonlinear
system depends on its amplitude and on the other
hand, the linear phonon spectrum is bounded in
frequency because the system is discrete. Then, when
the frequency and the harmonics of the discrete
breathers are in the phonon gaps, no energy radiation
is possible so that this localized vibration persists
forever as an exact solution[2].
These discrete breather solutions are often linearly
stable, that is the small fluctuations do not grow
exponentially[3]. This result implies physically that in
the presence of moderate fluctuations, for example
the thermal fluctuations at low temperature, their life
time will be much longer that those predicted by
standard models of relaxation. Thus, it is not by
chance that these classical excitations were first
found numerically by molecular dynamics in a series
of model with increasing complexity. It has been
found that they appear spontaneously in some
conditions out of thermodynamical equilibrium, for
example under the effect of a thermal shock.
Otherwise, it is well-known since the pioneering
works of Anderson[4] in the fifties that the linear
modes of a random medium may be spatially
localized. In that case, disorder detunes in some
sense, all the resonances which would exist between
the vibrations which are localized at different spots
of the system, which forbids any  propagation of
vibrational energy over long distance. This theory
was also very successful for explaining the insulating
properties of some random metallic alloys (e.g. Nbx
V1-x) or of semiconductors.
Thus, it seems natural to expect that when both
nonlinearity and disorder are involved in the same
system, the localization effect of vibrational
excitations   will   be   enhanced.   Indeed,   since  the

localized phonons of the linearized system cannot
propagate any energy, the energy of a localized
excitation cannot be dissipated through the system
even if its frequency belongs to the phonon
spectrum, and then it should persist indefinetely.
Actually, the phenomenon is more complex than one
could believe, because nonlinearities play a "double-
game ". On one hand, disorder and nonlinearity may
cooperate for generating discrete breathers which
then are exact well localized solutions. On the other
hand, for other time periodic solutions, disorder and
nonlinearity conflict. Nonlinearity may restore
resonances between sites which are far apart, and
then generate unexpectedly spatially extended modes
which can propagate some flux of energy.
We analysed in detail this effect on a very simple
model which consists into a one dimensional chain
of quartic oscillators coupled by harmonic springs.
For that purpose, we improved and developed
several original and reliable techniques for
calculating very accurately both localized and the
extended modes in large systems (which could
become possibly very complex such as
macromolecules)[5].

Figure: Profile of the initial positions  for an exact time
periodic  and time reversible solution  at different
amplitudes  which is initially a localized linear mode (on
site 44) at zero amplitude for the  hamiltonian
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With these methods, we can follow continuously the
evolution of a time periodic solution as a function of
its frequency (or amplitude of the initially localized
linear mode) when model nonlinearities are present.
The figure shows an example of such an evolution,
for a solution which is initially a localized linear mode
(on site 44) at amplitude zero. It is first observed as
expected that the frequency of this solution increases
as a function of its amplitude because of
nonlinearities. However, it is clear that extra
oscillations grow at spots which are possibly very far
from the initial excited spot. These new oscillations
start to develop precisely at  the location of linear
localized modes the frequency of which becomes
resonant with those of the solution. Thus for an
infinite system with a dense phonon spectrum, an
infinite number of resonant frequencies are crossed
for any small variation of the amplitude (or
equivalently the frequency). As a result, the initial
solution immediately delocalizes with small peaks at
the corresponding resonant spots. However, while the
solution is still small, the distribution of these spots is
sparse which only allows   a tiny transport of energy
which nevertheless is not zero.  When the amplitude
becomes larger, the amount of energy which can be
propagated by such a solution  increases and
becomes comparable to those of a nonlinear phonon
in a similar but non random system.

We are also able to calculate accurately localized
discrete breathers in the same systems, but with other
methods[6]. Our numerical results agree with a
theorem of Albanèse and Fröhlich[7] proven on a
similar model, which states that there is a
"quasicontinuum" of solutions with frequency in a fat

Cantor set (that is with a finite measure). The gaps in
this Cantor set are the consequences of the
resonances with the linear modes which destroy the
localized character of the solution and must be
avoided. Since there are infinitely many possible
resonances, there are infinitely many gaps but
however the widths of these gaps, decay as an
exponential function of the distance between the
breather to the resonant localized linear mode.
Because of that, the frequency Cantor set is not void
and keeps a finite measure.

These original results open new perspectives for a
better understanding of glasses and other amorphous
materials, which is non phenomenologic. On one
hand, we predict that  nonlinearities even very small
imply that a nonvanishing residual thermal
conductivity persists at low temperature but drops
very fast to zero at zero K. On the other hand, a
substantial part of the vibrational energy of the
system may be spontaneously trapped as localized
discrete breathers for very long times, which become
macroscopic at very low temperature. This effect,
which can be easily checked by molecular dynamics
test, provides an alternative interpretation for the slow
relaxation processes in glasses usually described by
the old phenomenological two-level model of
Anderson. Our interpretation only requires some
nonlinearity in the model, which may be very weak
and thus which should always exist. On contrary, the
Anderson model requires the existence of double
wells which actually has never been confirmed by
direct structural observations (at least in most
materials).
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DDIISSOORRDDEERREEDD  SSYYSSTTEEMMSS

AANNDD  MMAATTEERRIIAALLSS  SSCCIIEENNCCEE

The Laboratoire Léon Brillouin is progressively putting in place a pole of research in the field of materials science,
in strong relationship with external laboratories. Indeed, it is the role of a national research infrastructure such as
LLB to train the scientists working in french applied research and industrial laboratories, and to give them access to
its characterization facilities.

The research at LLB in materials science covers two main domains : soft matter and metallurgy (in the broad
sense, i.e. including ceramics, metal matrix composites, etc...). The results concerning soft matter are included in
the chapter "Chemical Physics and Biology" of this report.
In the domain of metallurgy and ceramics, the properties of technological interest depend on the defect properties
and on the defect structure of the material at the atomic (vacancies, impurities,...) or at the mesoscopic
(dislocations, porosities,...) level. This is why materials science requires a fundamental corpus of knowledge on
defects and disorder. In particular, the fundamental study of atomically disordered systems allows to develop
theoretical models, and to validate numerical simulations (Monte-Carlo, molecular dynamics, etc...) which are then
applied to understand "real" materials. Particularly important is the extrapolation of their properties at long time in
operating conditions, and the prediction of their behaviour under thermal or irradiation-induced ageing.
At the interface between the study of disordered systems and materials science is physical metallurgy, working on
model systems (e.g. phase transformations in binary alloys, etc...).

1. DISORDERED SYSTEMS

1.1. Introduction
The scientific activity of LLB in the field of disordered systems is mainly concentrated on the study of local atomic
arrangements in topologically or chemically disordered solids or liquids, by elastic diffuse neutron scattering. Two
instruments are entirely devoted to these studies :

- the 7C2 diffractometer, installed on the "hot" source, with short wavelength (generally ˜ 0.7 Å) neutrons, and
equipped with a 640 cell position sensitive linear multidetector, for liquid and amorphous systems;
- the G4.4 diffractometer, installed on a "cold" neutron guide, managed by ONERA and CEA/LSI, with time-of-
flight analysis, devoted to the "in situ" high temperature study of local order in single crystals.

In the case of systems presenting a tendency towards phase separation, complementary studies by Small-Angle
Neutron Scattering (SANS) are necessary.
Some studies of dynamics, mainly on glass transition, are also performed at LLB by external users, in particular with
the time-of-flight inelastic spectrometer MIBEMOL.

1.2. Metallic alloys : local order, kinetics
This thematics is mainly developed at LLB by the team of LEM (ONERA-CNRS, R. Caudron et al).
A systematic "in situ" high temperature study of elastic diffuse neutron scattering in a series of f.c.c. binary
transition metal alloys, performed on G4.4,  has allowed a detailed understanding of their chemical order-disorder
properties, and a fruitful dialogue with the statistical physics theory of alloys. This 10-years programme was
concluded in 1997 by the PhD thesis of D. Le Bolloch on Pt1-xVx alloys. In the frame of this work, it was in
particular shown that, although Pt0.75V0.25 long-range orders below Tc = 500°C with superstructure diffraction
peaks at (1 1/2 0), the maxima of the diffuse intensity above Tc are at the (100) positions. Moreover, the diffuse
intensity for another concentration, x=1/9, displays a splitting around (100) with maxima at incommensurate
positions. It was found that, despite this strong concentration dependence of the diffuse intensity shape, the
Effective Pair Interactions deduced of the experimental data by a reverse Monte-Carlo method, are nearly
concentration independent, in contradiction with ab initio theories. A high temperature expansion of the mean-field
theory was developed, and explained successfully the origin of this splitting, and its dependence with concentration
and temperature.
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This work is now being extended to kinetic phenomena (PhD thesis of X. Flament). Mean-field theory suggests for
Pd3V two different spinodal (instability) temperatures for the two ordering wave-vectors, e.g. (100) and (1 1/2 0).
Monte-Carlo simulations and preliminary synchrotron X-ray experiments are in agreement with these predictions.
Several studies of local order and concentration fluctuations in various crystalline (Ni2Cr, Ni-based superalloys) or
amorphous (Fe2Zr, Ti84Si16, selenite glasses) systems have also been performed by other groups (LSI/Palaiseau,
CEMES/Toulouse, LLB, MPI/Stuttgart, Bulgarian Academy of Sciences (Sofia)).

1.3. Local order in quasi-crystals and their liquid precursors
If the indexation of diffraction peaks in quasi-crystals can be made with success, the problem of positions of
specific types of atoms is far from being resolved. Is there or not chemical disorder ? This has an important impact
on our understanding of the origin of the stability of these materials at room temperature : i.e. are they stabilized by
defects when cooling from high temperature ? If such a disorder exists, it should manifest itself by an elastic diffuse
scattering in the neutron or X-ray diffraction spectra. Scarce information existing up to now led to conflicting
results. The advantage of neutrons over X-rays is the easiness to obtain absolute cross-sections and the possibility
to separate experimentally the inelastic thermal diffuse scattering due to phonons. The difficulty with neutrons is
their sensitivity to hydrogen contamination, and the lower q-resolution to well separate the Bragg peaks. We have
therefore undertaken a study at LLB on this subject (PhD thesis of N. Schramchenko) in collaboration with LEM
(ONERA-CNRS) and CECM-Vitry, where the samples are made.
First experiments performed on G4.4 at LLB on a single grain of Al-Pd-Mn, allowed to observe at room
temperature a diffuse scattering far from the Bragg peaks. Normalized, it is in agreement with the theoretical
disorder term from an approximant phase ξ' of similar composition. The data treatment is delicate, because one has
to correct for a very large number of very small Bragg peaks.

The preliminary work presented in the previous LLB report (1995-96) on liquid precursors of Al-Pd-Mn, has been
extended and completed in the frame of a multi-laboratory collaboration (LPS-Orsay, LTPCM-Grenoble, LLB-
Saclay, PhD thesis of V. Simonet, Orsay, 1998, see highlight). The set of diffuse neutron scattering measurements
performed at LLB on 7C2, and subsequently extended at ILL on D4B, confirmed the presence of a local order
reminiscent from the solid, and could be fitted by a cluster-based (Al12Mn icosahedron) numerical simulation.
Polarized neutron scattering experiments performed at D7, ILL, have confirmed the appearance of a magnetic
signal in the liquid state, deduced previously from coupled 7C2 neutron scattering and magnetic susceptibility
measurements.

1.4. II-VI and IV-VI liquid compounds
The classical semi-conductors of group IV (Si, Ge) as well as the III-V compounds (GaAs, GaSb) undergo at the
melting point a semi-conductor → metal transition, associated to a change of coordination number (4 → 6). On the
contrary, some II-VI compounds (CdTe, ZnTe) remain semi-conducting and tetrahedrically coordinated in the liquid
state. To understand the origin of this behaviour, we have undertaken, in collaboration with the University of Liège,
an experimental and theoretical study of  CdxTe1-x in all the concentration range (PhD thesis of G. Prigent).
Monte-Carlo simulations in the frame of a tight binding model, have shown that the local order in these systems is
mainly governed by the competition between the s → p promotion and the gain in binding energy (resonance
between sp3 orbitals). The charge transfer plays only a small role. CdTe remains semi-conductor, because the s
level of Cd and the p level of Te are close in energy.
A double metal ↔ semi-conductor ↔ metal transition versus composition in the liquid state was observed
experimentally from electrical measurements performed at the University of Metz. A fine analysis of neutron
scattering (obtained on 7C2) and EXAFS data suggests a coexistence of metal Cd-rich and semi-conducting CdTe-
rich domains of nanometric size for x > 0.5.

On the same subject, the team of University de Liège observed on 7C2 an astonishing re-entrant Peierls distortion in
several IV-VI compounds : SnS, SnSe, GeSe and GeTe (PhD thesis of D. Raty) : the Peierls distortion, observed at
low temperature and which disappears when heating in the crystalline state, is recovered in the liquid state.

1.5.  Fundamental structural studies of simple fluids
Very precise Small-Angle Neutron Scattering experiments, performed on noble gas (e.g. krypton) by an italian
group  of the University of Firenze (R. Magli et al.), succeeded to show, for the first time, the role of irreducible
three-body forces in the interatomic potential. Density fluctuations in these fluids have been measured in function of
temperature and pressure and near the critical point.
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1.6. Critical and supercritical fluids
Water is always an important and "hot" topic and gave rise to many studies where the structure and H-bond
dynamics have been explored in various states, including metastable states under pressure and water in confined
geometries (see the chapter "Chemical Physics and Biology” of this report). In particular, recent modelisation of
LLB neutron diffraction experiments suggest strongly that two forms of liquid water may coexist at very low
temperatures, possibly shedding light on why water has such unusual properties compared to other liquids. These
structural and dynamic studies have been extended to water in supercritical state.

Supercritical water presents physical and chemical properties, e.g. viscosity and dielectric constant, which differ
greatly from those of the liquid water. In particular, it is possible to dissolve in supercritical water organic or mineral
substances, which are hardly soluble in normal liquid water. This is of great interest, in particular for depollution
applications.
In view of developing these techniques, a "Club of Supercritical Fluids applied to Nuclear Industry" has been
created in 1994. M.C. Bellissent-Funel chairs this group since 1998. It was decided to study at LLB by neutron
scattering the local structure and dynamics of critical and supercritical fluids (water, CO2, aqueous solutions), in
order to validate Molecular Dynamics simulations (LPTL, University of Paris VI).

The partial pair correlation functions gOD(r), gDD(r) and gOO(r) in supercritical heavy water (T=380°C, pressure :
600 bar, density : 0.73 g/cm3) were determined by a reverse Monte-Carlo method from the 7C2 neutron data
obtained on D2O and two isotopic H2O/D2O mixtures, and from X-ray data (which gives the O-O partial structure
factor). The structure of supercritical water is very different from that of water in ambient conditions. Nevertheless,
modelisation of these data by Molecular Dynamics simulations show clearly that in dense supercritical water,
although the tetrahedral arrangement of water molecules is lost, some hydrogen bonding is still present, contrary to
previous statements of other authors.
SANS study of supercritical heavy water showed a large increase at small q (0.07 to 0.36 Å-1) due to the
divergence of density fluctuations at the critical point, and allowed the first measurement of the critical correlation
length ξ0 for water; the value, 1.36 ± 0.06 Å, is in fair agreement with theoretical predictions.
A first study of the (picosecond range) dynamics of supercritical H2O by incoherent inelastic and quasielastic
neutron scattering, performed by LLB researchers on IN6 at ILL, allowed to determine the evolution of D
(translational diffusion coefficient of the water molecules), L (jump distance) and τ0 (residence time) as a function
of the density of the medium. D and L increase strongly as the density decreases. τ0 is ten times shorter than that
measured in liquid water at room temperature.

Simple fluids (CO2, SO2) or fluid mixtures (H2O-benzene, CS2-benzene, CS2-C6F6, ....) are also the object of
structural studies in the critical and supercritical states (LASIR, Lille, LPCM, Bordeaux,  Universities of Lisboa and
of Roma III).

1.7.  Phase separation
Several studies performed by external laboratories approached the problem of phase separation in solids and liquids.

Isotope ordering of hydrogen and deuterium, predicted theoretically by Prigogine in 1954, was proved for the first
time at LLB by an international team led by M. Bienfait (CRMC2, Marseille) (see highlight) : a clustering process
of isotopic hydrogen mixtures H2-D2, adsorbed in order to form one monolayer on graphite (0001), was observed
from 8 K downwards, at and above monolayer completion, by SANS and neutron diffraction measurements. This
trend towards phase separation depends strongly on coverage and isotopic concentration.

A remarkable closed-loop miscibility gap has been found in the liquid tellurium-sulfur (Te1-xSx) binary diagram
around x = 0.4, which is a unique observation in an inorganic system. Neutron diffraction measurements performed
on 7C2, showed that this is directly related to a sudden change of the tellurium coordination at high temperature,
from nearly 3 for x < 0.4 (as in pure Te), to around 2 for x > 0.4 (PhD thesis of M.V. Coulet, CTM Marseille).

A systematic study by neutron scattering of the local order of several liquid alloys (Mn-Sb, Mn-Ge, Ga-Pb),
presenting a miscibility gap at lower temperature, has been undertaken on 7C2 by a team of the University of Metz
(J.F. Gasser et al). It allowed to test interatomic potentials obtained by electronic structure calculations, and to
explain the anomalous behaviour of electronic conductivity and thermal expansion in these alloys.
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The understanding of the role of an uniaxial elastic strain on the phase separation in binary metallic alloys presenting
a large size effect between the two atomic constituents, is object of a detailed small-angle neutron scattering work
by the austrian team of University of Vienna associated to LLB (O. Blaschko†, M. Prem). In particular, they could
show that such strain applied during thermal treatment induces an anisotropy in the shape of the precipitates formed
in CuRh, which can be explained by a misfit compensation mechanism.

1.8.  Dynamics.  Glass Transition
The study of relaxation processes in liquids near the glass transition has been the object of several studies
performed by C. Alba-Simionesco (CPMA, Orsay). Combination of quasi-elastic spectra obtained in a wide
frequency range show the existence of two relaxation processes. Several studies were performed under pressure,
in order to separate the respective roles of volume reduction due either to pressure increase or to temperature
decrease in the structural arrest near the glass transition.
Several other studies of the dynamics of disordered systems were performed by external laboratories at the LLB,
mostly on the time-of-flight inelastic instrument MIBEMOL. These include :
- the first study of the vibrational density of states of carbon nanotubes (University of Montpellier);
- measurement of the mobility of HD molecules adsorbed on incommensurate Kr plated graphite, which confirmed
the existence of a reentrant fluid phase, squeezed in between the commensurate and incommensurate phases
(collaboration between Universities of Mainz, Germany, and of Marseille, France);
- study of the vibrational dynamics in plastic crystals (where a periodic lattice coexists with translational disorder)
(Universities of Augsburg and Munich, Germany);
- dynamical behaviour of molecules confined in the pores of SiO2, which allowed to distinguish non-rotating
molecules adsorbed on the pore walls, and rotating molecules within the pores (University of Kiel, Germany);
- influence of the cross-linking ratio on the dynamics of the glass transition (University of Montpellier).

1.9.  Evolution and Perspectives
The specificity of neutron-matter interaction leads to develop its use on samples held in extreme conditions (e.g.
high temperatures, high pressures,...), as exemplified by the LLB studies on supercritical fluids. In this aim, an
important upgrade of the 7C2 diffractometer for liquids is planned, in collaboration with several external french
laboratories. It consists in :

- developing high temperature devices, in particular contactless heating methods : gas levitation technique for
insulating liquids, and electromagnetic levitation for conducting liquids;
- increasing the counting rate (new more efficient multidetectors, improved neutron optics), in particular to
improve the signal-to-noise ratio in the case of the small samples required by the above techniques.

This instrument upgrade will allow new applications in several important fields :
- materials processing : local structure of the liquid formers of metallic or oxide materials prepared by
solidification;
- geophysics : "in situ" study of the high density forms of silicate glasses.

2. MATERIALS SCIENCE

2.1.  Introduction
Materials Science aims to understand the properties of solid systems in their full complexity, and to optimize these
properties by acting on the composition, atomic  structure, and microstructure. This is a different approach to that of
condensed matter physics, which focuses on model systems to study a given property or phenomenon. Obviously,
materials science has an immediate bearing on industry and applications.
Neutrons are an ideal probe for studying the structure of materials, particularly because of their low absorption,
which makes it possible to work on centimetre-thick parts, and the relative ease with which experiments can be
carried out under complex or extreme conditions, such as high temperatures or applied stress.

Research currently under way at LLB includes studies in :
- Residual stress evaluation in complex systems,
- Evolution of textures with thermal or mechanical processing,
- Structure heterogeneity, precipitation, ageing of materials,
- Properties of coated glasses and gratings.

Studies on industrial materials are usefully complemented by studies of model materials that are easier to interprete.
Methods for analysing the reciprocal lattice (neutron and X-ray scattering) and the real lattice ( electron
microscopy, atomic probe, near-field microscopy) are complementary, and always used together, especially for
complex industrial materials.
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2.2.  Residual stresses
In the last decade, the use of neutron diffraction for stress analysis in components of technological interest has
strongly developed. In fact, the unique properties of neutrons, in particular their high penetration depth, mean that
neutron diffraction is the only non-destructive technique which enables the stress field evaluation within a defined
volume in a bulk sample. Diffraction of hard X-rays, such as those available at the ESRF (Grenoble), open new
possibilities, but also present technical difficulties and limitations (e.g. shape of the gauge volume).
In the last years, a new diffractometer entirely dedicated to stress analysis, DIANE (G5.2), was built up at the LLB
in Saclay, in collaboration with the italian INFM (Istituto Nazionale di Fisica della Materia). It has been designed in
order to meet engineering requirements : good spatial resolution (of the order of 1 mm3), accurate positioning of the
specimen in three orthogonal directions, an adequate space for manipulation of heavy and cumbersome samples on
the diffractometer, good instrumental resolution (high monochromator take-off angle), and fast data collection
(Position Sensitive Detector).
A widely spread activity has been developed in the last two years at the LLB in the field of residual stress analysis,
partly in collaboration with the University of Reims-Champagne-Ardenne (Prof.  A. Lodini).

The main fundamental studies performed at the LLB in the field of residual stress analysis are summarized below :
� Microstrain evaluation. Measurements of the diffraction line profile on DIANE at LLB allowed for the first
time to characterize non-destructively the plastic region (i.e. its size and the maximum strain) at the tip of a crack in
a stainless steel fatigue test specimen (PhD thesis of K. Hirschi, see highlight).
� Residual stresses in metal matrix composites (MMC). We have studied and modelized the effect of
plasticity on the thermally induced residual stresses in an Al matrix MMC reinforced with SiC particles (PhD thesis
of R. Levy-Tubiana, in collaboration with M. Fitzpatrick, The Open University, U.K., and A. Baczmanski,
University of Krakow, Poland).
� Strains in geological materials. Elastic residual strains, required by the natural continuity of solids, originate in
the rocks during the fold of the upper crust. Neutron diffraction is the only technique which allows to determine the
internal strain tensor in polycrystalline rocks. For the first time, residual elastic strains have been determined in
polycrystalline samples of geological interest (quartzites). The components of the strain tensor, determined on
DIANE at LLB,  are weak in absolute value, but significant. These residual elastic strains were found to disappear
in recristallized samples. An hydrostatic compressive state was also found in one sample, and is probably due to the
presence of secondary phase inclusions (J.C. Guezou et al, University of Cergy-Pontoise).

