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Director’s foreword

In 2015 LLB fully played its role in developing Science with Neutrons and Instrumentation across the French Research
Community. Using the Orphée Reactor as its principle resource, LLB is the hub