Parallel to this fundamental activity, great effort is made to open the neutron diffraction technique for stress
analysis to industrial users . To this end, we are involved in several international programs and industrial
collaborations.

a) VAMAS TWA 2O is an international programme, the objective of which is to establish accurate and reliable
procedures for making reproducible and standardized non-destructive neutron diffraction residual stress
measurements. It includes representatives from industry, universities and 13 neutron sources, in Canada, Europe,
Japan and the USA. Different types of samples, in which residual stresses have been introduced by various
procedures, are examined by the participating neutron sources, according to a common protocol. In the last two
years, an aluminium alloy shrink-fit and plug has been examined for "round robin" inter-laboratory comparison. The
results obtained on DIANE allow to classify this instrument as one of the most performants.

b) TRAINSS is a 4-years (1998-2001) european network, of the Brite-Euram III programme, aimed to train
european industrial laboratories to the use of neutron diffraction for determination of internal stresses. The
TRAINSS network groups 4 neutron sources (among which LLB), 6 university laboratories (among which
ENSAM, Paris), and 10 industrials which bring specific problems (among which SNCF and PSA-Peugeot-Citroen).
Two weeks per year of neutron beam time are devoted to this programme on the DIANE diffractometer. SNCF is
interested in the influence of residual stresses on the propagation of cracks in the wheel axles of railway engines
and carriages. The PSA problem is the determination of residual stresses in the discs of motor-car brakes.

c) Two other contracts with french industry have been initiated recently : with SNECMA (residual stresses in a Ti
matrix-SiC fiber MMC, for compressor discs and blades of airplane motors), and with Aerospatiale (residual
stresses in a welding between aluminium alloy plates for Airbus).
EDF financed a PhD thesis, submitted in 1997 (E. Pluyette), which allowed to realize a numerical modelization of
the DIANE diffractometer, aiming to improve the measurement of residual stresses across interfaces (e.g. a
bimetallic welding).
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d) Various studies of residual stresses in technological components were made by external laboratories, in
particular :

- the stress profile was measured along the throat of automotive gears, which had undergone a surface
treatment (R. Magli et al, University of Firenze  and LLB);
- the stress gradient could be resolved in a ceramic (AlN) plate as thin as 0.6 mm, which is well below what is
commonly achieved in neutron stress analysis, and proves the excellent performance of DIANE (L.
Pintschovius, Kf Karlsruhe);
- residual strains and stresses in MMC's, weldings and brazings for nuclear fusion technology (NET / ITER
programme), coated materials, etc... (University of Reims, University of Ancona, ENEA (Italy), The Open
University (UK)).

2.3.  Textures
Crystallographic texture (preferred orientation of grains) is one of the parameters describing the microstructure of a
polycrystalline material, which controls partly its mechanical properties. In metallic alloys, the texture appears during
the solidification, then transforms during rolling or wiredrawing, and ultimately during recrystallization. The
understanding and the mastering of its texture during thermomechanical and/or annealing treatments are necessary
in order to optimize the mechanical behaviour of a material.
Neutron diffraction is the best technique for obtaining precise texture of bulk specimens (˜ 1 cm3), under the form
of a distribution function of crystalline orientations. Its use is in particular necessary in the case of coarse-grained
materials (= a few mm3), where conventional X-rays are inapplicable.
LLB has a diffractometer specially devoted to the determination of crystallographic textures : 6T1, equipped with an
Euler craddle. The study of textures at LLB is made in strong collaboration with the Laboratoire de Métallurgie
Structurale (LMS) of the Orsay University (T. Baudin, R. Penelle), where are performed complementary studies by
EBSD (Electron BackScattered Diffraction) and numerical simulations of the evolution of the microstructure.

An important number of experiments was made to determine the texture in two-phase materials of technological
interest, and to  study the relation between texture components of each phase. Let us mention two of them :
- In the two-phase Ti-based high strength alloy ßCEZ, developed for use in the compressor of jet engines, it was
found that the sharpness of the crystallographic texture (but not its components which follow the usual orientation
relationship) is strongly dependent on the morphology of the α-phase. This has important implications on the
optimization of the thermomechanical treatments (LLB and University of Orsay).
- In a welded joint of 316L stainless steel containing coarse grains of f.c.c. austenite and a very small content (5%)
of b.c.c. δ ferrite, the neutron diffraction analysis showed that on a macroscopic scale, both phases are in a cube-
cube relationship, with a fiber texture [010] along the solidification direction. This unusual result shows that
solidification has been duplex itself, with a solidification front and the growth of both ferrite and austenite primary
phases; it is introduced in the numerical codes predicting the mechanical behaviour of the welding (J.L. Béchade et
al, SRMA, Saclay, and Ecole des Mines de Paris).

Furthermore, the recrystallization process has been more specially investigated in different materials :
- The texture of Ti-Al based intermetallic alloys, considered for aerospace industry, influences their ductility and
creep behaviour. A study of the dependence of texture on forging and (dynamic and static) recrystallization
conditions has been undertaken, in order to suppress or reduce this texture and optimize the mechanical properties
of the material (PhD thesis of Y. Hersart, University of Orsay).
- In a Fe0.5Ni0.5 alloy, neutron diffraction, associated to Transmission Electron Microscopy and EBSD experiments,
allowed to follow the growth kinetics of the cube texture  (which is interesting for magnetic applications) to the
detriment of the deformation ones, after cold rolling and annealing. This study allows to improve the simulations of
the recrystallization (LLB and LMS).

Since several years, a part of the texture activity at LLB is dedicated to the study of geological materials. In
particular, neutron diffraction coupled to microstructural observations allowed, in quartzites coming from the betic
zone of Spain, to identify two main components, {1-210} <10-10> and {1-101} <1-120>, which have been
associated respectively to the deformation and the recrystallization (University of Cergy-Pontoise).

2.4.  Phase analysis
A research programme has been undertaken since 1997 at LLB by the Direction of Nuclear Reactors in CEA,
Saclay, to characterize and study hydrogen-containing zircaloy-4 alloys, used as fuel cladding in Pressurized Water
Nuclear Reactors (PWR) (see highlight). Because of its low thermal neutron absorption and incoherent cross-
sections, Zr is a very favorable material for such studies. In a single experiment, it was possible to obtain the total
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hydrogen content with high  sensitivity and precision (< 20 ppm weight), the hydrogen content in hydride form, the
crystallographic characterization of precipitates (hydrides and Laves phases), and to follow  "in situ" up to 500 °C
the influence of H on the thermal expansion of zircaloy-4 and the thermal dissolution of hydrides. This last
information allowed to determine the solubility of H in the material between room temperature and 500 °C.

2.5.  Nanopowders and sintering
The last two years have seen an important development of studies in this domain by neutron scattering (SANS and
diffraction). Among these, two correspond to a more systematic and fundamental approach.
- The austrian group at LLB was one of the first to undertake an understanding of the sintering mechanisms. Their
recent results concern nanocrystalline Y2O3 powders : the behaviour, summarized as variation of the total surface
of pores (deduced from the Porod law in SANS) versus the volume fraction of porosity, was found very different
from that of conventional micrometre-sized powders. Two successive stages are distinguished; in the first one, the
surface of irregularly-shaped pores is reduced by surface diffusion, at nearly constant porosity; the second one
corresponds to a reduction of total pore volume by transport of vacancies towards the external surface.
- Since 1997, a research programme was undertaken at LLB by the Section de Recherches en Métallurgie
Physique of CEA/Saclay, on reactive milling and sintering. The first study concerns the composite material Ag-
SnO2, which is developed for electrical connections applications (PhD thesis of N. Lorrain). Neutron scattering
allowed to follow separately the thermal evolution of different types of porosities (using wetting techniques), and the
size of Ag and SnO2 particles during the sintering process. This evolution could be correlated with the formation of
small cavities filled with gas, and their subsequent connection in channels at higher temperature.

2.6.  Ageing of materials
Nanometer-sized precipitates dispersed in ductile metallic alloys, generally increase the hardness of the materials. A
major drawback is the reduction of fracture toughness : this embrittlement, which may appear during ageing in
operating conditions, raises safety problems in nuclear industry.
In this context, within the last decade, the thermal or irradiation-induced ageing of materials of nuclear interest has
been the object of several studies at LLB by SANS : in many cases, this is the technique which displays the largest
scattering contrast between matrix and precipitates; moreover, in the case of (ferromagnetic) steels, supplementary
information is obtained from the magnetic interaction with the neutron. We shall mention here the main results
obtained in the last two years by CEA and by the german team of Forschungzentrum Rossendorf.

The CEA programme in this field is the object of a collaboration between LLB, the Service de Recherches
Métallurgiques Appliquées (SRMA, CEA / Saclay) and the Laboratoire des Solides Irradiés (LSI, CEA / Ecole
Polytechnique, Palaiseau).
A new research programme started in 1996 on the ageing of low activation martensitic steels for the fusion reactors
(ITER programme). SANS measurements performed at LLB under magnetic field on thermally-aged samples,
allowed to characterize the precipitation of carbides (undetected by Transmission Electron Microscopy), and
showed a direct correlation between the observed number density of precipitates and the hardening of the material.
Furthermore, the stability under neutron irradiation was found to be strongly dependent of the chromium content in
the alloy, some of the samples showing an accelerated coherent phase separation of the b.c.c. ferrite into an iron-
rich (α phase) and a chromium-rich (α' phase) components (see highlight).
Two austeno-ferritic samples taken on valves situated on the primary circuit of the PWR nuclear reactor of
CHOOZ-A, which operated 140 000 hours respectively at 301°C (hot pipe) and 266°C (cold pipe), were studied by
SANS, and showed α-α' phase separation in the ferrite responsible of a strong embrittlement; surprisingly, the cold
pipe showed a larger phase separation than extrapolated from laboratory ageing tests (= 30 000 hours).

Neutron-irradiated surveillance specimens of Russian VVER-440 type nuclear power plants were investigated and
carefully analyzed by SANS at LLB by a German team (Forschungzentrum Rossendorf). The volume fraction of
the nanoscaled defects was shown to increase with the neutron fluence, whereas their size distribution (1 to 4 nm)
does not change. After post-irradiation annealing, one observes both coarsening and dissolution of the nanoscaled
defects. By comparing the ratio of magnetic and nuclear scattering with ASAXS (Anomalous Small-Angle X-ray
Scattering) and APFIM (Atomic Probe - Field Ion Microscopy) results, it could be shown that the irradiation-
induced defects are clusters consisting of vacancies and different alloying atoms like Mn, Cu and Si in the case of
commercial heats, but mainly vanadium carbide in the case of laboratory heats.

2.7.  Thin films and multilayers
The major use of neutron reflectivity is in the field of magnetism (with polarized neutrons) and in soft matter. For
non-magnetic and non-organic materials, X-ray reflectometry is the usual technique. Nevertheless, neutrons are
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useful in the case of favorable contrast : e.g. multilayers or thin films containing titanium, which has a negative
scattering length.

This is the case of SiOy / TiOx bilayers deposited on glass to optimize solar light transmission properties. A study
performed with Stazione Sperimentale del Vitro (Murano, Italy) allowed to obtain much more information (i.e.
thickness, roughness, composition) than spectrophotometry, and therefore to calculate the light transmission with
improved precision.

The collaboration with Société CILAS on the behaviour of Ti-Ni supermirrors under neutron irradiation finished in
1997 (PhD thesis of K. Nguy). The neutron reflectivity data show that the supermirrors on boron glass cannot be
guaranteed after a neutron dose of 3 1019 n.cm-2 (decrease of 30 % of the reflectivity), which corresponds to 8
years for the core side of the reactor beam holes of Orphée (which see a flux of ˜ 1011 n.cm-2.s-1), and 80 years at
the outlet of the beam holes (i.e. beginning of the guides, flux : ˜ 1010 n.cm-2.s-1). For the HFR (ILL, Grenoble),
because of the higher flux, these numbers are reduced respectively to 1 and 11 years.
Moreover, it was also shown that the boron glass substrate itself deteriorates, by formation of He bubbles.
In conclusion, for the installation of supermirrors at the entrance of the guides, a solution with a metallic substrate,
which would offer also better thermal exchanges, should be tested.

In a more prospective direction, we could observe for the first time in non-specular reflectivity diffraction lines from
micrometric periodic gratings realized on nickel films. This opens new perspectives for the study of magnetic
nanostructures in the plane of thin films, through polarized neutron reflectometry.

2.8  Evolution and Perspectives
Applied research on materials using neutron scattering is expanding, driven by its non-destructive character and the
technological needs of society. To meet these needs and promote the neutrons of Orphée by industry, LLB, with the
help of its funding organisms (CEA and CNRS), is establishing a new strategy : marketing documents and web
page, meetings and workshops, new internal organization.  Two meetings have been recently organized in Saclay on
the industrial applications of neutrons : a french-italian workshop (in january 1999), and an internal CEA workshop
(in june 1999).
We intend also to put in place a new fast access procedure for testing and rapid characterization of samples (in
particular in the field of powder diffraction); this is foreseen for the end of 1999.

It is of course important to upgrade the experimental facilities. With a financial participation of INFM (Italy), the
stress spectrometer is being equipped with a testing machine that enables strain scanning under constant load (up to
25 kN), constant strain rate or fatigue cycles. The texture diffractometer will be improved with a furnace for in situ
measurements and a multidetector to reduce the acquisition time.

From the fundamental point of view, we intend to develop the following subjects in the next years :
- in situ investigation by neutron diffraction (during thermal treatment and/or applied load) of the structure,
microstructure and internal stresses in composite materials, with emphasis on line profile analysis (University of
Wien, LLB, University of Reims-Champagne Ardenne, and INFM);
- fundamental understanding of the microstructure and texture evolutions of a model two-phase material (50-50
austeno-ferritic steel) during deformation and recrystallization (International Programme involving
LMS/Orsay, LLB, and the Institute of Metallurgy and Materials Science of Krakow);
- correlation between milling conditions and microstructure of Giant MagnetoResistive nanocomposite materials
(such as (Co, Fe) Cu) (PhD thesis of S. Galdeano, LLB and CEA / SRMP, Saclay);
- SANS study of the influence of irradiation on spinodal decomposition (i.e. α-α' phase separation in b.c.c. Fe-
Cr solid solution) (LSI / Palaiseau and LLB).

Future trends in the field are the following :
- enlarged realization of "in situ" experiments;
- coupling with numerical simulations of the behaviour of materials, one major objective of the neutron
experiments being the validation of models or codes;
- study of non-metallic materials : e.g. microstructure and ageing of cements;
- development of the study of materials of geological interest : the problems here are very similar to those
encountered in metallurgy, with a predominant role of thermomechanical history on the microstructure.
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The mass difference between the molecular isotopes
hydrogen (H2), deuterium hydride (HD) and
deuterium (D2) leads to very different liquid-vapor
critical and liquid-vapor-solid triple points in both three
and two dimensions. This effect is due to the
importance of the zero point kinetic energy in these
quantum systems. The zero point kinetic energy also
manifests itself in the freezing of binary isotopic
mixtures by the observation of bulk quantum
fractionation, i.e. the separation at freezing of a liquid
rich with the lower mass isotopic molecule, and a
solid rich in the larger mass isotope.
The same quantum mass effect should also induce an
isotopic ordering at low temperature in the bulk solid
phase. Isotopic phase separation was predicted a long
time ago by Prigogine[1]. It was observed for 3He-
4He mixtures but never for isotopic hydrogen solid
solutions, although it has been predicted to occur at
temperatures as high as ≈ 4K.
Isotopic phase separation should be expected also in
an adsorbed single layer of an isotopic hydrogen
mixture. The reduced dimensionality and coordination
number in a monolayer with respect to its three-
dimensional counterpart makes the relative
contribution of the zero-point kinetic energy to the
total energy larger than in bulk. This is responsible,
among other things, for a substantial difference in the
molar areas of H2 and D2 at solidification and at
monolayer completion. The difference in molar areas
lifts the chemical equivalence of the isotopes and can
be the driving force which may lead to phase
separation.
This was the major motivation of our work on binary
mixtures H2(x)-D2(1-x) or HD(x)-D2(1-x) of the
hydrogen isotopic molecules H2, D2 and HD
adsorbed on graphite, searching for the possible
fractionation at solidification and for the expected
isotopic phase separation in the solid phase at lower
temperature[2-4]. Neutron scattering is well suited for
such investigations, taking advantage of the large
difference in the coherent and incoherent cross
sections of the various hydrogen isotopes. Indeed, the
contribution to a diffraction process of all three
isotopic molecules is large since the coherent
scattering length of both H (bH = -3.742fm) and D
(bD = +6.674fm) are comparable in magnitude. On
the other hand, the large incoherent scattering length
of H (especially in the HD molecule which does not
undergo ortho-para conversion at low temperatures)

is particularly useful in quasielastic neutron scattering
measurements.
We performed three kinds of neutron scattering
experiments at various hydrogen surface densities
(ρ), molar isotopic concentrations (x) and
temperatures (T) :
-Diffraction experiments were performed on H2-D2
mixtures to identify long range ordering in the solid
phases and its possible evolution with temperature.
-Small angle neutron scattering (SANS) investigations
were carried out on monolayer H2-D2 mixtures.
SANS is sensitive to the temperature dependence of
the short and medium range structural and
compositional order within the mixture. We were thus
looking for small clusters of D2 and H2.
-Quasi-elastic neutron scattering (QENS)
experiments were performed on HD-D2 mixtures to
determine the self-correlation function of the HD
molecules in the fluid phase at high temperature
(15...30K) and hence the corresponding diffusion
coefficient.
The major part of the experiments was performed at
the LLB on G6.1 and MIBEMOL ; it was
complemented by measurements at the ILL on D1B
and D16.

The diffraction measurements mapped portions of the
ρ, T, x parameter space. The most meaningful results
stem from intensity measurements of the (10)
diffraction line at low temperature because they can
distinguish between a compositionally disordered
adlayer (random mixture) according to

I ∝ xbH + (1 - x)bD
2

(1)

and a fully phase-separated system, as given by

I ∝  xbH
2  + (1 - x)bD

2
(2)

The calculated intensity is represented in Fig. 1 (full
line) for the random mixture ; it reaches zero for x =
0.64 as a result of the opposite signs of bH and bD,
respectively. The dashed line represents eq. 2, i.e. the
fully phase-separated system.
Two sets of experimental results are reported in Fig.
1, as well. One, for coverage ρ = 1, corresponds to
the so-called commensurate °× 30R)33(  structure.
The  intensities  of  the  (10)  lines  fit  very  well the
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calculated intensities of a compositionally disordered
mixed crystal. The commensurate solid remains a
random mixture down to 3K.

Figure 1. Behaviour of the (10) adlayer diffraction peak
intensity

The other coverage ρ = 1.9 corresponds to a
complete, very dense, incommensurate monolayer (ρ
≈ 1.5) with, in addition, 30% of a second adsorbed
layer (other experiments, not reported here, for ρ
≈1.5, look qualitatively the same). In that case, the
measured intensities for 0.2< x < 0.5 are intermediate
between the calculated intensities of a random
mixture and a fully phase-separated system. Hence, a
partial phase separation is observed at monolayer
completion for these isotopic molar concentrations.

The small clusters of D2 or H2 should be observed by
SANS. We have measured the variation of the SANS
intensity from 20 to about 3K by decreasing the
temperature step by step for x = 0.5 and 4 coverages
(ρ = 1.92, 1.54, 1.2 and 1.0). The results are
represented in Fig. 2 as the difference of the
recorded intensity at 3K, I(3K) and at 20K, I(20K), in
order to eliminate the contribution of the beam
adsorption due to the hydrogen condensation on the
graphite surface.

Figure 2  SANS results

At ρ = 1.92 and 1.54, we measure at low
temperature an increase of the intensity at small
scattering vector which is readily interpreted as the
signature of an isotopic clustering in the mixture.
Hence, the trend towards phase separation observed
by diffraction is confirmed by SANS for these
coverages.
The interpretation of the decrease of the SANS
intensity at low temperature, observed for ρ = 1.2, is
not as straightforward. It suggests that more ordering
occurs in the adsorbed layer at low temperature. This
is also suggested by diffraction measurements
because a superstructure peak is observed for this
coverage at 3K.
In the vicinity of the commensurate solid (ρ = 1), the
SANS intensity is essentially constant between 20
and 3K. No change in the ordering is detected
between these temperatures ; this means that the
adsorbed layer remains compositionally disordered
down to 3K, as already seen by diffraction
measurements.

At higher temperature, in the solid-liquid transition
range, we looked, by QENS, for a possible ordering
or phase separation at freezing in an isotopic
hydrogen mixture adsorbed on graphite. We did not
observe any indication of fractionation during the
layer solidification but instead a rather unexpected
effect : by substituting one half of HD by the heavier
molecule D2 in an adsorbed monolayer, we measured
an enhancement of the hydrogen mobility with
respect to the pure HD layer in the fluid phase just
above the melting temperature. This effect is
represented in Fig. 3. It can be interpreted in terms of
a strengthening of the bonding of the lighter molecule,
resulting from its larger quantum motion. Indeed, the
lighter molecule has a larger vibrational amplitude and
it tends to experience more strongly the repulsive part
of the Van der Waals potential ; this effect stabilizes
the lighter isotope adlayer.

Figure 3. Diffusion coefficient of HD molecules deduced
from QENS results
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In a recent study of liquid AlPdMn alloys[1] leading to
quasicrystalline or approximant phases by primary
crystallisation[2], we put onto light a very strong local
order. The close similarity between the intense Bragg
peaks of the solid phase and the main peaks of the
liquid structure factor suggests an icosahedral local
order. On the other hand the liquid shows up a
paramagnetic behaviour whereas the solid phases are
non magnetic. The magnetic susceptibility of the
liquid is proportional to the Mn content of the
AlPdMn alloys ; it increases with increasing
temperature, which could be associated to a decrease
of the amount of icosahedral clusters[3].
Most structural models for quasicrystals involve
packings of various icosahedral clusters with a large
number of atoms, such as Mackay clusters (54 atoms)
in AlPdMn quasicrystals or Bergman clusters (104
atoms) in AlLiCu quasicrystals. The same clusters are
also found in the approximants of quasicrystals,
which are periodic phases with large unit cells whose
structures are closely related to that of quasicrystals.
Clusters are not only a convenient geometrical
description of these complex phases, but can also play
a role in their properties. In the case of a liquid -
icosahedral solid phase equilibrium, it might be
expected that the local order in liquids forming
quasicrystals reflects the local organization of atoms
in the solid. Therefore we have undertaken
simultaneously a simulation of the liquid local order
based on icosahedral clusters and an extension of our
experimental work up to higher temperatures and with
several Mn compositions. Polarised neutrons have
been used to investigate the Mn magnetic form factor
in the liquid.

Neutron diffraction
Neutron scattering spectra measured on 7C2
spectrometer on the  Al72.1Pd20.7Mn7.2 alloy  at 1143 K
where the eutectic was molten (and hence the solid
icosahedral phase coexisted with a small fraction of
liquid) and at 1223 K just above the melting point
(TL=1160 K) are shown in figure 1. The broad
maxima of the differential scattering cross-section in

the liquid state correspond to the main Bragg peak
groups of the icosahedral phase. At small Q values in
the liquid state, a paramagnetic contribution is
superimposed to the measured structure factor as

explained later.

Figure 1. Structure factor of AlPdMn alloys in the solid
state (just below the melting point) and in the liquid state
(just above the melting point), measured on 7C2, LLB.

The similarity between the liquid and solid spectra
extends up to the largest Q values. The same kind of
observation holds for other studied alloys :
Al77Pd18Mn5 and Al76.5Pd20Mn3.5. Such an observation
suggests the presence of strong local order in the
liquid state above TL, reminiscent of that in the solid.
We have therefore searched for a possible evolution of
the neutron scattered intensity with increasing
temperature in the liquid state. This study was
performed up to 1923 K, using the spectrometer D4B
at ILL, on the Al72.1Pd20.7Mn7.2 alloy whose primary
crystallization gives rise to the largest proportion  of
icosahedral phase. Results are shown in figure 2.
As expected in liquid metallic alloys, the oscillations
of the structure factor are broadened and their
amplitudes decrease with increasing temperature.
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Figure 2. Differential neutron scattering cross-section
versus temperature for the Al72.1Pd20.7Mn7.2 in the liquid
state (measured on D4, ILL). The vertical scale
corresponds to the data measured at 1223 K. The curves
at successive temperatures have been shifted by steps of
0.5 barns.

An evolution of the liquid structure is suggested by the
fact that the second peak shoulder (shown by an arrow
around 5.5 Å-1), well defined just above the melting
point, is progressively damped with increasing
temperature. Simultaneously the low Q limit of the
intensity  increases which indicates an increase of the
magnetic moment. Finally it must be emphasized that
the oscillations at larger Q remain well defined up to
1923 K and their position is unchanged, while the
position of the first peak shifts towards small Q as
expected from thermal expansion.

Polarized neutron scattering
Polarized neutron scattering experiments were
performed on the D7 spectrometer at ILL (Grenoble)
at room temperature and at 1170 K, just above the
liquidus temperature[4]. Incident neutrons were
sequentially polarized along the three perpendicular
directions. For each direction of polarization, the spin-
flip and non-spin-flip scatterings were alternately
measured. Paramagnetic and nuclear spin incoherent
scatterings give rise to both spin-flip and non-spin-flip
processes, while the  nuclear coherent and incoherent
(isotopic  and  chemical) scatterings are non-spin-flip.
By suitable combinations of the measured spin-flip
and non-spin-flip signals, the contributions of the
nuclear spin incoherent scattering, the nuclear
scattering and the paramagnetic scattering can be
determined. The differential magnetic scattering cross-
sections at 300 K and 1170 K (obtained by averaging
spin-flip and non-spin-flip measurements) are shown
in Figure 3. Very large error bars are due to small
counting rates resulting from the significant
attenuation of the incident and scattered beams within
the neutron polarizer and analyzer devices.

Nevertheless, in agreement with previous results, a
paramagnetic scattering is detected in the liquid state,
while it is not measurable in the solid state. The
differential nuclear scattering  cross-section has been
extracted as well it ascertains that the chemical
incoherent scattering increases on melting and reaches
its maximal value in the liquid state above TL. Thus
the increase of the differential scattering cross-section
measured with unpolarized neutrons on melting is not
only due to the onset of paramagnetic scattering in the
liquid, but also to an increase of the chemical
incoherent scattering.
Knowing the chemical incoherent scattering
contribution, the differential paramagnetic scattering
cross-section  in the liquid can be calculated from the
differential scattering cross-section measured using
unpolarized neutrons. In the  Al72.1Pd20.7Mn7.2 alloy, at
1223 K, from σ0 = 1.2 ± 0.06 barns at Q = 0.2 Å-1 one
obtains 4π(dσ/dΩ) = 0.49 barns which is much larger
than the signal measured using polarized neutrons (≅
0.075 ± 0.015 barns). This discrepancy is probably
due to the quasi-elastic nature of the paramagnetic
scattering. On D7 the integration on energy is limited,
on the neutron energy loss side, by the low incident
neutron energy (Ei =3.5 meV) and, on the neutron
energy gain side, by an effective cut-off  (around 10
meV) due to the progressive decrease of the efficiency
of the neutron spin analyzers with increasing energy.

Figure 3 . Polarized neutron scattering measurements
performed on D7, ILL  : Q dependence of the differential
paramagnetic scattering cross-section in
Al72.1Pd20.7Mn7.2 at 300 K (full blue squares) and at 1170
K in the liquid state (open red circles). There is a
paramagnetic scattering in the liquid state and no such
signal in the solid state. The data in the liquid state,
normalized to 1 at Q=0 (right vertical scale), are
compared to the form factor of a free Mn2+ ion (solid
line).

On the contrary, the high incident energies used on
the 7C2 and D4B spectrometers (Ei ≅ 170 meV)
permit an integration of a much larger fraction, or
almost the whole, of the paramagnetic  response.
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Assuming the whole signal is integrated on 7C2 and
D4B, then only 15% of the paramagnetic signal was
detected on D7 at 1170 K. However, even with such
a poor precision in the data, one can observe a
narrowing of the form factor compared to that of the
Mn++ ion, which suggests strong magnetic
correlations in this liquid alloy.

Icosahedral local order of the liquid state
The great similarity found between the structure
factor of the liquid AlPdMn alloys and the diffraction
spectrum in the solid quasicrystalline phase led us to
assume the presence of a strong local icosahedral
order in the liquid. In order to ascertain this
hypothesis, we analyze more quantitatively the liquid
structure factor through numerical simulations based
on icosahedral clusters.

Although simulations of the measured structure
factors in the whole Q-range are a very complex task,
an analysis of the structure factor at large Q is
possible under several conditions and indeed brings
very interesting information on the local order. The
principle of the method, initially introduced to
describe molecular solids, implies that a cluster can be
defined in the liquid and that the atoms within the
cluster are much more rigidly bound together than to
other atoms in the system. The structure factor can be
written as :

It is compared to the experiment on figure 4a.
Because of the similarity between local order in the
icosahedral solid and in the liquid, the choice of the
cluster was guided by the structural description of
several AlMn  and AlPdMn approximant phases. We
assumed therefore an icosahedral cluster of Al
centered on a Mn Atom[6]. The first icosahedron edge
Al-Al distance <r1> was taken equal to 2.6 Å and the
mean square variation >δ< 2

1r  of this distance was
0.015 Å2 as expected from the results of structure
refinement of solid phases. <r0> is the Mn-Al distance
(see insert of  the figure 1b). The other icosahedron
distances are then fixed. Their mean square variation

can be obtained assuming that :
2

1i
2

1
2
i )r/r(rr ><><>δ>=<δ< .

The Debye-Waller term is then defined with:

3/rW 2
iij >δ=< .

Figure 4.(a): Comparison for Q > 4.5Å-1 of the measured
structure factor at 1223 K  in Al72.1Pd20.7Mn7.2 (blue) with
the calculated structure factor assuming Al12Mn
icosahedra (red solid line)
(b) Q dependence of the Debye-Waller factors for the four
pair distances within the Al12Mn icosahedron

Conclusion
In this work, by using a cluster based numerical
simulation, we have proven the existence of
icosahedral clusters with lifetime greater than the
typical neutron interaction time with the cluster (i.e. 10-

10 seconds).
The existence of such clusters with the same geometry
up to very high temperatures, is the signature of a
molecular type local order in a liquid metallic alloy.
Moreover this liquid is non homogeneous as far as no
change occurs in intracluster distances, while bulk
density strongly decreases.
We have shown that the unexpected behaviour of the
magnetic properties of these alloys can be understood
under the assumption than Mn becomes magnetic
outside of the Al12Mn clusters.
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Austenitic stainless steel 316L is used extensively in
the field of nuclear industry, and more specifically in
the primary circuit of fast breeder reactors. As the
normal operation temperature of the latter is about
650°C, it is very important to determine the role of
residual stresses in the deformation and the fracture
process in order to estimate the component's
lifetimes. The plastic deformation is also an
important parameter related to the residual stress
relaxation and its redistribution after fatigue loading.
The aim of this work was to determine the residual
stress field in cracked fatigue specimens of austenitic
stainless steel 316L by neutron diffraction techniques
in order to use this data for quantifying the influence
of the different loading parameters on the fatigue
crack growth. On the other hand, some
microstructural parameters, such as the average size
of coherently diffracting blocks D and the mean-
square microstrain <ε 2>1/2, were estimated by
combining neutron and X-ray (synchrotron radiation)
diffraction techniques. In fact, the shape and the
broadening of diffraction profiles are directly
correlated with the evolution and redistribution of
microstructural defects .
Non-destructive neutron diffraction technique is
nowadays extensively used for the determination of
internal elastic stresses in polycrystalline materials
due to the homogeneous distribution of strains across
several grains, which result in a shift of the angular
position of the Bragg peaks. However, the analysis of
plastic strains , due to microstructural defects, by
neutron scattering investigations still remains quite
rare, in contrast to X-ray diffraction, widely used for
this kind of analysis. Nevertheless, due to the high
penetration of neutrons in most materials, the neutron
diffraction is the only non-destructive technique,
which enables to get information within a defined
volume in a bulk sample and not only limited to the
surface (as in the case of X-rays).
For the analysis of plastic strains by neutron
scattering, experimental and theoretical methods for
neutron diffraction line broadening analysis were
developed [1]. These methods generally require a
high instrumental resolution, which has been
achieved by optimising the experimental conditions
(large monochromator take-off angle and small
incident beam divergence) [2]. Additionally, a new
method of single peak analysis with indirect

deconvolution of instrumental profile was developed
to relate the diffraction profile parameters with the
microstructural parameters.
Measurements were performed on two Crack Test
(CT) specimens of austenitic stainless steel 316L
(Fig. 1) subjected to fatigue cycling with different
load ratio (R) in order to modify the dimensions of
the plastic region close to the crack tip (R=0.1 and
R=0.5), called in the following CT_1 et CT_2,
respectively. In particular, the first sample, with
R=0.1, had been subjected to 25750 fatigue cycles,
while the second one (R=0.5) has been submitted to
19530 cycles. A third specimen (CT_3) was
deformed by tension up to 5 mm crack opening.

1. Internal elastic stresses
In the first part of the work, we have studied the
macroscopic residual stresses by neutron diffraction.
Three dimensional strain measurements (x, y, z
directions) were performed in the middle of the
sample, along the crack opening direction y, on the
"strain dedicated" G5.2 diffractometer of the LLB.

Figure 1: Geometry of the CT samples and measurements
directions. The plastic zone near the crack tip is
schematised in blue. The samples were 70 mm long in the
direction of the crack growth, 45 mm high and 10 mm
thick. Neutron measurements have been performed in the
middle of the sample (at a depth of 5mm), along the crack
opening direction y.
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For all the investigated specimens, a three
dimensional stress state was observed. In particular,
the residual stresses obtained for the sample with a
small R (CT_1) are rather weak and they increase in
the second sample (CT_2) with higher R.
Experimental residual stress distribution along the
crack opening direction for the third sample (CT_3)
is shown in figure 2, together with a finite element
calculation. As seen from the figure, the maximum
stress level was observed at 2 mm from the tip, where
σxx = 300 MPa, σyy = 500 MPa and σzz = 800 MPa.
At the distance of 8mm from the tip, the σxx and σyy

components were found to be very low, whereas the
σzz component becomes large and compressive.
These measurements show a good agreement with a
finite elements (3 dimensional) calculation performed
using CASTEM2000 code, developed at DEMT
(CEA). A small disagreement between the
experimental and theoretical results was observed
essentially in the region of some mm near the crack
tip. This can be explained by the different spatial
resolution used in the neutron measurements. In fact,
the size of the finite elements selected in the
calculations was 0.187 mm near the crack and 1.275
mm at the edge of the sample, while the spatial
resolution (“gauge volume”) of neutron
measurements was 1x1x1 mm3. We note as well that
the calculated values of stresses are slightly higher
than measured ones. This is probably due to
relaxation effects due to the plastic deformation
induced by the tensile test. Another possible reason
for the deviation from the maximum value can be due
to the fact that the calculation does not take into
account the effect of the crack propagation.
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Figure 2 : Residual stress evolution as a function of the
distance from the crack tip of the CT_3 sample.
Comparison between the experimental results (dots) and
the values obtained by Finite Element calculation
(continuous lines).

2. Plastic strains : neutron measurements
In the second part of the work, the experimental
study of microstructure and plastic deformation in the
region close to the crack tip was performed by
neutron and X-ray (synchrotron) diffraction. In fact,
it is important to estimate the dimension of the plastic
zone, created around the crack's tip, which is
responsible for the stress redistribution affecting the
crack propagation.
The microstrains evaluation by neutron diffraction
have been performed in the middle of the sample (at
a depth of 5mm) using the profile broadening
analysis, based on the single-line Keijser's method
[1]. The basic assumption of this approach is that the
sample broadened profile can be described by the
convolution of a Gauss function and a Cauchy
function, depending on the strain and size,
respectively. The indirect deconvolution method has
been developed to extract the instrumental profile
from the experimental data. The plastic zone was
clearly distinguished for the CT_2 and CT_3 samples
with the peak breadth considerably larger than that of
reference sample. The dimension of the plastic zone
(depending on the directions x, y, z) is about 2 to 3
mm for the CT_2 sample and about 4 mm for the
CT_3 sample. The estimation of the plastic
deformation and microstructural parameters (D and
<ε2>1/2) was done using a previous calibration on
prestrained tensile specimens, by performing neutron
single line broadening analysis. For the CT_3 sample
it was found that the maximum plastic strain in the
directions perpendicular (z) and parallel (y) to the
crack propagation is localised at 1mm from the tip
and it attains about 30% (Figure 3).
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3. Plastic strains : X-ray measurements
These results, obtained by a single peak broadening
analysis, have been completed by a Warren-
Averbach analysis using several X-ray (synchrotron
radiation) Bragg reflections and higher orders. These
complementary measurements were performed at the
sample surface on the four circle diffractometer,
WDIF4C, installed on the light guide DW22 at
L.U.R.E. (Orsay). Plastic strains were determined
using a recently developed theoretical model, based
on the Warren-Averbach analysis and taking into
account the contribution of Elastic Strain
Heterogeneity (ESH) of the domains on the profiles
broadening [3]. The values obtained for the mean
size of the coherently diffracting blocks <L>, the
mean square of the 2nd kind micro-strains <ε0

2>1/2

(related to  the  ESH  effects) and  the mean square of
3rd kind
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0> (2nd order) and
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1> (3rd order) as a function of the distance from the
crack trip in the CT_3 sample, determined by Warren-
Averbach analysis using synchrotron radiation

micro-strains <ε1
2>1/2 are reported in Figure 4 as a

function of distance from the crack tip. As seen from
the figure, the microstructural parameters obtained
are quite scattered. This is probably due to the
relatively large grain's size compared to the small X-
rays beam dimensions and its weak divergence. In
particular, the ESH and size effects are the most
visible in the region close to the tip (2-3mm). In the
region between 4 mm and 9 mm, we obtain very
small (or zero) values of plastic deformation and
negative values of <L>. This is due to the
imprecision of the deconvolution as the Bragg peak
breadth is very close to the instrumental width. The
calculated size of coherently diffracting blocks,
which is about 255Å at the crack tip, corresponds to
plastic strain of 30%. The increase of distortion
values at the edge of the sample shows the presence
of strong plastic strains in this region.

In summary, neutron diffraction has been applied to
study the in-depth triaxial stress field and the
hardening effect along the crack line in austenitic
steel fatigued specimens. For the first time, the
plastic zone close to the crack tip has been
characterised by the neutron technique using
diffraction line broadening analysis [4].
Complementary measurements were made using X-
rays (synchrotron radiation) at the sample surface. A
quantitative comparison between neutron and
synchrotron results is not possible as the ESH is not
taken into account in the neutron broadening analysis
and the explored regions are not the same.
However, this study has shown that the neutron non-
destructive technique, complementary to the X-ray
technique, is a powerful tool for mechanical and
microstructural characterisation of bulk samples.
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Aims of the study

The fuel cladding of Pressurized Water Nuclear
Reactors (PWR), made in Zircaloy-4 (zirconium-
based alloy, containing in weight typically 1.4% Sn,
0.2% Fe and 0.1% Cr), is sensitive to hydrogen
absorption in the usual working conditions (i.e. under
H2O at 300°C). Hydride platelets may form, which
are an important embrittlement factor of the cladding,
and also which induce a swelling when they dissolve
in the α-h.c.p. Zircaloy matrix. Moreover, recent
studies suggest that these hydrides may be an
accelerating factor of corrosion. This aspect will be
all the more important as the new working PWR
conditions will be more demanding.
It is therefore essential to characterize and
understand the mechanisms of hydride formation and
dissolution, in particular under neutron irradiation : this
is the object of a research programme undertaken by
the "Direction of Nuclear Reactors" of CEA, which
includes a neutron scattering study at LLB.
The large coherent and incoherent cross-sections of
hydrogen make this tool very powerful to determine
the hydrogen content and characterize the hydrides ;
indeed, the incoherent cross-section gives rise to a
continuous background in diffraction spectra, which is
proportional to the hydrogen content, and is (nearly)
independent of scattering angle  ; the coherent cross-
section contributes significantly to the structure factor
of the hydride phase, i.e. to the intensity of its
diffraction peaks. Zirconium is a specially favorable
element for this study, because its neutron absorption
coefficient and incoherent scattering cross-sections
are very weak : the diffraction spectra of H-free
samples show very low background.

Results

In a first stage, we have shown, on the powder
diffractometer G4.1 (equipped with a 800 cell linear
multidetector), that the incoherent scattering
contribution, obtained from the measurement of the
background on samples originating from cladding
tubes, allows to determine non destructively the
total amount of incorporated hydrogen (Fig. 1), with
very good sensitivity and precision (< 20 ppm weight).
The principle of measurement consists to calibrate in
absolute value the incoherent signal measured on a
reference vanadium sample of cylindrical shape, after
subtraction of the instrumental background ; this

allows to calibrate the signal difference between the
hydrogenated sample and an hydrogen free sample.
On the other hand, the diffraction peaks of the
hydride (f.c.c. δ-ZrH2) and Laves phase precipitates
(Zr(Fe,Cr)2) can be easily detected and analysed, for
very weak (< 1% atomic) H, Fe and Cr contents,
which is not possible in conventional X-ray
diffraction.
In a second stage, we have performed "in situ"
measurements  at various  temperatures  (between 20
and 500 °C) under secondary vacuum, on a section of
Zircaloy-4 cladding tube containing 642 ppm weight
hydrogen (length of the sample : 50 mm, diameter :
9.5 mm). The typical measuring time for a single
spectrum was 2 hours. In a single experiment (total
duration : 5 days), we have been able to obtain
simultaneously from the analysis of diffraction spectra
the following informations :
- total hydrogen content,
- hydrogen content in hydride form,
- crystallographic characterization of the Zr(Fe,Cr)2
and ZrH2 precipitates,
- solubility of H, dissolution of hydrides (Fig. 2),
- influence of H on the thermal expansion of Zircaloy-
4 (Fig. 3).
Desorption of hydrogen out of the sample under
secondary vacuum was observed above 450 °C, by
a decrease of the incoherent background signal.

Conclusions and future prospects

Neutron scattering is the only experimental technique
which allows to measure non-destructively the total
hydrogen content in Zircaloy tubes. But, more than a
simple hydrogen content determination at room
temperature, the neutron scattering technique, when
combined use is made of the incoherent background
and of the diffraction peaks, is also a very rich
technique, sensitive and reliable, and quite appropriate
to follow "in situ" at high temperature the
precipitation/dissolution phenomena of zirconium
hydrides, even for very weak contents of precipitates.
Future work  will be the examination of neutron
irradiated samples in PWR conditions (influence of
irradiation on hydrogen solubility and on the structure
of precipitates) and the study of the behaviour of the
cladding in accidental situation (loss of primary
cooling), which will require measurements at higher
temperature (≈1000 °C).
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Figure 1  : Powder diffraction diagrams measured for several Zircaloy samples. One observes the increase of background with
the hydrogen content, and the weak diffraction lines of δ-ZrH2 hydride and Laves phase.
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Figure  2 : Proportion of hydrogen content in hydride
form (δ-phase) versus temperature, for a sample
containing 642 ppm weight hydrogen. This quantity
decreases with increasing temperature, according to the
phase diagram shown in inset : above 500°C, dissolution
of the hydrides is complete and the sample is a single-
phase Zr-based (α) hexagonal solid solution. It allows to
determine the hydrogen solubility curve in the studied
material, between room temperature and 500°C, and to
deduce a value for the enthalpy of dissolution of the δ-
hydrides in Zircaloy-4 :    ∆H = 41.5 kJ / mol.
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Low Activation Martensitic (LAM) steels are
candidates for internal structures of fusion reactors.
The concept of Low Activation steels was introduced
in nuclear industry for new materials that offer
benefits on maintenance operations and waste
management. For martensitic/ferritic steels, the main
alloying elements such as molybdenum, niobium and
nickel present in commercial steels are substituted by
elements such as tungsten, vanadium, manganese
and tantalum. These elements have a similar
influence on the processing and the structure, but
exhibit a lower radiological impact. The assessment
of potential reduced activation martensitic steels
requires a good understanding of the microstructural
features in correlation with the mechanical
behaviour. Consequently, much effort is underway to
study the microstructural evolutions in these
materials occurring under thermal ageing or neutron
irradiation, and the effects of the substitution of W to
Mo and Ta to Nb.

The microstructural investigations are focused on the
following phenomena :
- precipitation of various carbides or nitrides : in
particular of M2(C,N) particles responsible of a
"secondary" hardening phenomenon (defined in §1),
- formation of the Laves phases Fe2(Mo,W) under
long thermal ageing around 500°C,
- decomposition by a spinodal mechanism of the
ferritic phase resulting in an ultra fine-scale
interconnected network of Fe-rich α and Cr enriched
α' phases or in very small α' particles around 400°C.

All these microstructural evolutions (which are at the
origin of hardening phenomena and embrittlement)
were studied in different martensitic steels with a
chromium content between 7 and 12 at.%, using
Small Angle Neutron Scattering (SANS). Indeed
SANS allows, in this kind of materials, to
characterise very small precipitates at early ageing
time when they are not detected by Transmission
Electron Microscopy. This is in particular the case
for α-α' decomposition, which introduces very weak
contrast for X-rays or electron scattering.
Furthermore, the ferritic matrix being ferromagnetic,
the A(q) ratio of the magnetic and nuclear contrasts
between the matrix and particles gives information
about their chemical composition [1].

1. Study of the secondary hardening phenomenon
In quenched (after 1h at 1050°C) and subsequently
annealed at 450-550°C materials which simulate the
thermally affected zone near a weld, one observes, at
relatively short annealing time, an increase of the
hardness which is called secondary hardening[2]. It is
related to the first steps of Cr-rich M2X (X= C or N)
precipitation; the latter is detected by Transmission
Electron Microscopy (TEM), but only after almost
100 annealing hours when the size of the particles is
close to 10 - 20 nm. In order to describe the
precipitation at the early stage of thermal ageing
treatment, SANS experiments were performed on a
conventional alloy “T0” (Fe-9%Cr-1%Mo) and on a
LAM material “F82H” (Fe-7.5%Cr-2%W),
previously aged for various durations at 500°C.
For the T0 alloy, an increase of the SANS intensity
is observed at all annealing times. The mean
diameter and number density Np of the M2X particles
deduced from SANS are shown on figure 1. At short
ageing time (<5h), the particles size remains small (1
to 2 nm) whereas Np increases (“nucleation” stage).
Around 5h ageing time, Np and the hardness reach
simultaneously their maximum value, corresponding
to optimal pinning of the dislocations by the small
precipitates. At long ageing time, Np and the
hardness decrease sharply whereas the average
precipitate diameter increases by one order of
magnitude (“coalescence” stage).
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Figure 1 : Evolution with ageing time at 500°C of the
mean size and the number density of the M2X precipitates
measured by TEM and SANS in the T0 alloy.

The form factor of the precipitates, obtained from the
fit of the SANS curves, is spherical for the shorter
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time (t<100 h) and afterwards rod shaped ellipsoidal
with a ratio between the big and the small axis of
about 3. For large precipitates, the aspect ratio and
the mean size measured after 1000 h, are in good
agreement with TEM observations.
The A(q) ratio was found to decrease strongly with
ageing time (i.e. from 6.6 to 2.4); this could be
explained only by a progressive enrichment in Cr
and by assuming that the interstitial element X is
essentially carbon and not nitrogen. At long ageing
time, the A ratio is in agreement with the presence of
9% Mo in the carbides measured by TEM.
For the low Cr content LAM alloy F82H, the
maximum volume fraction of the carbides is
noticeably smaller than for T0 (0.7% instead of
1.5%); this can explain the very weak increase of the
hardness observed in the F82H alloy (figure 2).
Besides, the chemical composition of the carbides at
long ageing times, consistent with the A value, is
80%Cr-20%V (at. %) : contrary to the case of Mo in
the T0 alloy, W does not enter in the composition of
the M2C carbides.
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Figure 2 : Evolution with ageing time at 500°C of the
hardness and of the mean size of the M2X precipitates
measured by SANS in the Low Activation F82H alloy.

2. Ageing under long thermal treatment or
neutron irradiation
In austenitized (quenched from high temperature)
and subsequently tempered (annealed 1 h at 750°C)
materials, long thermal ageing performed at
temperatures between 250 and 550°C up to 22000 h,
can induce an important Ductile-to-Brittle Transition
Temperature (DBTT) shift directly related to the
formation of new phases[3]. SANS measurements
realised on several types of alloys (conventional and
LAM) have shown different behaviours depending
on the chemical composition. In particular, SANS
was able to detect the formation of very small
precipitates (nm size), not observed by TEM. For
example, the formation of α' precipitates was
observed by SANS in conventional and LAM alloys

containing initial Cr content above 9% under thermal
ageing at 400°C.
Some of these alloys were studied after fast neutron
irradiation up to a dose of 0.8 d.p.a. (displacement
per atom) at 325°C. In a Low Activation (“La4Ta”)
alloy containing 11.2%Cr, neutron irradiation
induces an increase of the scattered intensity (figure
3) which can be attributed to the α-α' spinodal
decomposition not observed under thermal ageing at
this temperature. In this case, the neutron
irradiation induces accelerated phase separation.
The "F82H" alloy presents no evolution under
thermal ageing whatever the temperature as well as
under irradiation up to 0.8 dpa. These behaviours are
in qualitative agreement with the mechanical
properties of the materials.
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Figure 3 : SANS intensity scattered by two low activation
alloys (F82H and La4Ta) before and after neutron
irradiation.

In summary, the combined use of SANS and TEM
allows to obtain a detailed description of
precipitation.  This study has put in evidence the role
of the initial chemical composition on the alloys
behaviour under thermal treatment or neutron
irradiation. SANS measurements allowed a direct
correlation of the microstructure evolution with the
secondary hardening phenomenon.

1 Mathon  M.H., Barbu A., Dunstetter F., Maury F., Lorenzelli N., de Novion C.H.., J. Nucl. Mat., 245 (1997) 224-237
2 Brachet J.C , J. Phys. III, C3, 4 (1994) 83
3 Brachet J.C., Castaing A., Foucher A., Note Technique SRMA 95-2140, august 1995
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CCHHEEMMIICCAALL  PPHHYYSSIICCSS    AANNDD  BBIIOOLLOOGGYY

This very large chapter includes Soft Matter, and more precisely Polymers, and Biological Macromolecules. The
latter part originates in previous studies of the structure and dynamics of water. It was realized some years ago that
water has especially interesting properties when located in the vicinity of a hydrophilic or a hydrophobic surface.
This led to a combined study of structural and dynamical properties of Proteins and of the water that is associated
to them. It is interesting to note that a similar evolution occurred in Polymer Physics. There is a growing interest for
water-soluble macromolecules, and/ or for copolymers with water-soluble sequences. This leads to conformations
that are different from the structures that are usually considered. In some cases, the polymers are biological
molecules that are studied in conditions very different from their normal working ones. Thus, there is a significant
overlap between these apparently different topics. Among others, there is  an interest in showing the strong
similarity between the structure of a denaturated biological molecule and that of a synthetic polymer. Work in the
second area focused on amorphous and mesomorphous Polymers in the bulk and at interfaces, on Gels, and on
Polyelectrolytes. The first part was interested in the static and dynamic properties of soluble and membrane
proteins and their associated water. It is indeed accepted that hydration water plays a central role in the stability and
function of biological macromolecules. Therefore, it is important to look for the relation between structure,
dynamics, and hydration water in proteins.
The neutron scattering experiments were performed essentially with the small angle spectrometers for the
structures, by time-of-flight and spin-echo inelastic scattering techniques for the dynamics, and by reflectometry for
interfaces.

1. BIOLOGY

1.1. Dynamics of proteins.
The dynamics of a photosynthetic protein, C-phycocyanin (CPC), was studied. This comprises the dynamics of the
protein itself as well as of the water that is located at its immediate vicinity. Dynamical studies of the protein as a
function of temperature and of the rate of hydration were made by time-of-flight technique, with the Mibemol
spectrometer. They led to split the hydrogen atoms into motionless and mobile fractions. As temperature is varied,
a dynamical transition is found at approximately 250 K ; it corresponds to the appearance of diffusive motions
inside the protein. The radius of the diffusion sphere of the hydrogen atoms in the surface residues remains
constant, at approximately 2 Å as temperature changes. But the fraction of motionless atoms decreases as
temperature increases and reaches a limit that corresponds to the fraction that lies on the surface.

1.2. Dynamics of water.
A complementary study of the dynamics of the hydration water, in direct contact with CPC, was performed. In
order to eliminate the contribution from bulk water, this was realized on powders at hydration rates such that the
proteins are functional. Samples hydrated respectively with H2O and D2O were used for these experiments on
Mibemol. The data may be interpreted with stretched exponentials, corresponding to a distribution of relaxation
times for water. The average relaxation time varies as q-2, where q is the momentum transfer. This leads to a
diffusion constant equal to 1.5 x 10-6cm2/s, smaller than the 2x10-5 cm2/s of bulk water. Thus, the hydrophylic
surface has a slowing down effect on hydration water.
These results were also compared with those of a "model" system, made of supercooled water in a porous Vycor
silica glass with large specific surface- 116 m2/g. The latter is made of interconnected cylindrical pores of
approximately 50 Å diameter, and is very hydrophilic. Two different hydration rates for Vycor were used. The
quasi-elastic incoherent scattering experiments were made as a function of temperature. The data lead to a stretched
exponential function, exp[-(t/τ)β]. The relaxation time τ varies as q-2. This leads to a diffusion coefficient equal to
1.1 x 10-5 cm2/s, again smaller than that of bulk water. The exponent β is interpreted by a distribution of relaxation
times corresponding to motions inside cages with a distribution of sizes. These structural and dynamical studies
show that at room temperature, interfacial water behaves as supercooled water.
The influence of water was also specified by looking at changes in the internal dynamics of two globular proteins
as one goes from a hydrated powder to a solution. This was realized on lysozyme and myoglobin. It was made on
the time-of-flight spectrometer IN6 at ILL. Various hydration rates in D2O were used. It was shown that surface
residues progressively get a  local diffusive motion as the protein is hydrated until there is a water monolayer.
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Further hydration increases the velocity of this diffusion, but does not involve more residues. Finally, the relaxation
time in a solution is two times smaller than for a monolayer, with an amplitude of the motion three times larger.
Finally, the dynamics of hydrogen bonds was studied on a water/ dimethylsulfoxide (DMSO) mixture. The latter
interacts strongly with water by forming H bonds. The mixture that was used (1DMSO/2H2O) is eutectic, and is
characterized by a very large decrease in the crystallization point, located at -70°C. Quasi-elastic neutron scattering
experiments with deuterated DMSO allows the observation of the motion of the protons of water. They show that
the dynamics is slower : the diffusion coefficient is 4 times smaller in this mixture than in pure water. A more
surprising result is that the H-bond lifetime is found to be unchanged, whereas a longer time might be expected.
These results indicate that hydrogen bonds are stronger than in pure water.

I.3. Structure- dynamics- function relationship
A collaboration with the Service de Biophysique des Protéines et des Membranes of CEA/Saclay was set up in
order to study the relation between structure, dynamics and function of membrane proteins. Its aim is to understand
completely the energetics of protein folding, and to establish a precise relationship between the structure and the
functionality of these macromolecules. To this end, it is necessary to know the three dimensional structure of these
proteins. It is also important to characterize with the best possible precision their internal motions. The most
interesting time scales are between pico- and nanoseconds ( 10-12 to 10-9 s). They are accessible by inelastic neutron
scattering. This work is done with membrane proteins involved in the first stages of photosynthetic processes in
purple bacteria. Reaction Centers (RC) and light harvesting proteins (LH1 and LH2) were used. They form an
interconnected protein network in the membrane, are available in large amount, and their structure is known.
Two examples are discussed in the highlights. The first one deals with time-of-flight experiments, giving access to
motions with times in the picosecond range in the protein. The second one allows for a comparison of the collective
motions in RC and LH2 by neutron spin-echo technique, for times about nanoseconds (10-9 s). An example of
structure determination by Small Angle Neutron Scattering (SANS) for LH1 is also discussed. A combination of
inelastic neutron scattering techniques and more classical methods in Biophysics such as absorption of light and
vibrational spectroscopies makes it possible to study the relation between structure, dynamics, and functionality.
This is a part of the PhD thesis of S. Dellerue.

I.4. Denaturated proteins.
A second kind of studies is intermediate between polymers and Biology. It involves denaturated proteins, and the
possible similarities between their behavior and that of synthetic polymers. Denaturation was made either by
heating or by using a strong denaturing agent, guanidinium chloride (GdmCl). Small-angle neutron studies of yeast
phosphoglycerate kinase PGK denaturated by GdmCl show an excluded volume behavior, very similar to what was
observed on neutral synthetic polymers. The second virial coefficient was measured, and is in agreement with the
theoretical predictions for polymers. Similar results were obtained with beta-casein and neocarzinostatin (NCS)
denaturated by GdmCl ( PhD thesis of V. Receveur).
NCS denaturation by heating was studied in detail by a combination of SANS with other techniques. This protein
has a structure made of a single domain, is very analogous to that of immunoglobulins, and also is present in other
proteins. Three stages were observed during the denaturation. In the first one, the size remains almost constant.
This is reminiscent of the "molten globule". Then, the radius increases until a reversible endothermic transition.
The latter corresponds probably to the breaking of hydrogen bonds. In the last regime, the molecule reaches a final
state where NCS behaves as an ideal chain, without any interactions. This corresponds to the so-called "theta"
regime in polymer Physics.

2. POLYMERS.

Polymer studies are an excellence area of L.L.B. They dealt essentially with mesomorphous polymers at rest and
under shear and elongation stresses, gels, and interfaces. Some experiments were also made on polyelectrolytes and
on the dynamics of chains in the vicinity of the theta point.

2.1. Mesomorphous polymers.
The Liquid Crystalline Polymers (LCP) that were considered have comb-like structures, with a mesogenous part
grafted on the main chain through a flexible spacer. An important effort on the synthesis allowed us to get
monodisperse mass fractions. This made possible the determination by Small Angle Neutron Scattering (SANS) of
the variation of the radius of gyration with molecular weight. At rest, it has the same variation as  for a gaussian
chain in the isotropic phase. In the nematic phase, it has an exponent intermediate between the gaussian and the
random self-avoiding walk values. In the smectic phase, the chains are confined between the mesogenic layers. In
the direction parallel to the layers, they have a gaussian character. In the transverse direction, the exponent implies
a stretching of the polymers, therefore validating the assumption of jumps between successive layers.
Two kinds of deformations were studied.
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A work under shear showed the richness of the possible behaviors by a combination of large angle and SANS
observations. The former gives the orientation of the director. The latter are made in the three planes defined by the
velocity, velocity gradient, and neutral vectors. For a polymer having both a nematic and a smectic phase, a
transition was found : in the high temperature nematic phase, the director is parallel to the velocity. For low
temperatures, it orders along the neutral axis. This is coupled to a change in the orientation of the chains: for high
temperatures, they are parallel to the mesogens, while at lower temperatures, they are normal to the director. This
transition may be interpreted by assuming a coupling between smectic fluctuations and shear.
A work under uniaxial extension also combined SANS, X-rays, and rheological measurements. Introducing the
parameter " duration of relaxation after stopping the deformation" allowed for a study of the dynamics of a chain
for various values of the diffraction vector q. In order to extract the effect of the comb architecture from that of the
nematic interactions, two isomers were prepared in similar thermal conditions. The first one was in the isotropic
phase. The second one was in the nematic phase. The experiments in the isotropic phase show that the chain is as
flexible as the corresponding amorphous polymer. But both the dynamics and the rheology are non classical: the
relaxation time and the viscosity have molecular weight dependences that are more important than for linear
polystyrene for instance. Under uniaxial applied strain, the rate of deformation of a single chain is constant, but
smaller than for the macroscopic sample. This might be explained by assuming the existence of clusters. The latter
are related to the existence of temporary junctions between the teeth of the combs. In the nematic phase, the
deformation is also pseudo-affine. But it relaxes as a stretched exponential : the nematic interactions slow down the
local relaxation of the chains (PhD thesis of V. Fourmaux-Demange).

2.2. Gels.
The work on gels dealt with their structure, in the various cases discussed below, as well as other phenomena
occurring in these structures, because of their interfacial and confining properties. Therefore the study of liquid
mixtures in Vycor is included in this part.
Studies concerning the structures concerned complexes made by the association of polymers, and model systems
describing composite materials made of polymer and mineral charges.

Associative gels
The former gels were made in water by hydrogen bonding between polyacids and polybases. They may then be
controlled by changing the pH for instance. Comparing the structures of free and of complexed chains in similar
conditions allowed us to show by contrast variation that complexation is stoichiometric, and that complexed chains
are tightly bound together and have compact structures.
Gels may also form, as for instance in methyl-cellulose, by associating chains with hydrophylic and hydrophobic
sequences. Agregation in this case was considered in the dilute regime, where gelation is not possible, and where
phase separation may eventually occur and be studied. This was done as a function of temperature by SANS and by
elastic and quasi-elastic light scattering. The results indicate that there is a wide distribution of masses that
decreases as a power law with increasing masses. However the aggregates are not self-similar because growth and
local densification occur together.

Composites
Model composite materials are made with two types of spheres, respectively made of silica and of nanolatex. The
degree of aggregation is also controlled by pH. The composites were studied by SANS and by rheological
measurements for various sizes and stretching. The results are currently being interpreted with a computer
simulation.

Confining effects
Two applications were considered. Both show the confining effects in gels. They show its influence on a first and a
second order transition. SANS allows us to follow the processes in a confining medium because it is easy to
eliminate its contribution to the scattering.
The confining effect of gels in crystalline nucleation of a protein - lysozyme- was studied. It may lead either to a
promoting or to an inhibiting effect.
Agarose gel is in the first class. It was shown by SANS that the gel is an inert medium for the protein, and that
aggregates with sizes larger than 500 Angström are present, as in solutions. But as one lowers temperature, their
number becomes larger in a gel.
Silica gels belong to the second class. It was shown that a fraction of the molecules adsorb on the inner surface of
the gel. It was possible to determine by SANS the effective fractal dimension of this adsorbed layer. When the
solution is under saturated, the dimension is that of the gel. By increasing oversaturation, the dimension increases
and goes to a limiting value on the order of 3.4. Because of this adsorption, the concentration in the solution
decreases, and this may explain the decrease of the nucleation rate. Crystal growth seems to be related to
desorption.
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Vycor glass was used for its confining properties to study by SANS a critical mixture of alcane and
perfluoroalcane. The temperatures that were considered were both above and below the critical temperature of the
mixture. The latter has the interesting property that both components have very similar wetting properties. The
results seem to indicate that the latter do not play a central role. The observed signal is interpreted as the sum of an
Ornstein- Zernicke contribution, and another one related to the interactions between Vycor, a superficial layer rich
in one of the components and a core rich in the other one. This allowed the observation of critical fluctuations the
size of which may be significantly larger than the pore size.

2.3. Polymer solutions.

Dynamics at the Theta point.
A detailed study of the dynamics of a linear chain in the vicinity of the theta temperature was made by Spin Echo.
It shows that the relevant length in the semi-dilute regime is the diameter of the tube rather than the screening
length. It was also shown that the local viscosity ηloc  depends on the concentration C of the solution : 
ηloc = η0 (1+BC), where η0 is the solvent viscosity, and B is a constant that vanishes when the solvent becomes
good.

Shearing of polymer solutions.
This is the subject of a thesis made in collaboration with ILL (PhD thesis of I. Morfin). It analysed by SANS the
concentration fluctuations induced by shear, and connected them  with small-angle light scattering and rheological
measurements. Two regimes are found. In the first one, the fluctuations are enhanced by shear. Then, fluctuations
diverge and there is a phase separation into two regions respectively rich and poor in polymers. This transition
occurs either by increasing the mechanical perturbation or by lowering temperature. The latter brings the mixture at
rest closer to the coexistence curve.

Polyelectrolytes.
Studies of the form factor of polyelectrolytes were extended to Sodium sulfonate polystyrene in the presence of
multivalent ions, Ca2+ and La3+. For high concentrations, trivalent ions lead to a phase separation that is attributed
to interchain linking. More precisely, it is observed on the form factor that this leads to the individual collapse of
the chains. The effect of Calcium ions seems to be similar, and this is more surprising because there is no phase
separation in this case. But there is probably a local thickening of the chains.
We chose to select a work that is external to our group in this area. This was realized by a team of Institut Charles
Sadron (Strasbourg) both at LLB and ILL and deals with polyelectrolyte star-shaped polymers (see  highlights).
Two peaks are observed in the scattered intensity. The first one varies as C -1/3, and corresponds to the average
distance between centers of the stars. The second one corresponds, in semi-dilute solutions, to the average
screening length of the solution. In the dilute regime, it becomes the average on a star of the screening length, that
decreases as one goes from the periphery of the star towards its center.

2.4. Interfaces.

Proteins and polymers at interfaces.
The work on polymers at interfaces also considered macromolecules with biological origin, namely lipase and beta
casein. The first one is an enzyme with an activity that increases significantly at the oil/ water interface. Neutron
reflectivity experiments show that the enzyme is adsorbed, and that the superficial layer has the size of the
molecule. In the presence of an anionic surfactant, SDS, the layer does not change, thus indicating that there are
few interactions between species with same charge. In the presence of a cationic surfactant, TTAB, adsorption
increases. In the vicinity of the bulk precipitation point, there appears a thick layer. This seems to imply the
possible formation of complexes at the surface. For both cases, when the surfactant concentration reaches the
critical micellar concentration (CMC), a small amount only of the enzyme is detected at the surface. The adsorbed
layer becomes dilute, and its width becomes on the order of five times that of lipase alone. A possible interpretation
is in terms of unfolding of lipase.
The adsorption of a thermosensitive polymer, poly(N-isopropylacrylamide) (PNIPAM), in the presence of SDS has
also been studied at the air/ water interface (PhD thesis of B. Jean). The adsorbed layer density increases with
temperature, an effect due to a decrease in the solvent quality. In the presence of SDS, adsorption of PNIPAM is
modified above the critical aggregation concentration (CAC). The polymer is then progressively displaced from the
surface at all temperatures studied. The concentration profiles suggest the presence of micellar- surfactant
complexes in the adsorbed layer (see highlights).
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Beta casein is a naturally unfolded protein, which adsorbs at the air/water interface. A simplified model was
studied. Assuming a symmetrical structure of hydrophilic and hydrophobic sequences, it was possible to get a
phase diagram in a temperature concentration plane. The various measurable quantities as well as the structure of
the protein were determined in all the regimes of this diagram.

Polymers at the surface of vesicles.
Finally, polymers were grafted on vesicles in order to study their stability and their sizes as a function of the chains
and of temperature. The radius increases as one heats the system, without changing noticeably the polydispersity.
The characteristic time for growth decreases as membrane concentration increases. This implies a fusion of the
latter. The temperature dependence may be explained by the existence of a potential barrier related to the existence
of grafted chains. Addition of macromolecules leads to the formation of micelles, and to the destruction of vesicles.
It seems that large masses have smaller perturbation effects on membranes. This might correspond to an effect
predicted by Lipowsky, where isolated grafted chains create a tension effect in the membrane.

Polymer-polymer interfaces.
Finally, we studied the interface between a polymer melt, where the chains are free, and a network, where they are
interconnected (PhD thesis of G. Bacri). The characteristics of the network (mesh size) and of the melt ( length of
the chains) are controlling the width of the interface. The aim of this work is to study the extent to which a
modification of the width of the interface changes its mechanical properties, and more precisely its resistance to
fracture (see highlights).

3. PERSPECTIVES.

In Biology, we intend to continue the following  soaring activities :

i)-Denaturated states of proteins.
We will compare denaturation in various conditions:
1) by a chemical agent, namely guanidinium chloride,
2) by heating up or cooling down,
3) by pressure, which has hardly been studied.
Both the structure and the dynamics of the native and unfolded states will be studied by neutron and X-ray
scattering techniques. Circular dichroism, static and time-resolved fluorescence, Differential Scanning Calorimetry
and Fourier Transform Infra-Red techniques will be associated with the previous ones.
Kinetic studies will also be made in the presence of chemical denaturating agents, in order to characterise the
intermediate states during denaturation and renaturation of a protein such as NCS, that we already studied.

ii)-Structure-dynamics- function relationship
This will be considered for soluble as well as for membrane proteins. The aim is the identification of those motions
that are important for the function of the protein. We will use quasi-elastic and inelastic scattering of neutrons with
selectively deuterated biological samples. This is a promising method for the identification of the motions in the
pico- to nano-second time scale. NMR, Infra-Red (IR) spectroscopy and Raman will be associated. These
perspectives depend crucially on the obtention of selectively deuterated biological samples. This is becoming easier
with the growing interest of the biologists for the dynamics- function relation, that might explain some not so well
understood properties of their systems.
For soluble proteins, we will take advantage of the possible studies of coupled effects hydration water/dynamics by
coherent inelastic X-ray scattering.
The systems that will be studied are soluble photosynthetic proteins (C-phycocyanin) and membrane proteins,
reaction centers and light harvesting proteins, hyperthermophilic and barophilic proteins (transcarbamylase
aspartate), parvalbumin, and hemoglobin.

iii)-Molecular dynamics simulations.
Computer simulations by molecular dynamics will be continued, in collaboration with A. Petrescu (Romania) and
J. Smith (Heidelberg). A project about the slow dynamics in the nanosecond scale within the Physics and
Chemistry of Living Objects Programme (CNRS) is being set up in collaboration with G. Kneller (Orléans).
We will always work in physiological conditions, in close collaboration with various teams of biologists.

In the field of polymers, the following activities will be developed :
Collaboration with ICS (Strasbourg) for the study of the dynamics of grafted fullerenes, with various geometries
(stars, dumb-bells, ..). The dynamical structure factors will be measured by Spin Echo technique. They exhibit a
minimum for a scattering vector that corresponds approximatively to the cross-over between the global translation
and the internal modes. This a new topic.
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Study of reinforced polymers. This is in  a growth stage. It aims at mimicking reinforcement of polymers by solid
mineral charges, and at studying model composite systems.
Adhesion between two polymer layers is studied by coupling mechanical measurements of the adhesion energy and
interfacial profiles by neutron reflectivity and ion beam measurements. With the latter techniques, one may follow
the penetration of the chains from one layer into the other one. The relation with the resistance of the interface
should allow us to determine whether the interfacial chains play the role of connectors between both layers.

The experimental and theoretical studies of multiblock copolymers at interfaces will be continued. These will be
made by local and outside LLB experimentalists for the studies about beta-casein. There should also be studies on
synthetic copolymers manufactured by Elf-Atochem.
Studies of polymers grafted on vesicles will also be continued, in order to understand the consequences of grafting
both on the structure of the polymers and of the vesicles.
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INFLUENCE OF THE NEMATIC ORDER ON RHEOLOGY AND CONFORMATION OF STRETCHED
COMB-LIKE LIQUID CRYSTALLINE POLYMERS.

V. Fourmaux-Demange1, A. Brûlet1, F. Boué1, P. Davidson2, P. Keller3, L. Hilliou4,
P. Martinoty4, J.P. Cotton1

1Laboratoire Léon Brillouin (CEA-CNRS)  2LPS, Université Paris XI, Orsay. 3Institut Curie, Paris. 4LUDFC, Strasbourg

Thermotropic liquid-crystalline polymers combine the
long-range orientation phases with the mechanical
properties of polymers. We study melts of comb-like
liquid-crystalline polymers in which the mesogenic
part is linked as a side-chain on each unit of a flexible
polymer (see Fig.1). The understanding of the
dynamics of these materials in the nematic phase
raises fundamental questions: what is the influence of
the comb-like structure? And what is the specific
effect of the nematic interaction on the dynamics?

Figure 1. Schematic representation of a comb-like liquid
crystalline polymer in an isotropic state.

For this purpose, we have synthesized two isomers of
a comb-like polymetacrylate polymer (Fig.2). One
polymer displays a nematic phase over a wide
temperature range, between the glass transition
temperature, Tg=44°C, and the nematic to isotropic
transition temperature, TN-I=83°C. Its isomeric form
only has an isotropic phase above a glass transition
temperature, Tg=32°C. The comparison of the
dynamics of the nematic polymer with that of its
isotropic isomer and that of the linear amorphous
polystyrene allows us to dissociate the contributions
due to the comb-like structure and to the nematic
interaction.
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Figure 2. Chemical formula of the polymer and its
isomeric  form

For this study, we have associated :
- classical rheology, in order to obtain the
characteristic times of the polymer chains both in the
isotropic and nematic phases,
- Small Angle Neutron Scattering (SANS), in
order to measure the chain conformation relaxation
after an uniaxial stretching,
- X-Ray scattering, in order to obtain the average
orientation of the mesogenic moieties in the nematic
deformed samples.
Due to an important work of synthesis and
fractionation of the polymers, such a study has been
performed, for the first time, on polymetacrylate
chains of well-defined molecular weights.
In the isotropic phase, our SANS study (1) shows that
the conformation of the backbone of the comb-like
polymers is similar to that of the linear polystyrene.
Indeed, we have measured the variation of the radius
of gyration, 2/1

g N75.2R = , and the persistence

length, 10lp ≅ Å. Thus, despite the presence of a

hanging  group  of  about 23 Å  length every 2.5 Å of
monomer, the conformation of the polymetacrylate
backbone is that of polystyrene. The local rigidity
due to the mesogenic group is not transmitted to the
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backbone, probably because of the flexibity of the
spacer –(CH2)6 .
For the dynamic study, our measurements(2) by
classical rheology (a shear of small amplitude)
confirm previous results(3) and show only little
differences between the complex modulus curves (G’,
G’’) in the isotropic and nematic phases. A
time/temperature superposition can be established
across the isotropic to nematic transition leading to
unique master curves for the complex moduli (see
Fig.3). The absence of a rubber plateau on these
curves for polymers with degrees of polymerization N
in between 40 – 1000, shows that these comb-like
polymers are not entangled. For linear polystyrene,
the average number of monomers between two
neighboring entanglements is 180. Nevertheless,  the
observed dynamics is different  from the  Rouse
dynamics expected  for  free chains. Indeed, the
terminal times varies as 6.2

ter N∝τ instead of
2

ter N∝τ  for a Rouse dynamics, the viscosity
3.1

0 N∝η  and not 1
0 N∝η . These results suggest a

more collective dynamics for the comb-like
polymers than for linear polystyrene.
The SANS experiments(4) allow us to describe the
chain conformation of the deformed samples by two
parameters: λp, the global chain deformation and p,
the number of monomers of locally relaxed sub-chain.
For a linear polymer in a Rouse regime, the chain
deformation is affine (λp is equal to λs the deformation
ratio of the sample) and p increases with the
relaxation time tR as 2/1

Rtp ∝ . For the isotropic
comb-like polymer, the chain deformation λp remains
constant, but is smaller than the sample deformation
λs : the chain deformation is pseudo-affine.
Meanwhile, the p values increases as Rtp ∝ . To
explain these results, we assume the existence of
living clusters made of temporary junctions
between teeth of the comb. The chain dynamics
observed in the isotropic phase involves movements
more rapid than a simple Brownian motion. If such
effects probably come from specific interactions
between teeth of the comb, their exact nature is still an
open problem.
In the nematic phase, the chain deformation is also
pseudo-affine as in the isotropic phase. But here,
when the relaxation time increases, the chain defor-
mation decreases as a stretched exponential function
of the rheological terminal times ( terτ ) (see Fig.4).
The  p  values  are small, and  remain  constant; they

only depend on the stretching temperature. We
observe a slowing down of the chain dynamics. The
nematic interaction hindered the local relaxation of
the chains; the lifetime of the junctions is strongly
prolonged. Therefore, the chain relaxation is the same
at all scales.

Figure 3. Master curves of the complex moduli G’ G’’
(unit : Pa) obtained from the time temperature
superposition of the measurements obtained for the
polymetacrylate polymer in the nematic phase (lines) and
in the isotropic phase (G’ (full symbols), G’’ (open
symbols). oT/Ta are the shift factors. The reference

temperature oT   is 117°C.
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Figure 4. Relaxation of the global chain deformation of
the nematic polymetacrylate of three different molecular
weights. (square)  Mw=260 000 ; (o)  Mw=130 000;
(triangle)  Mw=75 000. The full lines are the fits to a
stretched exponential exp[(-t/τter)0.35]. The exponent, 0.35,
shows that the nematic interaction slows down the chain
relaxation processes.   
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The understanding of the mechanical resistance of an
interface between two polymers is very important for
the control of adhesion, fracture and interfaces/
interphases in composites polymer systems.
Industrial applications are numerous. Here we focus
on elastomers, which are often present in these
systems. We are interested in the relation between :

- the profile of an interface created between two
polymer layers. If one layer is made of
perdeuterated polymer, and the second of non-
perdeuterated polymer, neutron reflectivity gives
access to this profile on the 10 Å to 100 Å scale ;
- and the mechanical strength of such an
interface, measured using the razor blade
test (from 2 to 300 J/m2).

We have considered the three cases where none of
the layers, one or both are cross-linked. The chains
are always polystyrene. In the absence of cross-
linking, we have a polymer melt, which is liquid
above the glass transition Tg.=100°C. With cross-
linking we have a statistical network, where the
cross-links are distributed at random. We characterize
it by the average number of units between two
successive cross-links, N, obtained from chemical
titration.

Making the sample (Figure 1).
The samples for the two methods have been done in
order to get interfaces as similar as possible.

a) Spin coating then floating
off onto water

b) Putting two parts of he
same film on PS and Si
substrates and annealing
under argon

c) Putting  two parts of the second
film on another PS substrate and the
previous Si substrate (SNR sample)

Glass substrate

Hydrogenated
Network

PS bulk

PS bulk

Melt

Network

+Network PS bulk

d) Crack sample : annealing the
two PS substrates with film
together in a mold  for 2h00 at
150°C

Si bulk

Si bulk

Melt

Network
Glass substrate

Deuterated Melt

PS bulk +

PS bulk

Figure 1. Making the sample

The layers, with thickness of several thousands Å, are
made by spin coating on glass a polystyrene solution,
or  from  aminomethylated   polystyrene,   which   is

chemically cross-linked during and after the drying
process (Figure 1a). Each layer is removed from the
glass by immersion into water (floating). We divide it
in two halves (Figure 1b).
For neutron reflectivity, one deuterated half is
deposited onto a Silicon wafer, annealed, then a non
perdeuterated half is floated on top (Figure 1c). The
sample can be annealed for a time tR.
For the razor blade test, each of the two halves is
floated on a thick polystyrene plate (2mm). After a
first annealing, the plates are pressed against each
other in order to form a 4-fold sandwich, during a
time tR (Figure 1d).
In both cases the interface can be studied as a
function of the annealing time tR.

Neutron reflectivity data (Figure 2)
They are obtained on the time-of-flight spectrometer
EROS of LLB, for two angles θ (1.3° and 1.5°) with
wavelengths in the range 4 Å to 25 Å. We take
advantage of the difference in effective index
between perdeuterated and non perdeuterated
polymers. We have simulated the reflectivity by a
profile of concentration in deuterated polymer, which
is close to symmetric, by the error function from the
classical laws of inter-diffusion. We give in Figure 2
the equilibrium widths σ, when the profile does not
spread anymore with increasing annealing time, for
the diffusion of polystyrene chains into a polystyrene
network for N around 250.
In a first regime of low molecular weight M, the
chains diffuse inside the network by more than their
own size: σ> Rg. In the corresponding intermediate
stages, we can measure the diffusion coefficients
directly from the widening of the interface with time.
We observe that the chains are noticeably slower than
in a melt.
In a second regime of larger molecular weight, σ is
lower than the global size of the chain (σ<Rg). The
large chains do not penetrate completely because
their entropy of mixing becomes too low to balance
the elastic deformation energy due to their presence
in the network. The limit size of the interface is close
to that of a polymer strand between two cross-links
(i.e. a piece of chain of N units).
Thus, by varying N or the molecular weight, we have
the possibility of tuning at will the interfacial width,
and to see its effect on adhesion between the layers.
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Figure 2. Neutron reflectivity data showing variation of
the interfacial width σ versus the molecular weight of the
melt, Mw.

Razor blade test data (Figure 3, 4, 5).
In order to measure the adhesion energy, we insert a
razor blade in the symmetry plane of the 4 fold
sandwich, between the two polymer layers (Figure 3).
The thick plates are here to store some elastic energy
of bending, which will transfer into a plastic zone of
deformation at the tip of the fracture. The distance a
between the blade and the tip (measured after waiting
24 hours) gives the surface energy G (J/m2).

Figure 3. Razor blade test

1 cm

Figure 3a : picture of the experimental test

Polystyren bulk

Polystyren bulk

Plastic deformation

Razor blade a

network
melt

Figure 3b :  diagram of test

After that the fracture has completely propagated, we
can control by ion beam tests the amount of
deuterium on both sides of the fracture. Thus we can
check whether the fracture propagates between the
perdeuterated and non-perdeuterated layers. We have
also made microscopy observations of the tip zone
(Figure 4): the usual propagation is by a stick slip
process: one has deviation with respect to the
symmetry plane (an asymmetric mode called 2), until

a new fracture restarts in the symmetry plane. One
can also observe interference fringes ahead of the tip,
in the craze region (polymer-specific cracks made of
fibrils of chains).

300 µm

Crack tip

Stick-slip
area

Figure 4. Top view of a crack sample made of a melt
(Mw= 40700 g/mol) and a network (N=235 units between
cross-links).

Figure 5 shows that in the molecular weight range I
of Figure 2, the toughness G increases. This could be
explained by the increasing degree of entanglement
of a longer chain inside the network (indeed it is
observed for two uncross-linked layers that G
increases with σ). Conversely, in regime II (Rg>σ),
this effect should stop since the width σ stops
increasing. However, we see in Figure 5 that G keeps
increasing. As an explanation, we only see at the
moment the viscoelastic dissipation, which increases
with molecular weight, or a kind of “knotting” of the
long chains at the interface (see below).
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Figure 5. Plot of the toughness of the interface versus the
molecular weight of the melt, Mw, static measurements

In summary, we are able to vary the interfacial
width in some equilibrium conditions, which gives us
a way to observe the influence of this width on the
interfacial strength. It seems that the width is not the
only driving parameter. Another one could be the
configuration of the chains at the interface: a
simplistic idea is the formation of loops by long
chains in and back out of the network. We plan now
to use different degrees of cross-linking in order to
vary this configuration.
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The ability to trigger a strong response with a low-
level stimulus is one of the remarkable features in
soft condensed matter.  In colloidal systems, these
responses may be expansion or collapse of a
macromolecule, dispersion or self-assembly of
small molecules and specific binding or unbinding
between two components.  The common external
parameters that can generate these transitions in
behavior are temperature, solvent quality, pH,
specific ions and the action of a force field.  For
instance, there is a family of polymers which is
soluble in water at low temperatures but phase-
separates out of water when heated above a
critical temperature, Tc.  A particularly interesting
example of this family of thermosensitive polymers
is poly(N-isopropylacrylamide) (PNIPAM), that
has an expansion-collapse  "switching" temperature
at 33 °C, near the body temperature.  This makes it
biologically important, with potential applications[1]

which include immunoassay technology and
enzyme isolation where a two-phase partitioning
technique is used to separate antigens and
enzymes.  Another important application which
involves the coil-globule collapse is rate-controlled
drug release.  As a general viscosity modifier, its
thermosensitivity provides an additional controlling
parameter compared to other polymers.
Our interests lie in the applications of PNIPAM to
systems that contain interfaces, such as emulsions,
foams and dispersions, where the interfaces are
frequently stabilized by adsorbed polymer layers.
In such systems, surfactants are usually present.
Therefore a relevant question is how the adsorbed
polymer may be modified by other surface-active
molecules.  In this case, changes may occur
directly at the interface where the polymer and
surfactant may compete for adsorption sites or,
they may mutually enhance their adsorption.
Alternatively, changes may arise from interactions
of the two species in the bulk phase, modifying the
chemical potential of the adsorbing species and the
equilibrium between the bulk and the surface.
Indeed, it has been shown that PNIPAM interacts
very strongly with an anionic surfactant, sodium
dodecyl sulfate (SDS) in solution, resulting in a shift
in the Tc to higher temperatures[2].

In this work, we investigate the effects of such
interactions at the air-water interface.  There are two
main points of interest: firstly, how will PNIPAM
adsorption be affected by the presence of SDS?
Secondly, are their interactions and their resulting
structural properties in solution reflected by those at
the interface?  To address these questions, we have
used neutron reflectivity to determine the properties
of the adsorbed polymer layers.  Neutron reflectivity,
coupled with isotopic substitution where the index of
refraction of a component can be adjusted to match
that of the solvent, is the only technique which allows
the study of individual components in a mixed surface
layer.
Figure 1 shows the sensitivity of neutron reflectivity
to the presence of adsorbed PNIPAM at the air-
water interface.  The figure shows the normalized
reflectivity, R/Rf, versus the momentum transfer, Q.
Rf is the Fresnel reflectivity of the pure solvent.  In
this representation, any deviation from  R/Rf =1 is due
only to the adsorbed polymer layer: the larger the
deviation, the higher the amount of polymer adsorbed.
These reflectivity curves also show the sensitivity of
PNIPAM adsorption to temperature - an increase in
temperature increases adsorption, a result due to a
decrease in solvent quality. The continuous lines are
the best-fits to the data using the concentration
profiles shown in the inset.  The profile consists of a
thin monomer-rich zone near the surface followed by
a central diffuse zone.  As temperature increases, the
monomer-rich zone becomes thicker and the central
zone increases in density.  Only a small increase in
the overall thickness of the adsorbed layer is
obtained.
The effect of surfactant on the adsorption of
PNIPAM was investigated using SDS whose
refractive index is matched to that of the solvent,
allowing only the signal from the polymer to be
registered.  In Figure 2, the adsorption density of
PNIPAM, Γp, obtained by integration of the
concentration profile, is shown as a function of SDS
concentration, Cs.  At low Cs, PNIPAM adsorption is
unaffected; at high Cs, it decreases progressively until
very little polymer is left at the surface. Interestingly,
the surfactant concentration at which Γp starts to
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decrease corresponds to the critical aggregation concentration (CAC), as measured by
fluorescence technique (2), where the surfactant
interacts with the polymer in the bulk phase.  This
loss of polymer from the surface is observed even
at high temperatures where the steep rise in
adsorption is attenuated and pushed to higher
temperatures (Figure 3).

Figure 1.  Normalized reflectivity of PNIPAM (Mw =
165 K) adsorbed at the air-water interface at T=20.2
°C (black circles), T=28.2 °C (blue triangles) and
T=31.2 °C (red squares).  The solid lines are best-fit
curves using the concentration profiles shown in the
inset.

Figure 2.  Effect of SDS on the adsorption density of
PNIPAM.

Two possible reasons can account for the loss of
polymer from the surface: it is displaced by an
increasing  surfactant  pressure,  or,  it  is  depleted

from the surface due to complexation with
surfactants in the bulk solution.  However, surface
tension results show that in the range of Cs where the
polymer is displaced, the surface pressure of the
polymer layer is greater than that of the SDS.  This
fact strongly suggests that the loss of polymer from
the surface is related to polymer-surfactant
complexation in the bulk.  Such complexes have been
studied using small angle neutron scattering[3]. It is
found that above the CAC, the mixed aggregate has a
"necklace" structure consisting of several micellar
aggregates adsorbed on a polymer chain (Figure 4).
Above Tc, the phase-separated PNIPAM is
resolubilized by SDS in two steps: at low Cs, the
precipitated polymer is dispersed into colloidal
particles, and at high Cs, these particles are solubilized

into charged "necklaces".

Figure 3.  Effect of temperature on the adsorption density
of PNIPAM in the presence of SDS.

At the surface, the loss of polymer above the CAC
can therefore be attributed to the formation of
charged polymer-surfactant "necklaces" in the bulk
phase.  In this case, what is the structure of the
polymer that is left at the surface?  Is the charged
"necklace" structure observed in the bulk conserved
at the surface?  The concentration profiles in Figure 5
show that in the absence of surfactant, an increase in
temperature produces a dense adsorbed layer due to
reduced excluded-volume interactions between
monomers.  At the same temperature in the presence
of SDS, a diffuse layer is obtained.   This result
suggests strongly the presence of micellar aggregates,
the repulsions of which decrease the monomer
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packing density in the adsorbed layer even at raised
temperature (Figure 6).

Figure 4.  Interaction of PNIPAM with SDS in solution below and above the critical temperature Tc.

Figure 5.  Concentration profiles of adsorbed PNIPAM:
effects of temperature and surfactant (CMC = Critical
Micelle Concentration).

In summary, PNIPAM adsorption at the air-water
interface is very sensitive to small variations in
temperature.  In the presence of SDS, the polymer is
progressively displaced from the surface due to
formation of charged polymer-micelle "necklaces" in
solution.  Furthermore, the sensitivity of the polymer
adsorption to temperature is attenuated and pushed to
higher temperatures.  This behavior parallels the
solubilization of PNIPAM by SDS in the bulk phase
and the resulting elevation in Tc. Therefore,
PNIPAM-SDS interaction at the surface reflects that
in the bulk solution.  The concentration profiles of the
adsorbed polymer show that diffuse or dense layers
can be obtained, depending on the temperature and
surfactant concentrations.  Therefore, it is possible to
modulate the Tc of PNIPAM by addition of SDS, and
to control the molecular structures of the polymer
both in solution and at the surface: swollen coil or
collapsed globule in solution, and diffuse or dense
adsorbed layers at the interface.  This permits a great
flexibility in tailoring the transition of the molecular
structures of the thermosensitive polymer to specific
uses both in solution and at interfaces.
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Figure 6.  Structure of adsorbed layer of PNIPAM at the air-water interface: effects of temperature and surfactant.
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Unusual structure functions have been measured for
salt-free aqueous solutions of sodium sulfonated
polystyrene (NaPSS) star-branched polyelectrolytes.
Whatever the concentration, they display two kinds of
maxima (figure 1). The first is related to a position
order between star cores. It covers a main maximum at
q1* and a further harmonic at 3 q1* for the lower
concentrations in the dilute regime. The second comes
into sight at higher q values. It involves one maximum
at q2*, quite similar to the broad halo observed in the
scattering pattern of a semidilute aqueous solution of
NaPSS linear polyelectrolytes. It is therefore associated
with a correlation hole of electrostatic character.
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Figure 1 : Structure functions of NaPSS star solutions
obtained on the spectrometer PACE at LLB
The NaPSS star sample corresponds to f=12, Na=100 and
τS=1. Two concentrations are considered : c=0.102 mol.l-1

(open circles) ; 0.258 mol.l-1 (dark circles)

The variations of q1* and q2* with the monomer
concentration c allow to stress the difference in nature
of these maxima (Figure 2).
q1* almost scales as c1/3 with prefactors depending on
the star functionality f and the arm degree of
polymerization Na. No dependence upon the arm degree
of sulfonation τS, has been found in the τS-range
providing solubility of the NaPSS stars. Obviously,
such results support the close relation between q1* and
the mean distance between star cores  (d = 2π/q1*), i.e.

the short or long range order character of the first
maximum.
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Figure 2 : Scattering vectors q1* and q2* associated with
the main maxima of the NaPSS star structure functions
Two NaPSS star samples are considered. They have the
same functionality (f=12) and arm degree of polymerization
(Na =100), but distinct τS values. Open circles and squares
correspond to q1* values measured for τS=1 and 0.65,
respectively. Dark circles and squares correspond to q2*
values measured for τS=1 and 0.65, respectively. The
scaling law related to the electrostatic peak of NaPSS
linear polyelectrolytes in semidilute aqueous solutions is
also reported for τS=1 (dotted line)

The c-dependence of q2* is quite different (q1* and q2*
are therefore not commensurate). In the dilute regime
(c<c*), q2* is found to be constant, only depending on
Na and τS. On the other hand, in the semidilute regime
(c>c*), q2* scales as cα with α in between 1/3 and 1/2,
according to the τS value. Moreover, it is unaffected by
any change in Na. Such scaling laws fit those associated
with the position q* of the broad peak characterizing the
structure functions of NaPSS linear polyelectrolytes in
semidilute aqueous solutions. The second maximum of
the NaPSS star structure functions is therefore
primarily due to the existence of a correlation hole (or
tube) surrounding each polyion, from which the others
are expelled by the electrostatic repulsion. For c>c*, it
mainly corresponds to the semidilute solution formed by
the interpenetration of stars and q2* yields its mean
mesh size ξ or the Debye-Hückel screening length κ-1

(isotropic model). For c<c*, it still represents the
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electrostatic repulsion between arms. However, in that
case, it is exclusively concerned with arms belonging to
the same star. It is indeed a simple intramolecular
feature, as demonstrated by using the zero average
contrast method. Then q2* yields an effective screening
length κ-1, through the relation q2*∝κ, which gives an
information about the condensation of couterions inside
each star. From this point of view, it is not really
surprising that q2* is almost constant in the dilute
regime. However, the results presented in figure 2 also

show that the counterion condensation inside each star
increases as τS decreases. On the other hand, the
variation of q2* with Na is in agreement with the
existence of an internal screening length distribution.
Finally, the distinct behaviours of q2* in both the dilute
and semidilute regimes provide a way to estimate the
overlap concentration c*.
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Introduction.

All cellular processes, whether in prokaryotes or
eukaryotes, at some stage require proteins which may
be located either in the cytosol or in membranes. As a
result, many different laboratories now study the
function and structure of proteins. This is mirrored in
the Protein Databank (PDB) where over 8700 X-ray
crystal structures of proteins have been deposited. It is
currently agreed that about 30% of the total number
of proteins in any organism are integrated into
membranes. Unfortunately, less than 1% of all the
PDB X-ray crystal structures are from membrane
proteins. Therefore, any information pertaining to the
function, dynamics and structure of a membrane
protein is invaluable.
The aim of this project is to understand the detailed
energetics of membrane protein folding, and to
establish a precise relationship between the structure,
function and dynamics of this class of biological
macromolecule, including inter- and intra-protein
interactions. Therefore, it is necessary not only to
know their three-dimensional structures, but also to
characterise, with the highest degree of accuracy
possible, the internal motions of these proteins.
Motions in proteins occur over a wide range of time
scales from femtoseconds (10-15s) to seconds or
longer. Only a few experimental techniques permit one
to study these motions. Among them, inelastic neutron
scattering (INS) is capable of probing motions with
characteristic times in the nanosecond (10-9s) to
picosecond (10-12s) range. In fact neutrons interacting
with molecular systems at normal temperature can
exchange a significant proportion of their energy with
thermal excitations and these energy changes can be
readily measured by a variety of techniques. Moreover
INS is a spectroscopic technique which allows to
study internal motions on exactly the same time-scale
that is now accessible by computer simulation.

Our membrane proteins: RC, LH1 and LH2.

We have chosen to study and compare the structural
and dynamic properties of three membrane proteins
involved in the primary steps of photosynthesis from
purple bacteria. These proteins are called the
photochemical reaction centre (RC), the core light-
harvesting complex (LH1) and the peripheral light-
harvesting complex (LH2). Solar energy is collected

by the bacteriochlorophyll (BChl) pigments in the LH
proteins and the captured excitation energy is then
transferred to the RC. Subsequent electron transfer
within this protein yields a chemical potential gradient
across the membrane that is used to drive many
cellular processes. The proteins were chosen for study
because: 1) The X-ray crystal structures of the LH2(1)

and RC(2) have been solved to resolutions better than
2.5 Å, and their accompanying detergent rings have
been visualised using neutron diffraction experiments.
2) They are produced by the bacteria in large
quantities making the biochemical purification and
protein characterisation processes much easier. 3) The
proteins contain BChl cofactors that serve as
molecular markers which monitor protein structure
and conformation. 4) Finally, they form a network of
interconnecting proteins within the photosynthetic
membrane (see figure 1). We can monitor the
influence of inter-protein contacts on the structure-
function-dynamics for each of our three proteins.

(a)

(b)

LH1

RC

LH2

Figure 1 : A scheme of the photosynthetic integral
membrane proteins from purple bacteria viewed (a)
parallel and (b) perpendicular to the plane of the
membrane which is coloured violet. Nearly all of the
protein volumes are located within the lipid bilayer that
makes up the membrane. Key to proteins : LH2, red; LH1,
yellow; RC, Blue.

Principles of neutron scattering.

At this point we must remember that in INS
experiment, the energy changes occurring when the
incident neutrons interact with moving nuclei in the
samples are measured such that an energy spectrum of
scattered neutrons is obtained at each scattering angle.
The fundamental quantity measured is the dynamic
structure factor S(Q, ω) where Q is the momentum
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transfer with Q=(4π/λ)sinθ (λ is the neutron
wavelength, 2θ  the scattering angle) and ω is the
energy transfer. Neutron spectroscopy takes
advantage of the fact that hydrogen and deuterium
have different coherent and incoherent scattering
cross-sections. By varying the H/D contents between
the sample of interest (e.g. a membrane protein) and
its environment (e.g. the membrane) we can highlight
or eliminate parts of the system. This method of
contrast variation is one reason why neutron
spectroscopy may have significant advantages over
similar X-ray based techniques. The benefits of
neutron techniques, which may provide information on
dynamics (e.g. time-of-flight and neutron spin-echo)
or give structural information (e.g. small angle
neutron scattering), are illustrated by presenting three
examples, one from each protein, from the wide
selection of experimental results obtained at the LLB
(and complementary data collected at the Institute
Laue-Langevin, Grenoble).

Time-of-flight spectroscopy : LH2 in detergent
micelles.

A rather unique tool used to gain experimental
information on protein dynamics in the picosecond
range (from 0.1 to a few hundred picosecond) is
incoherent inelastic neutron scattering (IINS) which
takes advantage of the large incoherent scattering
cross-section of hydrogen atoms with respect to the
relatively small cross-section of other constitutive
atoms in proteins. A large fraction of the atoms (up to
50%) in globular proteins are hydrogen atoms, and
since they are distributed nearly homogeneously
within the protein molecule, IINS will thus allow
protein dynamics to be characterized in a global
manner by monitoring the individual dynamics
(vibrations, translations, rotations) of hydrogen atoms.
The fundamental quantity measured is the proton self
dynamic structure factor ),Q(SH

S ω .
As an example, figure 2 shows the evolution of
the ),Q(SH

S ω , as a function of ω for the LH2 protein in
detergent micelles. The central part is analysed as a
sum of elastic and quasi-elastic components(3). The
latter component is considered to be a Lorentzian line
with a half-width at half-maximum Γ. In the top left
insert,   Γ  is plotted as a function of Q2. It follows a
plateau from 0.10 to 0.85 Å-2 and is linearly
dependent on Q2 at higher Q2 values. This evolution is
characteristic of a diffusion in a confined volume(4)

whose shape is given by the elastic incoherent
structure factor (EISF) (right top insert). From the
high Q limit of the EISF, it appears that LH2 contains
a large proportion of mobile protons (ca. 90%)
compared to soluble proteins such as C-phycocyanin.

This may be a consequence of the rather unique
hollow ring-like structure of LH2 (see figure 1). The
effect of different environments on the dynamics of the
hydrophobic side chains is carried out by substituting
deuterated detergent by deuterated lipids.

Figure 2 : ),Q(SH
S ω of the LH2 protein in detergent

micelles as a function of Q. T=277 K, λ =5 Å. The spectra
were collected with the time-of-flight spectrometer
MIBEMOL. Top Left : Evolution of Γ as a function of Q2

(see text). Top Right : Evolution of EISF as a function of
Q.

Neutron spin-echo spectroscopy : Comparison
between RC and LH2.

In order to study protein dynamics, viz. the
nanosecond (10-9 s) time-scale, we use the neutron
spin-echo (5) (NSE) spectroscopy. NSE allows precise
measurement of velocity changes of neutrons via
Larmor precession of the neutron’s spin. If several
spin-echo measurements have been made on polymers,
few attempts have been made to use it to probe
biological samples. Here we make use of the
separation in reciprocal space of the coherent and
incoherent scattering to demonstrate the detection of a
neutron spin-echo signal both in RC and LH2
proteins. A further advantage of the spin-echo
technique is that it gives direct access to the dynamics
of the sample in the time domain t by measuring the
intermediate scattering function, I(Q,t). Figure 3
gives examples of I(Q,t) for the RC and LH2 proteins
for two values of Q. It is evident that the coherent
motions of these complexes are somewhat different. It
may be observed that at Q=0.197 Å-1 when time, t,
approaches zero, the normalised I(Q,t) for LH2 is
only ≈ 0.6 indicating that the LH2 contains
significantly higher levels of sub-nanosecond motions
than the RC. Although having near identical numbers
of amino acids (ca. 850), the RC and LH2 proteins
have widely differing tertiary and quaternary
structures. The LH2 consists of 18 independent
transmembrane spanning α-helices located within 9
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identical α/β-heterodimer subunits that form a hollow
ring-like structure in the membrane (see figures 1 and
3). However, the RC has three much larger subunits
with less overall symmetry (blue colour in figures 1
and 3). Therefore, we conclude that the overall protein
motion is dependent on the quaternary structure of the
protein.
The analysis of NSE data gave us access to the
effective diffusion coefficient, Deff of highly
concentrated protein solutions which was not possible
with dynamic light scattering (DLS) experiments. By
comparing the results with those of dilute solutions of
proteins we have demonstrated that in the case of RC
the diffuse properties are invariant over a wide range
of concentrations. I(Q,t) is described by an
exponential function, exp (-t/τ), and 1/τ=DeffQ2.. For our
membrane proteins, DLS is limited to a maximum
protein concentration of 0.8 mg ml-1 for which we
have obtained a value of Deff for the RC in detergent
micelles of 3.7×10-8      cm2s-1. Using the spin-echo
spectrometer MESS we have measured I(Q,t) over Q
values between       0.055 Å-1 and 0.197 Å-1 and have
obtained a very similar diffusion coefficient of 3.6×10-

8 cm2s-1 for higher concentrations of RC in the same
detergent. We are presently investigating the role of
the individual domains within these proteins by
selectively deuterating different components. Other
approaches include insertion within lipid bilayers and,
in the case of the RC, selective subunit removal.
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RC

LH2

Figure 3 : The time dependence of normalised I(Q,t) for
the RC (shown in blue) and LH2 (shown in red) proteins
at 0.055Å-1 (a,b) and 0.197 Å-1 (c,d) measured at 288 K.
The solid lines represent the best fits using an exponential
function which may provide information on Deff (see text).
The spectra were collected with the spectrometer MESS.
Key to proteins : LH2, red; RC, Blue.

Small angle neutron scattering : structural
information on the B777 subform of  LH1.

Unlike the previous two techniques which provide
information on macromolecule dynamics, the small
angle neutron scattering (SANS) technique allows us

to obtain structural information. Combining SANS
techniques and H/D contrast variation on dilute
solutions, or micro-emulsions, of biological
macromolecules may provide information on the shape
of the molecule via the form factor and on the
interactions between the molecules via the structure
factor. Although we have carried out a number of
different SANS experiments on the RC and LH2
proteins in different sample environments, we have
chosen to present some new structural results on our
third protein, LH1.
The LH1 protein is similar in overall structure and
function to the LH2. However, the number of α/β-
dimers increases from 9 to 16 per ring. Let us notice
that this closed ring structure may only be valid for an
isolated protein. In vivo, it is possible that the ring
may be open. An important property of the LH1
protein (also called B873) is that it is possible with
detergents to progressively dissociate the ring of 16
α/β-dimers into its individual α− and β-subunits
(B777), via an intermediate form (B820). This
process is shown in figure 4 and has the added
advantage of being fully reversible. Since it is possible
to isolate individual RC proteins, co-purify RC-LH1
complexes and the different structural units (B777 and
B820) that aggregate to form LH1, one can imagine
that it is possible to attribute the influence of protein-
protein contacts on individual secondary and tertiary
structures.
Based on biophysical data, a theory on the
thermodynamics of membrane polypeptide
oligomerisation in light-harvesting complexes
proposed that each B777 consists of a single
polypeptide sequence with a single non-covalently
attached BChl molecule (6). Recently, we decided to
measure the SANS spectrum of the B777 complex in
a fully deuterated detergent micro-emulsion. Figure 5
displays the data as compared with a fit using the
form factor of an ellipsoid of length, L, of 60 Å, with
a diameter, D, of 28 Å. The length of the ellipsoid is
consistent with the distance required for the
occupancy of a transmembrane-spanning α-helix. If
the α-helix had unfolded it would not have given
similar fitting parameters. Together with our Raman
data (7), this is the first structural information that
confirms the hypothesis that the B777 is made from
one polypeptide containing a single membrane
spanning α-helix with one bound BChl molecule.
Further experiments with the B820 will allow to
characterize the structural changes and the
aggregation, that lead to the formation of the (α/β)16

membrane protein. This in turn will significantly help
to improve our understanding of membrane protein
thermodynamics and oligomerisation.
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(α/β)

(α/β)16

α

β

B777 B873 (LH1)B820

+

Figure 4 : The LH1 proteins are composed of a ring of 16
α/β dimers, each of which may be dissociated into
individual α− and β-subunits. Each B777 polypeptide has
a single non-covalently attached BChl that is responsible
for capturing solar energy.

Figure 5 : SANS spectrum of the B777 complex in a
deuterated detergent (D28-n-octyl-ß-D-glucopyranoside)
micro-emulsion. The solid line results from the fit of data
with an ellipsoid (L=60 Å,  D=28 Å). Therefore, each
B777 subunit consists of a single protein polypeptide with
a non-covalently attached BChl. The scheme of the B777
is for guidance only and is based on the X-ray crystal
structure of LH2 where the polypeptide is coloured blue
and the BChl blue-green. The spectra were collected with
the spectrometer PAXE. T=15°C, λ =10 Å.

Summary and prospectives

In summary, the photosynthetic proteins from purple
bacteria provide an unique opportunity to compare the
influence of tertiary structures on internal protein
dynamics. Our family of interconnecting membrane
proteins also allows us to measure the effect of inter-
protein interaction on protein dynamics and structure.
Using SANS we can obtain novel information on
protein structures, as shown by our approximation of
the form factor of the B777. Furthermore, based on
experimental data from time-of-flight and NSE
spectroscopies, improved pisosecond and new
nanosecond molecular dynamics algorithms for
membrane proteins are currently being developed.
Finally, our protein system provides an important
contribution to the overall understanding of the
inherent differences between integral membrane
proteins and globular proteins, which are located in
the cytosol. One such major physical difference is the
pressure-sensitivity of proteins. In collaboration with
the University of Tartu, Estonia, we have measured a
series of electronic absorption and pre-resonance
Fourier Transform - Raman spectra for the RC, LH1
and LH2 proteins which show that they are still intact
at pressures where globular proteins, such as
myoglobin, are denatured. In addition to our present
series of experiments, we are presently planning
Fourier Transform - Infra-Red and neutron
measurements to establish the membrane protein
structure-function-dynamic relationships as a function
of applied hydrostatic pressure.
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TTEECCHHNNIICCAALL  AANNDD  IINNSSTTRRUUMMEENNTTAALL
DDEEVVEELLOOPPMMEENNTTSS

The study of the development of the neutron technique and the research of new methods are the two permanent
goals of the instrumentation activity of the LLB. Due to the wide field of condensed matter physics, in which the
neutron spectrometry is involved and often even unique, this domain of activity is very large. It ranges from the
designs of new spectrometers, but also implies improvements of the existing spectrometers (neutron flux,
versatility). Optimised neutron focussing and better polarising systems are now installed on the spectrometers. It
also includes the developments of the sample environment facilities (high magnetic fields (12T), cryostats (down
to 80mK), furnaces (1800°C), pressure systems (up to 40 GPa)…).  The wide use of these devices also requires the
development of raw data acquisition and data treatment systems, as simple as possible to use. All this specific
neutron instrumentation generally results of collaborations between the researchers and the technical staffs
(designs and drawings, “small” mechanics, electronics, computing) of the LLB and in some cases with external
laboratories.
In summer 1997, the Zircaloy housing core has been replaced during the annual shut-down of the Orphée reactor.
Three months were necessary for this essential operation, scheduled a long time ago. It has been successfully
achieved with assiduous care by the staff of the Orphée reactor.
During the period 97-98, among the technical activity of the LLB, we find a few important technical realisations.
Two of them are new instruments: the reconstruction of the reflectometer PADA (named now PRISM) and the
neutron resonance spin-echo spectrometer (NRSE). These spectrometers were designed and built in collaboration
with respectively “le Service de Physique de l’Etat Condensé  (CEA-SPEC)” and the Technical University of
München.
The experimental installations of LLB are continuously modernised. We wish to mention the realisation by the
electronics staff of LLB, of a more rapid and powerful data acquisition and control system. Several important
progresses have also been obtained in the sample environment facilities, as high-pressure devices specifically
adapted to inelastic, diffraction or small angle experiments. Very important and due to improvements of the
neutron technique, is the original 3-axis measurements of the spin-wave spectrum on very small samples grown by
molecular beam epitaxy.
Besides these major developments, numerous other realisations in various domains have been carried out (new
sample environments, new programs…), which render the domain of application of neutron scattering always
larger.

DEVELOPMENT OF SPECTROMETERS.

A neutron resonance spin-echo spectrometer.
A NRSE spectrometer, which in contrast to a standard spin-echo relies on RF-coils rather than on static magnetic
fields, had been built by the Technical University of München (Germany) and installed at the guide G1-bis, a
polarised supermirrors guide. Both techniques can perform high-resolution energy measurements (neV) of
condensed matter. The active part of NRSE acts over several centimetres, on the opposite to the traditional NSE,
where the Larmor precessions occur over typical distances of several meters. A direct consequence of this peculiar
point is a great flexibility of the instrument, especially for the large scattering angles from 5° up to 100°. This
spectrometer is then complementary of the NSE spectrometer MESS at LLB, which is adapted to studies of long
characteristic time processes at low angles. It has been designed with a wavelength range of 3Å to 12Å and a beam
size at the sample position of 4*4 cm2. The distance between the RF-coils has been set to 1.8m providing a
maximum effective integral path of 1600G.m. Such characteristics give an access to a wide range of time (5ps to
15ns) at q values larger than 0.05Å-1. In these q and time domains, the neutron flux on this instrument is
comparable to that of IN11 at ILL. It is well suited for studying the complex dynamics of the liquid-glass
transition. The NSRE spectrometer at LLB is, at the moment, the unique machine of this type operating in the
world.
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A Polarised Reflectometer for the Investigation of Surface Magnetism, PRISM.
The neutron reflectivity technique has emerged less than 15 years ago. It is devoted to the studies of solid and
liquid surfaces and interfaces. At LLB, among its three reflectometers, one has been recently rebuilt as a new
polarised reflectometer with polarisation analysis, named PRISM. As the neutron flux is a key point of the
reflectometry experiments, several solutions have been operated to increase the flux. The focussing of 100mm high
beam of the neutron guide to around 15mm high at the sample position and the multi-layers monochromator have
required a huge modification of the spectrometer (the previous spectrometer was using a graphite monochromator).
The wavelength resolution δλ/λ  has changed from 0.6% to 4%. These two improvements lead to increase the flux
by a factor 15. A near future development will be the installation of a position sensitive detector based on the
“microstrip” technique (realised in the frame of the European programme XENNI), which will allow off-specular
studies on magnetic systems. The PRISM spectrometer is a good reflectometer, very well suited to magnetic
studies; its new design renders it world leading.

TECHNICAL DEVELOPMENTS, SAMPLE ENVIRONMENT AND DATA TREATMENT.

A recurrent demand in neutron spectroscopy concerns the increase of the neutron flux. This goal can be now
achieved due to important improvements either in multilayers guides or in the single crystal manufacture. With
supermirrors guides (even polarizing), the maximum critical angle for neutron reflection (keeping a good
reflectivity) is now around 3θc (θc is the critical angle of the natural nickel).  These improvements eventually
combined with focussing methods are more and more applied to the instrumentation of LLB. The intensity gains
thus obtained ranged in between 2 and 4-5 (even 15 mentioned above for PRISM, where the graphite
monochromator was replaced by a multilayer monochromator).
Such upgrades can be “heavy” works, as the 2T operation, decided two years ago, to provide the best 3-axis
spectrometer with polarised thermal neutrons in the world. Several solutions have been adopted to increase the
flux. Good single crystals of Heusler alloy (AlCu2Mn) have been realized in collaboration with ILL. The size of
both the monochromator and the analyser are increased; they are bent vertically as well as horizontally. In order to
benefit from these technical improvements, an increase of the beam size of the 2T chanel was required and thus a
major modification of the 2T output and of its dense concrete shielding. The installation of the whole system is
scheduled during the reactor shut-down, in April 99.
A new possibility is now proposed for inelastic neutron scattering measurements. It allows users to compare data
obtained in the different neutron laboratories in the world, but also with other techniques, such as NMR. This
method (recently settled at LLB) gives absolute measurements of inelastic scattering on 3-axis spectrometer. It
will be useful in the understanding of the origin of the measured intensity. As example, it could be a step to relate
the magnetic fluctuations observed in YBaCuO to the superconductivity mechanisms.
Optimising the neutron flux on the spectrometers may also offer new opportunities. As a matter of fact, recently,
3-axis inelastic scattering experiments on molecular beam epitaxy grown samples have been tempted. They
successfully led to the determination of the spin-wave spectrum of MnTe samples, of thickness of about 4-6µm
and even of 1µm. Such a sample volume is well below that usually needed in neutron studies (typically a few cm3).
Thus, such experiments on small samples are very encouraging and promise a new way for the development of the
neutron scattering spectrometry.
Besides, since November’97, the powder diffractometer 3T2 is equipped with a new focussing Ge
monochromator. The cut-off angle is still 2θM≈90°, the wavelength 1.225Å, but due to the properties of the
crystals (size and mosaic), the flux at the sample is four times higher than before. However, here, as the incident
beam of 3T2 doesn’t illuminate the whole monochromator, the focussing feature is then not fully used. An increase
of the height of this beam, similarly to the 2T operation, is under consideration.
A focussing system has also been installed on the spin-echo spectrometer MESS. In order to balance the lack of
intensity due to the high-resolution energy of this spectrometer, several focussing guide elements coated with a
non magnetic Cu65 isotope have been mounted in the first precession arm of the spectrometer. At the wavelengths
commonly used on the spin-echo MESS, 6 and 8Å, the gain of intensity is in between 3 and 5. A specific
pneumatic system of positioning of the different guide elements leads to flexibility in the choice of the energy
resolution and the flux.

Developments of the sample environment facilities are also under progress. In particular, neutron scattering
experiments under pressure are carried out at LLB since several years. On the one hand, in soft matter, even low
pressure (<1GPa) may strongly change the inter-atomic distances and the physical properties. Depending on the
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study involved, several pressure cells have been specifically designed. One made with an invisible alloy
(Ti0.34Zr0.66) (coherent scattering length close to zero) allows to reach temperatures up to 800K under 1kbar; it has
been used for studies of molecular liquids. Besides, a high pressure cell for small angle neutron scattering was
realised to study supercritical fluids. It has sapphire windows and a great care of the temperature regulation allows
a stability of ±30mK at 400°C.
On the other hand, in solids, much higher pressures (> 10GPa) are generally required to induce a phase transition.
Such an increase of pressure is generally obtained by an important decrease of the sample volume. During the last
years, a Paris-Edinburgh high-pressure cell has been adapted to a 3-axis inelastic neutron scattering spectrometer,
where focussing monochromator and analyser crystals had been previously settled. Inelastic scattering
experiments up to 12GPa are now possible on samples of effective volume of 10mm3. This high-pressure
equipment is now at the disposal of any user and several experiments have been carried out successfully for
studying the phonon dispersion of different compounds.
In the domain of neutron diffraction, the magnetic studies under very high pressure require an important technical
development both of the diffraction spectrometer (for the flux) and of the pressure cell. As a matter of fact,
pressures higher than 10GPa are necessary for magnetic structure studies on powders or single crystals.  During
the last three years, several focussing systems (in the horizontal and vertical planes) made with Ni-Ti supermirrors
(3θc) have been developed on the powder diffractometer G6-1. The angle of focussing is variable in order to
choose the optimal ratio of the intensity and resolution. The maximum gain of intensity achieved is about 7. Two
pressure cells, with sapphire (P < 10GPa) and diamond (P > 10GPa) anvils, can rotate freely inside the cryostat,
allowing to study textures or magnetic domains distributions. Recently, measurements on a GdAs sample of ~1 mg
weight have been done at a pressure of 43GPa! The G6-1 diffractometer for high-pressure studies, MICRO, using
special focussing devices to increase the neutron flux, is now operating half the year. This spectrometer is devoted
to magnetic studies in the 50GPa pressure range. A new multidetector covering a high solid angle range is under
construction at the EMBL (Grenoble); with the expected gain of counting rate, measurements at higher pressures
could be tempted in the future.

Since several years, numerous physical-chemistry systems (lamellar phases, giant micelles, liquid-crystalline
polymers) are studied under shear. The experiments consist in applying a shear deformation with a characteristic

time 1/
•

γ , where 
•

γ  is the velocity gradient. When this time is about some specific times of the complex fluid,
important structure changes can be observed. The Small Angle Neutron Scattering technique is especially well
adapted to such studies. Several in-situ shear devices have been realised : couette or cone-plate shear cells.
Recently,  a very peculiar cone-plate cell has been realised: it allows the measurements of the scattering intensities
in the three directions of the velocity with respect to the scattering vector q. The difficult observation of scattering
in the plane (velocity, velocity gradient) could only be made owing to the huge penetration depth of neutrons in the
materials. Another cone-plate shear cell, with quartz or sapphire windows, was designed with a velocity gradient
range 10-3 to 200 s-1, specially adapted to the study of viscous systems such as polymers.

The neutron scattering techniques are also very interesting to study materials. At LLB two diffractometers are
specially devoted to applied research in materials science and technology, for texture and strain-stress
measurements. Among the recent improvements in this field, the DIANE diffractometer (G5-2) has been recently
equipped with a mechanical test machine for strain measurements under applied stress or during fatigue tests.
With its detector installed two years ago, this spectrometer is very useful to industry, for the determination of
residual stresses in materials. Its gives to the LLB, the opportunity to participate to the European Brite-Euram
program, TRAINSS (TRAining Industry in Neutron Stress Scanning) and in the international VAMAS project,
which aims at the definition of a standard method for the measurements of residual stress by neutron diffraction.

To the development of instrumentation, are added those of programs for data analysis suited to each method. As
example, in some treatment programs of diffraction measurements, new fits to various functions (the Rietveld
analysis, pseudo-Voigt decomposition method…) are always implemented. In this sense, FullProf, a program for
the determination of complex crystalline structures from powder and single-crystal diffraction patterns, is extended
to data treatments of X-rays (including from synchrotron sources). WinPlotR is a new tool working on Windows
(95, 98, NT) systems, for data plot and fit of powder diffraction patterns. These programs, including a lot of
examples and help, are at the disposal of the scientific community on Internet. In the same mind, the treatment
program of SANS data, PASIDUR, has been adapted to the data file format of ILL. Furthermore, this program,
used on the PACE spectrometer of LLB, allows fully automatic changes of the configuration (collimation, detector
distance, wavelength, tuning, sample position, temperature…) and the data acquisition.
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All the spectrometers at LLB and several spectrometers in other neutron laboratories in the world are equipped
with the intelligent control system for data acquisition, named “LLB DAFFODIL System”. Its philosophy relies
upon independent execution of three main functions (positioning, counting and position sensitive detector
acquisition) together with versatility and simplicity of use for the physicists. In the past two years, a major upgrade
of this control system has been studied by the electronic group of LLB. With the new counting module, a fully
automatic acquisition mode for neutron polarisation and analysis is possible. Besides, the huge memory of the
acquisition module allows all kinds of association of the multidetector cells, and the performance of the Time of
Flight mode have been extended. A further expansion to kinetics experiments on multidetectors can now be
considered.
The possibilities of the “DAFFODIL” system have been extended by the electronic service of LLB to manage
different kinds of analogic signals (ADC, DAC, input-output voltage), to program logarithmic time scales for fast
acquisition. All these facilities are used in several home made instruments: the rheometers, for the viscosimeters
and the light scattering spectrometers. On its side, the computing group goes on the development of data
acquisition programs; up to now about ten spectrometers of LLB are running with their recent programs. Besides,
as only 5 persons are working in this group, they cannot solve all the problems encountered by the large number of
PC’users. They took the decision to spread a PC’s administration system, Windows NT, to survey most of the PC
machines.

The LLB has participated during the period 1996-1999, in two areas of the XENNI program (the 10-Member
European Network for Neutron Instrumentation) : that of polarising multilayers and that of multidetectors. Several
large surface etched transmission polarisers have been realised and tested on the reflectometers at LLB. It is now
possible to produce polarisers with less than 10% of absorption (instead of 30% for the conventional ones).
The technology of optical gratings is used to build a new type of position sensitive detector with a high spatial
resolution, the microstrip detector. With UV lithography makes it possible to achieve large surface arrays with
periods down to 200 nm. This type of detector has very large counting rates and very low noise.

PERSPECTIVES.

Among the improvements planned for the forthcoming years, one can mention:
- a new multidetector covering a high solid angle range, under construction at the EMBL (Grenoble). It will be

installed in 1999 on the powder diffractometer for high-pressure, MICRO ;
- another multidetector for the new PRISM reflectometer, based on the microstrips technique, in the frame of

the European program XENNI ;
- in autumn 1999, the final installation of the polarised neutron option on the thermal 3 axis spectrometer 2T ;
- a double chopper for the EROS reflectometer, which will give variable ∆q values (between 1% and 4%), is

under tests at LLB.
Furthermore, we are considering the replacements of the mechanical selectors of the SANS spectrometers. As a
matter of fact, since they are partially coated with supermirrors, the guides where the SANS instruments are
installed have a maximum flux of the wavelength distribution around 2 to 3Å, which cannot be used with the
present selectors. In order to meet a demand of users, i.e. to increase the available q range, a Dornier selector was
ordered at the end of last year. It is planned to be installed on PACE. An intensity gain of about 20% (due to the
transmission) and a possible choice of smaller wavelengths (due to the maximum velocity) are expected.
Finally, to end this summary of the technical developments at LLB, we would like to stress two projects of new
instruments. A second time of flight spectrometer, with high flux, would allow to satisfy the important number of
proposals for experiments, notably in biology. The time focussing technique studied allows an increase in flux of
approximately one order of magnitude compared to choppers-designed spectrometers, as Mibémol, with a
comparable energy resolution (40 to 200 µeV). This increase is mainly due to a monochromatisation  of the
incident beam using crystals operating in Bragg geometry. We will use vertically and horizontally focussing
monochromators.
A Small Angle Neutron spectrometer (TPA), at very low q, is under consideration in  order to extend the
existing possibilities in SANS.  The  scattering  vector  range  aimed  is 10-4

 - 10-2Å-1. It would allow the studies
of large scale objects (1000Å) such as giant micelles, cell membranes, cavities, precipitation in alloys, biophysic
gels… As the manufacture of large position sensitive detectors for neutrons with a good resolution (~1mm) is a
major problem, we plan to use an image plate. At the beginning, a pin hole collimation will be used; further
possibilities in this direction will be studied later on.
As a conclusion, all these developments are very encouraging and render the neutron spectrometry more and more
useful and determinant to any research at the microscopic level (structure and dynamics) in physics, chemistry,
biology and materials science.
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NEUTRON RESONANCE SPIN-ECHO SPECTROSCOPY AT LLB

M. Koeppe1, P. Hank1, U. Rauch1, S. Longeville1,2, R. Gaehler1, J. Wuttke1, W. Petry1,
R. Kahn2

1Technische Universität München, Physik Department, James Franck Strasse, D-85747 Garching
2Laboratoire Léon Brillouin (CEA-CNRS)

Neutron spin echo spectroscopy (NSE) has been
discovered by F. Mezei in 1972[1]. The basic principle
of the technique is to use the neutron spin to monitor
the neutron velocity changes induced by scattering
processes. The measured signal P(Q,τ), i.e. the
polarisation of the scattered beam at the echo point, is
proportional to the cosine transform of the scattering
function S(Q,ω). NSE provides the highest energy
resolution nowadays achievable in neutron scattering
and is consequently a very useful tool for the
measurements of slow relaxation processes occurring
in many fields of condensed matter physics.
In 1987, a new scheme for NSE spectroscopy was
proposed by R. Gähler and R. Golub[2]. In this
technique, called Neutron Resonance Spin-Echo
(NRSE), the two high magnetic field coils are
replaced by four radiofrequency coils; it is directly
inspired by the principle of Nuclear Magnetic
Resonance. On the contrary to the traditional NSE,
where the Larmor precession occurs over typical
distances of several meters, the active part of NRSE
acts over distances of several centimetres ; the rest of
the neutron path has to be magnetically shielded. As
a consequence of the localisation of the fields, this
technique allows an increased flexibility within the
same covered Fourier time domain.
A spin echo spectrometer based on this principle has
been constructed in collaboration between the TU
München and the LLB and was installed at the
neutron guide G1bis. This spectrometer has been
designed for measurements over scattering angles
ranging from 5 to 100 degrees. Complementary to the
conventional NSE spectrometer of the LLB, which is
specially adapted for low angle studies, it bridges a
gap in the NSE spectroscopy at the LLB. Several
innovations have been realised, such as a new design
for the radiofrequency coils in order to minimise the
stray fields and the consecutive decreases of the
polarisation (see figure 1). A polarising section
(FeCoTiNx supermirrors) has been implemented into
the curved guide[3] providing a useful neutron
wavelength range between 3 and 12 Å ; the polarised
neutron flux is of      0.9 107 n.cm-2s-1 at the sample
position (λ=4.8Å, ∆λ/λ=0.15). *

The distance between the NRSE coils has been set to
1.8 m providing an effective field integral path of
~1600 G.m whereas the sample to detector distance
has been kept shorter than 3 meters. This leads to

                                                          
* From gold Activation measurement.

intensity accessible Fourier time domain comparable
to the classical NSE spectrometer IN11 of the High
Flux Reactor of the ILL.

Figure 1. The NRSE intrument G1bis at Saclay

Tests measurements were performed late 1996 and
during 1997, but real experiments only started after
the commissioning of the new guide and were
completed in 1998.
For example, measurements were performed to study
the temperature-wave-vector dependence of the slow
relaxation processes of a ionic mixture
Ca[(NO3)2]0.4[RbNO3]0.6. In such systems in which a
liquid to glass transition is observed, complex
dynamics occur over large time scales. These
dynamics cannot be understood by a simple cross-
over from vibrational excitations to structural
relaxation.
Experimental data show additional  intensity, which
can be ascribed as rattling of particles in transient
cages formed by their neighbours, as it has been
quantitatively modelled in mode coupling theory[4].
The predicted scaling laws have been verified in a
couple of systems, the most prominent example being
Ca[(NO3)2]0.4[KNO3]0.6, which is believed to stand as
a model for glass forming liquids[5]. This believe has
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been challenged by recent dielectric measurements[6]

on a chemically homologous system Ca[(NO3)2]0.4

[RbNO3]0.6, which have shown a quite different
evolution of the dynamic susceptibility.
NSE spectrometry is specially suited for the study of
the slowest part of the relaxation, called  α-
relaxation.  This  process  enters  the time range of
the spectrometer, for temperatures significantly
above the calorimetric glass transition. Typical
spectra obtained at Q=1.7Å-1 are shown in figure 2.
The count  rate was nearly  60 neutrons.s-1, and the
polarisation at τ=0 was around 0.6. Measurements
were performed at temperatures ranging between 395
and  496K. The  continuous  lines represent  fits  with

the Kohlrausch-Williams-Watts (KWW) function.
The inset shows the same spectra, but now shifted in
time according to the time-temperature shift
principle. The relaxation times extracted from the
individual KWW fits were taken as scaling times.
Apparently the data obey the time-temperature shift
principle.
In summary, the NRSE spectrometer is well suited
for high-resolution studies involving slow dynamics
within microscopic and mesoscopic length scales.
These cover wide domains such as physics of glasses
and liquids, biology, polymer science, critical
phenomena…. Technical developments under
progress should allow to perform studies on crystals
within the very next future.

Figure 2 : Intermediate scattering function S(Q,t) for Ca[(NO3)2]0.4[KNO3]0.6 at Q=1.7Å-1 on the NRSE
spectrometer G1bis.
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NEW MONOCHROMATOR AND FOCUSING GUIDE ON THE POLARISED NEUTRON
REFLECTOMETER PRISM : A POLARISED REFLECTOMETER FOR THE INVESTIGATION OF

SURFACE MAGNETISM.

F. Ott1, C. Fermon2

1Laboratoire Léon Brillouin (CEA-CNRS)
2Service de Physique de l’Etat Condensé, CEA-Saclay, 91191 Gif-sur-Yvette

The neutron reflectivity technique has emerged less
than 15 years ago. It appeared as a key technique in
the study of polymers and magnetic thin films.
Topics such as polymer interdiffusion, di-block
copolymers ordering have been addressed. Besides,
especially after the discovery of the giant
magnetoresistance (GMR) effect, neutron reflectivity
has been successfully applied to the study of
magnetic multilayers and ultrathin films. Problems
such as the magnetic ordering in rare-earth
multilayers, surface magnetism and anisotropy in
ultrathin magnetic layers  have been solved.
However, in order to extend the possibilities of the
neutron reflectivity, an increase of the flux was
necessary. In that aim, we have recently rebuilt a
polarised reflectometer with polarisation analysis,
dedicated to the study of magnetic thin films.

Neutron reflectivity principle
The neutron reflectivity technique consists in
measuring the reflection of a neutron beam on a thin
film (liquid, polymer or solid) at grazing incidence.
The measured reflectivity as a function of the
scattering wave vector q gives information on the
chemical composition, the thickness of the layers and
the roughness of a multilayer system. Neutron
reflectometry is especially interesting to study
polymers because of the large scattering length of
hydrogen, and of the possible labelling of polymer
chains by selective deuteration.
Moreover, the neutron is a ½ spin particle and the
magnetic interaction with unpaired electrons is very
large (as large as the nuclear scattering). By using
polarised neutron reflectivity with polarisation
analysis, it is possible to obtain information on
magnetic systems: the type of magnetic ordering in
multilayers systems (ferro, anti-ferro or helicoidal) or
more generally the  magnetisation profiles throughout
the depth of magnetic thin films (along the scattering
vector q).
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Reflectivity geometry on a multilayer system.

To increase the available neutron flux, three different
solutions are or will be put in place :
• increase of the wavelength spectrum width δλ/λ

by using a multilayer monochromator,
• focussing of a 100 mm high neutron beam onto a

15 mm high region at the sample position,
• use of a position sensitive detector.
The previous PADA reflectometer was a two axis
spectrometer using a graphite monochromator which
had an excellent wavelength resolution δλ/λ (~0.6%).
The new PRISM spectrometer is still located on the
guide G2 of the reactor Orphée. Here is the
description of this instrument, schematically
represented in figure 2.
The incident beam is deviated and monochromatised
by a 3 m guide (M) made of nickel-titanium
multilayers. The direction of the monochromatised
beam makes an angle of 2.4° with the direction of the
main guide. This part of the guide has been built and
mounted by the CILAS company. The angular
deviation of 2.4° is however not enough to move
away the output beam from the main guide at the
sample position. Thus, we have mounted two 1.80 m
long 2θc-supermirror neutron guides (B) after the
monochromator. The total beam deviation, from the
main guide at the sample position is of 900 mm. This
is enough for the shielding around the main guide
(50mm lead, 250mm concrete) and the sample
environment (cryostat, magnetic field). Since most of
the studies on magnetic samples are realised on
samples less than 20mm wide, we have focussed the
beam vertically on the sample position. This vertical
focussing is realised by a 8 m conical neutron guide
(C) made of 2θc-supermirrors, which is interrupted
twice. These two interruptions allow the introduction
of the polarising (P) and flipping systems. The
transmission polariser is made of Fe/Si multilayers
deposited on 50 mm high silicon substrates (these
mirrors were provided by Th. Christ from the HMI in
Berlin). The incidence angle on the polarisers is
small, 0.3°, in order to reject long wavelength
neutrons generated by the monochromator system.
The polarisation efficiency is 0.97 and the
transmission of this polariser is 70%. At the sample
position, a 50 mT field allows to maintain a good
polarisation efficiency. The analysis system (A) is
similar to the polariser except that the height of the
device is 80 mm. It  enables a full analysis of the
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reflected beam, which is highly divergent in the
vertical direction. With these two improvements (new monochromator

and focussed  beam), the available flux  has been
multiplied by a factor 15 and is presently of 5x105

neutrons/cm².s after analysis on the detector with a
resolution δθ = 0.03°.

Figure 1. The Polarized reflectometer PRISM

Figure 2. Scheme of the PRISM spectrometer and of  its focussing guide, top view and side view

This high neutron flux will allow two main
progresses in the reflectivity experiments. It will
drastically reduce the measuring times of the
reflectivity curves, and will permit measurements in
various conditions of magnetic field and temperature.
The second gain is the scattering vector range, twice
as large as before. (1.10-2 < q(Å-1) < 0.25). The
wavelength is now 4 Å with a resolution δλ/λ of 4%.
The angular resolution δθ can be varied from 0.01 to
0.06°. The intensity dynamic range of measurement
is now typically between 105 to 106 neutrons/s on a
1 cm² sample for an 8 hours full analysis scan and a
resolution δλ/λ = 4% and δθ = 0.05° (see figure 3).
During 1999, a position sensitive detector, based on
the micro strip technology (currently developed in the
frame of the European XENNI program) will be
installed. It will allow off-specular studies on
magnetic systems.

Figure 3. Reflectivity of a spin-valve system (Mn/Fe/Co/Ru
/Co/NiFe) under a 0.3T field. The measurement time was 3
minutes per point on a 1 cm2 sample
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3-AXIS INELASTIC NEUTRON SCATTERING
ON MOLECULAR BEAM EPITAXY GROWN SAMPLES

B. Hennion1, W. Szuszkiewicz2

1Laboratoire Léon Brillouin (CEA-CNRS)
2Institute of Physics, Warsaw, Poland

Optimizing the use of neutron beams on triple axis
spectrometers implies focusing by curved
monochromators and analysers, bent vertically as
well  as horizontally (Figure 1).

Figure 1. Focusing analyser of  the 3-axis spectrometer 1T

The gain in intensity, keeping a low background
level, offers new opportunities of inelastic neutron
scattering measurements on small size samples (a
few mm3).
Thus, MBE grown samples have been used to
measure spin waves on MnTe. Such measurements
are illustrated on Figure 2. MnTe is often used to
obtain by substitution of Mn by non magnetic ions
(e.g. Zn or Cd) diluted magnetic semiconductors.
These compounds have the Zinc blende (ZnS) cubic
structure and the evolution of their magnetic
properties depends on exchange integrals, responsible
of the magnetic order of the pure compound. But
pure MnTe has not the blende structure, but that of
hexagonal NiAs! Only MBE grown samples of
MnTe have the blende structure, because of
uniaxial constraint due to epitaxy.  Such samples
offer therefore the possibility to determine exchange
integrals by measuring the spin wave spectrum of
MnTe, with inelastic neutron scattering. Raw data
measured on MBE grown samples are illustrated on
figure 2.
They are obtained on samples of 4 and 6 µm width
grown at the Institute of Physics of the Polish
Academy of Sciences in  Warsaw, on an AsGa

substrate with a buffer of 2 or 4 µm of CdTe. With a
surface of about 2 cm2, the sample volume was
about 1 mm3. The only known information was  the
value of the anisotropy gap of the spin wave
spectrum, that previous Raman scattering
measurements had determined as ≈1.05 THz.

Figure 2: Raw data obtained at T=13 K. • and 75 K n
Spin-waves  only exist at low temperature.

Figure 3.  Black lines and symbols are respectively the
measured and calculated spin-wave spectra at T=13 K for
one magnetic domain in the sample.
Red dashed lines and red symbols correspond to modes in
the second magnetic domain of the MBE sample.
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Study of the sample by elastic neutron scattering [1]
confirmed its structural and magnetic characteristics.
The magnetic transition takes place at TN  ≈ 65 K and
is associated to a structural transition (tetrahedral
distortion). The low temperature magnetic structure is
antiferromagnetic of type III. If [1,0,0] is the
crystallographic axis perpendicular to the layers, the
doubling of the magnetic cell is along [0,1,0] or
[0,0,1], due to the nature of the buffer. Therefore, in
the MBE sample, 2 magnetic domains coexist and we
have to account for the superimposition of 2
reciprocal lattices. This lowers the scattered intensity
and hampers the analysis of the results. Anyhow, a
pertinent set of data has been obtained with a
counting   time  of  about  15  minutes  per  step.  On

Figure 3 are reported the experimental results and the
theoretical dispersion curves, calculated with a
Heisenberg hamiltonian

A test measurement has been done on a  MnTe/ZnTe
multilayer, made of alternating 20 MnTe and 3 ZnTe
atomic layers. The sample width was 1 µm, but it was
a single domain. The long range magnetic order is
preserved and spin gap at q=0 as well as the zone
boundary mode have been observed.
Even though such experiments benefit of the high
value of the Mn moment (spin 5/2) [2], they are very
encouraging as a first step towards the study of
dynamical properties of magnetic multilayers.
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NEUTRON DIFFRACTION  UNDER VERY HIGH PRESSURES:
EXPERIMENTS IN THE 40 GPa PRESSURE RANGE.

I.N. Goncharenko1,2, I. Mirebeau1 and J.-M. Mignot1

1Laboratoire Léon Brillouin (CEA-CNRS)
2Kurchatov Institute, Moscow, Russia

 The role of high pressures in solid state physics is
essentially twofold: 1) pressure varies interatomic
distances in a controlled way and therefore could be
used to verify theoretical models, 2) it induces new
phases, which may exhibit unusual characteristics. In
practice, the possibility of using pressure strongly
depends on the range of pressure needed and on the
technical tools required to reach it. In soft matter,
even pressures of less than 1 GPa may strongly
change the interatomic distances and the physical
properties. In contrast, in most solids, much higher
pressures (10 GPa or more) are needed to produce
significant change of the sample volume (∆V/V
>10%). In the recent years, crystal structures studies
in the 100 GPa pressure range have strongly
benefited from the development of third-generation
synchrotron X-ray sources, whereas magnetic studies
in the same pressure range are still much less
developed. Anomalous magnetic X-ray scattering
cannot be used because of the huge absorption of the
pressure device, and Mössbauer studies do not
provide any information about the long range
magnetic order. Neutron diffraction is usually limited
to much lower pressures (1–3 GPa). This is because
pressures above 10 GPa could be reached only by a
drastic decrease of  the available sample volume
(down to 10–4  to 10-6 mm3 in the 100 GPa pressure
range). Such a sample volume is well below that
usually needed in neutron studies (typically a few
mm3 to a few cm3).
At the beginning of the 1990’s, a project was
initiated at the LLB to develop magnetic studies
under very high pressure using high intensity neutron
diffraction [1]. The steady state reactor with a cold
source provides the most convenient q-range for such
studies.
The project encompasses both single crystal and
powder diffraction under pressure. Single-crystal
diffraction yields very detailed information about
spin arrangements. Numerous studies using single
crystal diffraction under  pressures were performed
at the LLB during the last years [1,2],  most of them
on the lifting detector spectrometer 6T2. Very
recently a new superconducting magnet and a
dilution refrigerator, compatible with the high
pressure setup, have become available. Implementing
high magnetic fields (up to 8 T) and very low
temperatures (down to 30 mK) together with

pressures up to 10 GPa opens new possibilities to
single crystal studies.
 On the other hand, powder diffraction is the most
straightforward way to extend neutron studies well
above 10 GPa. In this pressure range, single crystals
could be easily destroyed by pressure
inhomogeneities or by a first order structural
transition.
 The development of a specialized powder
diffractometer, allowing neutron studies to be made
at pressures up to 50 GPa, i. e. at higher pressures
than in any other neutron facility, was the most
ambitious part of the project.  During  the last three
years the G6.1 diffractometer (equipped with a 400-
cell multidetector) was transformed in a specialized
spectrometer, optimized for the magnetic diffraction
of small samples (less than 1 mm3) under very high
pressures. In this high pressure version, G6.1 is
equipped with a double–stage focusing system
inserted between the monochromator and the sample
position (fig 1).

Figure 1. The pressure cell and the  focusing device used
in the high pressure version of the G61 spectrometer.

The focussing system, consisting of Ni-Ti
supermirrors “compresses” the neutron beam both in
horizontal and in vertical planes [3]. Using a double-
stage system allows us to simulate a curved profile of
the mirrors’ surface. This is the optimal profile to get
both the highest gain in intensity for a given length
of the system (limited by the free space between the
monochromator and the sample) and a smooth
angular distribution of neutrons in the focused beam.
The  variable  angle of focussing makes it possible to
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choose the optimal trade-off between intensity and
resolution for each experiment. The maximal gain in
intensity obtained by focusing is 7.
Together with a high intensity of the incident beam, a
very low background is crucial to measure small
samples. A sophisticated protection and an especially
designed cryostat allow us to reduce  the background
to a very small value – only a few counts/per cell/per
hour.
We use pressure cells with sapphire (P < 10 GPa)
and diamond anvils (P > 10 GPa). The
implementation of the sapphire anvil cells for
neutron diffraction is based on over 10 years of
experience gained for such experiments in Kurchatov
Institute (Moscow).  A number of such cells, adapted
to low temperature measurements, were developed
and implemented in the neutron experiments (single
crystal or powder) at the LLB during  the last years.
One of the most compact cells with sapphire anvils is
shown in fig. 2. This cell can be rotated freely inside
the cryostat, allowing to study textures or magnetic
domain distributions. The cell is compatible with the
dilution refrigerator and the superconductive magnet,
making possible to use high pressures, magnetic
fields and mK-temperatures in the same experiment.

Figure 2. This small pressure cell can  be rotated inside  a
cryostat

The power of the above technique is illustrated here
by  the study of magnetic interactions in two closely
related systems, the europium monochalcogenides
and the gadolinium monopnictides. Both families,
having the same crystal structure and the same
electronic structure (4f7) for the  cations (Eu2+ and
Gd3+) are usually considered as “model systems” to
study magnetic interactions in semiconductors and
semi–metals. The neutron diffraction patterns of
EuTe and GdAs under pressure are shown in figs. 3
and 4.
The pressure strongly modifies the magnetic
properties of EuTe, resulting in a sequence of
magnetic transitions at pressures around 10 GPa [4].
As the lattice constant decreases, the ferromagnetic
exchange interaction increases very rapidly, leading
to a transformation of the initial antiferromagnetic

order to a ferromagnetic one, followed by an
exponential increase of the Curie point [5].
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Figure 3. Magnetic neutron diffraction spectra  under high
pressure in EuTe.
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Figure 4. Magnetic neutron diffraction spectra  under high
pressure in  GdAs. The GdAs  sample was prepared by
A.Ochiai (Univ. of Niigata, Japan).

 The GdAs sample, having the same magnetic
structure at ambient pressure, shows a very different
behavior. Pressure only increases the Néel point.
Even at 43 GPa, when the volume decrease reaches
about 40%, the compound remains
antiferromagnetic. In this measurement, the sample
was as small as about 1 mg of weight (0.002 mm3).
This is likely the smallest sample under the highest
pressure ever measured with neutrons.
Comparing the two systems (GdAs and EuTe) allows
us to see the role of the band structure in the
formation of the antiferro- and ferromagnetic
exchange between the cations.
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In the year 1999, we expect the next upgrade of  the
high pressure version of the G6.1 spectrometer
(“MICRO” diffractometer). A new multidetector,
optimized for small samples studies and covering a 7
times larger solid angle, is currently under
construction in the European Molecular Biology
Laboratory (Grenoble), in collaboration with A.
Gabriel. The upgrade  of the spectrometer will allow
us to increase the available pressure range above 50

GPa and will also provide better possibilities to meet
the needs of a growing number of experimental
teams, suggesting various studies under pressure in
many different fields of physics. Besides the
traditional field of  magnetism under pressure, new
subjects appear, for instance the studies of
mesoscopic structures such as the recently
discovered carbon nanotubes.
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DATA ACQUISITION & CONTROL SYSTEM
FOR NEUTRON SPECTROMETERS AT THE LLB

G. Koskas, J. Drapeau, M. Antoniades, M. Donois, P. Froment

Laboratoire Léon Brillouin (CEA-CNRS)

There are 24 neutron spectrometers installed around
the ORPHEE research reactor, all equipped with an
acquisition and control system known as
« DAFFODIL SYSTEM  ». This system has been
developed by the electronic group of the laboratory.
Its backbone is the IEEE 488 BUS. Up to 32
peripherals can communicate with the user host
computer via this standard communication protocol.
The DAFFODIL SYSTEM is composed of a few
IEEE 488 devices, which are designed for
independent execution of complete functions (see
figure 1).
The past two years, three main
functions (positioning, counting and Position
Sensitive Detector acquisition including Time Of

Flight) have been particularly developed at the LLB
for a maximum integration and simplicity of use.
They form the core of the data acquisition equipment
for any kind of neutron spectrometer.
For each function, an intelligent IEEE 488
microprocessor board has been designed. These
boards constitute the Euro series (EuroMove ,
EuroScale r and EuroPsd), which are at present
installed on the experiments. This triple function
subsystem comes in the form of a single (see figure
2) or double Europe crate. It contains the location for
the Euro series modules, power supplies for the
electronic system as well as for the motors and the
peripherals boards for motor control, readout and
display of encoded axis and diverse I/O.

Figure 1. Outline description of the LLB Daffodil system.
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Figure 2 . Single Europe crate for the Daffodil System of LLB
.

THE EUROMOVE MODULE

The EuroMove module is a positioning controller.
It is a single Europe board (100 x 220 mm2), which
can control up to 10 axis simultaneously through its
own bus. This in-house design bus has been studied
to allow on the one hand the mixing of power and
logical signals and on the other, to provide a very
simple and efficient interface to slave boards
(encoder, motor, I/O boards etc.). Since the Europe
crate contains the power supplies for the motors,
there is no need for another distinct power crate
nor additional connections.
The main role of the EuroMove module is to drive
the motors through the motor boards, while
monitoring the actual position of the mechanics via
the encoder boards, to a position required by the
computer. This module also provides a real time
display of the position of each of the movements on
the front panel of the encoder boards. The
calculations are performed on 16 000 000 points, the
displays showing 6 digits.
The onboard software embedded in the EuroMove
module operates with different methods of
positioning for each movement depending on its own
encoder, motor and mechanic characteristics. In
particular, it provides a complete functional control
of the pneumatic system required by the
« Tanzboden modules ».
Two types of boards, for D.C. and stepping motors as
well as encoder boards for optical, magnetic and
resistive sensor technologies have been designed.
Thus, the user can choose the motorization and
position encoding equipment that best fits his
particular environment.

THE EUROSCALER MODULE

The EuroScaler module is basically a counting
module for discrete detectors and monitors .
Designed as a single Europe board, it is stand-alone
and needs only the +5V to operate.
The Euroscaler module has an internal timer, a
monitor counter and 32 scalers; it therefore can
manage a complete monitor preset or time preset
operation on 32 detectors. Moreover, it provides a
fully automatic acquisition mode for polarized
neutrons  including up to 4 phases for polarized
neutron analysis. The module outputs logical signals
for driving the flippers.  The duration for each of the
phases and the dead time for the flipping of the
magnetic field are programmable.
Input and output triggers  for external synchronized
systems like a EuroPsd module or another Euroscaler
module are also available. For example, if there are
more than 32 detectors on the experiment, several
Euroscaler modules can be used, one of them will
play the role of master and the others the role of
slaves via their input triggers.

THE EUROPSD MODULE

For data acquisition with fast Position Sensitive
Detectors  (in particular those based on delay lines or
microstrips), and to provide Time Of Flight
operation, we have designed the EuroPsd module
(see figure 3), which is stand-alone like the
EuroScaler module.
The main function of the EuroPsd module is
histogramming memory. It accepts a 18 bits to
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accommodate a 512x512 cells PSD. Cells of the
detector are associated with 32 bits data counters .
One of the features of this module is the
programming, through user friendly commands, of
the allocation of the counters via a routing memory.
This feature has many applications, for example,
converting a rectangular detector into a virtual
circular detector. Non adjacent cells can also be
grouped together to form a multiparts « macrocell ».
In the Time Of Flight mode, the delay, the number of
time channels (up to 4096) and their width (200 nsec

up to 7 minutes by steps of 100 nsec) are
programmable. Long duration time channels can be
used in conjunction with another capability of the
EuroPsd module, which is to follow and to
distinguish several « frames » in a kinetic
experiment.
With this EuroPsd module, the maximum counting
rate achievable is 5 MHz with a null dead time, i.e.
an address takes less than 200 nsec to be processed
(routing, histogramming and T.O.F).

Figure 3.  EuroPsd module for data acquisition and Time Of Flight

Several laboratories in the world are equipped with the LLB DAFFODIL system, among them K.F.K.I.
(Hungary), I.T.N. (Portugal), Institute of Physics (China), Institute of Nuclear Technology  (Greece), and
more recently K.A.E.R.I. (Korea) in association with the CILAS company.
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THE REPLACEMENT OF THE ORPHEE REACTOR’S HOUSING CORE

(SUMMER 1997)

The research reactor Orphée built by the CEA at Saclay in the late seventies went first critical in december 1980.
Since then the reactor has provided the neutron beams used by physicists on the experimental spectrometers located
around the reactor. During the summer 1997 the reactor was stopped for a major refurbishment : the remplacement
of the housing core located in a heavy water tank.
This housing core, a square tube of 25 x 25 x 200 cm3 is the backbone of the reactor as it contains the reactor core
itself. It is the one barrier between the heavy water, from the tank, and the light water that cools the reactor core.
The zircaloy 2 had been choosen for its characteristics both mechanical, close to those of the stainless steel, and
physical (it does not interfere with the neutrons) to make the housing core and its 2 flanges. These two casted
flanges are welded to both ends of the tube, and it is by them that the housing core is attached to the top and the
bottom of the middle of the heavy water tank. The water tightness between the 2 types of water is done by two 0-
ring metallic joints. The reactor core is supported by the grid core, located at the bottom of the housing core. The
core is composed by eight fuel rods and one beryllium rod. So outside the tube there is the heavy water and inside it,
there is the core itself cooldown by light water.
In reactor early life, year 1983, the metallic 0-ring upper joint, between the tank and the housing core, went to leak.
So it has been replaced by a new one. This operation was done by removing the housing core from the heavy water
tank and then the joint was changed by reputting it in its original place. The strain on the studs and nuts was
increased to ensure the tighness of the system.
Meanwhile, it was obvious that the leak was due to the growth of the housing core that will, in the long run, lead to
another leak. So it was decided to study the zircaloy growth by putting some samples inside the beryllium rod
located in the middle of the reactor core itself. At the same time a new housing core was ordered.
The main difference between the two housing cores is that the new one is fitted at its top with a growth absorber
made of a double stainless steel wall and flanges.
In the year 1995, it was foreseen, in the light of the study of the zircaloy, that the housing had to be changed by the
turn of the century. It was then decided that it will be done in the summer 1997 to allow time to plan the operations.
This planning was made by looking back in 1983 when the housing was first taken out to foresee the coming
problems.
The main concerns were the four bottom studs and nuts as they had already given us troubles. It was decided to
make some specific tools to destroy either the nut or, at worst possible case, the stud. The planning was done to
start the refurbishment on the 15 july 1997.
The reactor was stopped on the 13, the core unloaded on the 14, and the heavy water replaced by light water on the
15. Before removing the housing core itself, several operations had to be done :

i) Remove the bars that link the control rods and their mechanism,
ii) Remove the rod trolley,
iii) Remove the loading-unloading anti-fault grid,
iv) Remove the core grid.

After that, it was possible to take out of the tank the housing core. The housing core was put in the canal to be
disposed later. It was now possible to look inside the heavy water tank for an inspection done with a remote camera
and also on the two 0-ring spans. It had shown that the two spans should be meticulously cleaned before we put
back the new housing core.
Through out these tasks, the new housing core and all its parts were put together on a mock-up tank for a final
check before it was put in its real location, the heavy water tank.
After all the checks, both on the span ring, on the tank and on the new housing with all its parts, it was then decided
to put the new housing in place. When it was in place two tasks were done. First the three 0-ring joints were tested
for water tightness. There is one more joint, the one between the zircaloy flange and the stainless steel of the
growth absorber device. As the test gave us satisfaction, all the other parts were put back into place.
When all the operations have been completed a mock up core was loaded in the new housing core for hydraulic
tests. When completed, we asked the French Safety Authorities for the green light to start the reactor. The reactor
was then loaded with the fuel rods. We had the go ahead green light to start on the 27 october 1997.
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Figure 1. Removal under water of the old housing core

Figure 2. Installation of the new housing core
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EXPERIMENTAL  PROGRAMME
AND USER ACTIVITIES

1. SUMMARY OF THE USER ACTIVITIES IN 1997 AND 1998

1.1 Operation of Orphée reactor and LLB facility
The reactor Orphée operated 190 days in 1997 and 222 days in 1998. 3834 and 4518 experiment days were realized
respectively in 1997 and in 1998 on the 24 scheduled instruments.
These values do not take into account the beam time given to the CRG teams on the following instruments : 2T (Kf
Karlsruhe), G4.3 (University of Wien) and G5.2 (INFM, Italy, only for 1998). The CRG time is usually 1/3 of the
Orphée operating time (25% for G5.2).
They include the full beam time for G4.4 (managed by ONERA), 5C2 (managed by University of Aachen) and G5.2
(INFM, for 1997).

Remark : The low operating time of the reactor in 1997 is of course due to the replacement of the zircaloy housing
core (a square tube which contains the reactor core itself), which required a long shut-down from 13 july to 27 october
1997, i.e. 2 months more than the usual summer shut-down. Since 27 october 1997, the reactor operates with the new
housing core very satisfactorily, and the scheduling of users activity could be made as previously planned.
At the Steering Committee of 13 january 1998, our funding agencies (CNRS and CEA) decided, for financial reasons,
to decrease the operating time of Orphée from ˜ 245 days (average value up to 1996) to 210 days per year, starting
from 1998. Nevertheless, a specific authorization to pass this value was given for 1998 and 1999, in order to recover
the 20 days shortage accumulated in 1997.

1.2. Instruments
The list and main characteristics of LLB instruments and a layout of their implantation are given in the introducing
chapter « Presentation of LLB ».
In Table 1 are summarized the numbers of realized experiments and scheduled beam days, on the different
instruments.
The new high resolution powder diffractometer, built in Gatchina, and installed in the guide hall in 1996, was
progressively opened to users during the first semester of 1997.
Few instruments did not operate at full time, because of technical problems and/or refurbishment operations. In
particular, new electronics and data acquisition programmes were installed on TV (Mibemol, G6.2). The mechanical
parts of 5C1 were replaced by a-magnetic materials, necessary to operate the new 8 Teslas cryomagnet.

1.3  User statistics
Table 2 indicates the distribution of beam time per country (based on the location of the laboratory of the main
applicant), for experiments realized in 1997 and 1998 respectively.
Around 70% of the total beam time was used by french users in 1997 and 1998, which is slightly more than in 1996.
29-30% was used by foreign users; this number includes 16% for European Union, 5% for CEI (Russia and Ukrainia)
and 5% for PECO (Eastern and Central Europe) countries.
Among the E.U. users, those involved in the TMR access programme received 332.5 beam days in 1997 and 359 in
1998 (8.7% and 8.0% of the total beam time respectively).

The distribution of total beam time per scientific domain (Round Table Sessions) was the following :
- 23% for Physical Chemistry and Biology (session A),
- 20% for Structural Studies and Phase Transitions (session B),
- 36% for Magnetism and Superconductivity (session C),
- 21% for Disordered Systems and Materials (session D).
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2. BEAM TIME REQUEST AND ALLOCATION

2.1 The present organization
We have kept the new system of round tables and user selection panels put in place in 1996, which aimed to favour
long-term projects.
To perform an experiment at LLB, the researcher must first submit a proposal written on a special form, where he
explains his scientific interest and describes the proposed experiment. All the proposals submitted at LLB are
examined by a peer review Selection Panel, which encounters once a year (at the end of november), and which is
subdivised into 4 thematic sessions :

• Physical Chemistry and Biology,
• Structural Studies and Phase Transitions,
• Magnetism and Superconductivity,
• Disordered Systems and Materials Science.

Each session of the Selection Panel comprises typically 9 members (3 of LLB, 3 French non-LLB, 3 non-French).
The list of members for the Selection Panel of december 1997 (which selected the experiments to be performed in
1998) is given in Table 3.
The Selection Panels classify the proposals in A, B,C, on the basis of scientific merit :

• A : accepted and to be performed,
• B : eventually performed if beam time available,
• C : rejected.

The applicant is informed by an official mail, of the classification of his proposal and, in case of success, of the
allocated beam time. In case of classification C, the reasons are explained to the applicant.

The Selection Panels are preceeded by user meetings, called "Tables Rondes du LLB". These meetings consisted of :
- invited talks (in each "Table Ronde", half a day was devoted to a specific theme, for example "magnetic thin films"
in session C, and "fluids near the critical point" in session D);
- presentation of new long-term projects or programmes;
- presentation of recent scientific results obtained at the LLB ("poster" session);
- technical presentations;
- discussions with users.
30 to 40 people participated in the average to each of the four "Tables Rondes".

2.2 Beam time request
The evolution of beam time request since 1990 is presented in Table 4 and the associated figure.
The overall volume and proportion of french versus foreign request remains approximately constant since 1994 (end
of ILL shut-down). Within the foreign request, the E.U. part slightly decreases; this is compensated by an increase
from non-E.U. countries.

2.3  Analysis of the requests and allocations.
The beam time request and allocation for 1999 (evaluated by the User Selection Panel of november 1998) are
summarized per country in Table 5, and per instrument and scientific session in Table 6.
Table 7 gives the overload factor for the LLB instruments, averaged on 3 years (Selection Panels of november 1995,
1996 and 1997) : this is defined as the ratio between the required beam time and the foreseen operating time of the
instrument (80% of the operating time of Orphée, the 20% remaining being used for maintenance, repairs, tests,
urgent experiments, etc...).  The total overload factor is 1.5.
These numbers are practically constant since the refurbishment of the ILL reactor (1995).

2.4  Foreseen modifications of the beam time allocation.
Important modifications of the present system will be introduced at the end of 1999 :
a) Submission of proposals and Selection Panels will be organized twice a year, in autumn and spring (in fact, a second
session was already introduced in spring 1999 for the european TMR access programme).
b) A fast access procedure by web for characterization experiments will be set-up on several instruments (in particular
powder diffraction).
c) A larger part of the total beam time will be reserved for long-term projects in the form of contractual programmes
(with a typical duration of 3 or 4 years), for urgent or innovative proposals, and for industrial-type experiments.
These types of proposals must be adressed to the LLB management, who will attribute beam time after external
evaluation.



REALIZATION BY INSTRUMENT                          
FOR 1997 AND 1998 TABLE 1

INSTRUMENTS
Number of 

experiments 
performed

Beam time 
(days)

Number of 
experiments 
performed

Beam time 
(days)

TRIPLE-AXIS SPECTROMETERS

1T 18 182 20 219

2T (german CRG)* 12 121 14 135

4F1 14 222

4F2 15 220

G4.3 (austrian CRG)* 8 81 14 135

POWDER DIFFRACTOMETERS

3T2 33 182 43 211

G4.1 47 177.5 44 196

G4.2 (russian CRG)* 25 120.5 21 136

G6.1 19 158 29 190

MATERIALS DEDICATED DIFFRACTOMETERS

6T1 (textures) 12 174 15 215

G52 (residual stresses) (1/2 Italian CRG ) 20 174 21 222

SINGLE CRYSTAL DIFFRACTOMETERS

5C1 8 122 12 168

5C2 (german CRG)* 18 191 20 224

6T2 14 172 12 164

REFLECTOMETERS

Eros (G3 bis) 15 179 20 217

Desir (G5 bis) 16 169 13 177

Pada (G2.2) 19 187 22 222

DIFFRACTOMETERS FOR DISORDERED SYSTEMS

7C2 20 160 21 155

G44 (ONERA CRG) 3 130 4 110

SMALL ANGLE NEUTRON SCATTERING

PACE 43 221.5

PAXE 45 204

PAXY 42 205.5

QUASI-ELASTIC SCATTERING

Spin Echo 10 153 10 155

TV (Mibemol) 23 156 23 194

TOTAL 469 3834 537 4518

* Not included CRG beam time given on 2T to germans, on G4.3 to austrians, on G4.2 to russians

1997 1998

34

95

352

493



REALIZATION BY COUNTRY FOR 1997 AND 1998
TABLE 2

COUNTRIES
Number of 

experiments 
performed

Beam time 
(days)

Total 
experiment 
beam time             

( % )

Number of 
experiments 
performed

Beam time 
(days)

Total 
experiment 
beam time           

( % )

TOTAL FOR FRANCE 315 2705 70,55% 365 3190 70.61%

AUSTRIA 5 23 0,6% 5 17.5 0.39%

BELGIUM 1 10 0,26% 2 14 0.31%

GERMANY 35 277 7,22% 39 312.5 6.92%

GREECE 3 9 0,23% 1 11 0.24%

IRELAND 2 14 0,37% 1 4 0.09%

ITALY 24 145.5 3,79% 33 179 3.96%

NETHERLANDS 2 5.5 0,14% 3 12 0.27%

PORTUGAL 4 35 0,91% 6 76 1.68%

SPAIN 2 11 0,29% 4 24 0.53%

SWEDEN 1 15 0,39%

UNITED KINGDOM 10 77 2,01% 6 47 1.04%

TOTAL FOR E.U. 89 622 16,21% 100 697 15.43%

TOTAL FOR RUSSIA-CEI 17 209 5,45% 25 233 5.16%

BULGARIA 1 5 0,13%

CZECH REPUBLIC 4 49 1,28% 2 14 0.31%

HUNGARY 10 48 1,25% 6 37.5 0.83%

POLAND 17 111.5 2,91% 20 172 3.81%

YUGOSLAVIA 2 11 0.24%

TOTAL FOR PECO 32 213.5 5,57% 30 234.5 5.19%

ALGERIA 1 3.5 0,09%

AUSTRALIA 4 9 0,23%

CUBA 1 10 0.22%

INDIA 1 6 0,16%

JAPAN 2 28 0,73% 4 46 1.02%

KOREA 1 2 0,05%

MOROCCO 1 10 0,26% 4 39 0.86%

SWITZERLAND 4 12 0,31% 3 18 0.40%

UNITED STATES 2 14 0,37% 5 50.5 1.12%

OTHERS 16 84.5 2,2% 17 163.5 3.62%

TOTAL 469 3834 100% 537 4518 100%

1997 1998
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U S E R  S E L E C T I O N  P A N E L  –  «  T A B L E S  R O N D E S  »  1 9 9 7

S E S S I O N  A  :  P h y s i c a l  C h e m i s t r y ,  B i o l o g y

LLB MEMBERS FRENCH MEMBERS NON-FRENCH MEMBERS

Organizers :
A. Menelle
J.M. Zanotti

J.S. Candau (président), L.U.D.F.C.. Strasbourg M. Corti, Univ. Milan
L. Auvray F. Nallet, C.R.P.P. Bordeaux B. Farago, I.L.L. Grenoble
J.P. Cotton M. Roth, I.B.S. Grenoble R.E. Lechner, Univ. Onasbruck
J. Teixeira

S E S S I O N  B  :  S t r u c t u r a l  S t u d i e s ,  P h a s e  T r a n s i t i o n s

LLB MEMBERS FRENCH MEMBERS NON-FRENCH MEMBERS

Organizers :
F. Moussa
J.M. Kiat

G. André A. Bulou, P.E.C. Le Mans W.F. Kuhs, Univ. Goettingen
B. Hennion R. Currat (président), I.L.L.  Grenoble E. Lorenzo-Diaz, Lab. Cristallo. Grenoble
R. Kahn F. Denoyer, U.P.S. Orsay W. Prandl Univ. Tübingen
M. Quilichini M.H. Lemée-Cailleau, G.M.C.M. Rennes

S E S S I O N  C  :  M a g n e t i s m ,  S u p e r c o n d u c t i v i t y

LLB MEMBERS FRENCH MEMBERS NON-FRENCH MEMBERS

Organizers :
B. Hennion
G. André

C. de Novion M. Alba, SPEC J.C. Gomez-Sal, Univ Cantabria
C. Fermon B. Chevalier, L.C.S. Talence P. Schweiss, K.F.K. Karlsruhe
A. Goukassov B. Fak, DRFMC. CEN G
M. Hennion P. Mangin (président) LMPSM, Nancy

S E S S I O N  D  :  D i s o r d e r e d  S y s t e m s ,  M a t e r i a l s

LLB MEMBERS FRENCH MEMBERS NON-FRENCH MEMBERS

Organizers :
M.H. Mathon
M. Bonetti

F.    Bourée B. Frick, ILL Grenoble F. Barocchi, Univ. Florence
C.H. de Novion J.M. Sprauel, ENSAM Aix en

Provence
J.P. Gaspard (président), Univ. Liège

P. Lagarde, LURE Orsay G. Krexner, Univ. Wien
J.L. Bechade, SRMA CEA/Saclay



Years of Round 
Tables

1990 1991 1992 1993 1994 1995 1996 1997 1998

Total request 4322.5 5739 6363 6696 5690.5 6021 5698 5651.5 5304.5

French request 3080 3826 4182 4572.5 3509 3687.5 3767 3811 3478

Foreign request 1142.5 1913 2181 2123.5 2181.5 2333.5 1931 1840.5 1826.5

EVOLUTION OF THE BEAM TIME REQUEST
(Number of beam time days : annual request)

TABLE 4

Changement du système des 
Tables Rondes

EVOLUTION OF THE BEAM TIME REQUEST
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ROUND TABLES 1998 : REQUEST AND ALLOCATIONS (PRIORITY A) PER COUNTRY FOR 1999

Session A Session B Session C Session D Total

TOTAL FOR FRANCE 292 3478 516.5 430 760.5 685.5 2392.5 71.09%

AUSTRIA 6 49 3.5 21 7 31.5 0.94%

BELGIUM 4 34 3.5 14 17.5 0.52%

GERMANY 40 435.5 42 67 112 57 278 8.26%

GREECE 1 4 4 4 0.12%

IRELAND 1 8 7 7 0.21%

ITALY 15 136 22.5 31 29 82.5 2.45%

NETHERLANDS 3 50 14 7 21 0.62%

PORTUGAL 3 34 26 26 0.77%

SPAIN 4 69 7 41 48 1.43%

UNITED KINGDOM 13 104 4 13 26 5 48 1.43%

TOTAL FOR E.U. 90 923.5 93.5 113 245 112 563.5 16.74%

TOTAL FOR RUSSIA-CEI 28 359 3.5 13 98 0 114.5 3.40%

BULGARIA 1 6 0 0.00%

CZECH REPUBLIC 3 34 7 5 12 0.36%

HUNGARY 12 89 17.5 7 24.5 0.73%

POLAND 16 98 38 8 46 1.37%

RUMANIA 1 7 5 5 0.15%

TOTAL FOR PECO 33 234 17.5 0 45 25 87.5 2.60%

AUSTRALIA 1 15 10 10 0.30%

CUBA 1 5 5 5 0.15%

JAPAN 5 56 49 49 1.46%

MOROCCO 7 54 7 32 4 43 1.28%

MEXICO 1 10 7 7 0.21%

SWITZERLAND 4 42 31 31 0.92%

TUNISIA 1 8 3.5 3.5 0.10%

UNITED STATES 9 120 35 24 59 1.75%
TOTAL FOR OTHER COUNTRIES 29 310 45.5 31 122 9 207.5 6.17%
TOTAL 472 5304.5 676.5 587 1270.5 831.5 3365.5 100.00%

% of total 
allocated 

beam time
COUNTRIES

TABLE 5

Allocated beam time (days) (as priority A)Number of 
proposals 
submitted

Beam time 
requested 

(days)



TABLE 6

ROUND TABLES 1998 - REQUEST AND ALLOCATIONS PER INSTRUMENT FOR 1999

INSTRUMENTS Number of Beam time Session A Session B Session C Session D TOTAL

proposals (days) (days) (days) (days) (days) (days)

TRIPLE-AXIS SPECTROMETERS
1T/2T 30 360 72 192 7 271
4F1/4F2 42 575 7 98 216 20 341
G4.3 7 93 21 49 21 28 119

POWDER DIFFRACTOMETERS
3T1 (test instrument) 1 14 14 14
3T2 38 188.5 96 49 4 149
G41 36 222 24 93 37 154
G42 11 90 42 51 2 95
G61 19 232 4 7 128 14 153

MATERIALS DEDICATED DIFFRACTOMETERS
6T1 (textures) 16 314 169 169
G52 (strains) 20 218 105 105

SINGLE CRYSTAL DIFFRACTOMETERS
5C1 7 140 129 129
5C2 24 414 118 49 167
6T2 22 351 55 121 176

REFLECTOMETERS
Desir/Eros 15 199 143 49 7 199

Pada 15 212 135 135

ELASTIC DIFFUSE SCATTERING
7C2 19 243 7 3 146 156
G44 4 180 154 154

SMALL ANGLE NEUTRON SCATTERING
Pace, Paxe, Paxy 118 852 347.5 2 17.5 73.5 440.5

QUASI-ELASTIC SCATTERING
SPIN ECHO 9 159 91 91

TV 18 228 56 21 51 128
NRSE G1.bis (commissioning) 1 20 20 20

TOTAL 472 5304.5 676.5 587 1270.5 831.5 3365.5

3365.5

Request Allocated beam time (as priority A)



OVERLOAD FACTOR PER INSTRUMENT TABLE 7

Instrument
Overload 

factor 
(average)

Powder Diffractometers 3T2 1.25

G4.1 1.75

G4.2 0.9

G6.1 1.15

6T1 1.8

G5.2 2.7

Single Crystal Diffractometers 5C1 0.95

5C2 2.7

6T2 1.95

Diffuse Scattering Instruments 7C2 1.45

Small-Angle Scattering Instruments all 1.75

Reflectometers DESIR (G5 bis) 0.95

EROS (G3 bis) 0.95

PADA (G2.2) 1.4

Triple-axis Instruments 1T/2T 1.4

4F1/4F2 1.35

G4.3 0.9

Quasi-elastic Instruments MIBEMOL (G6.2) 1.6

MESS (G3.2) 1.2

Diffractometers for Materials Science 
Studies
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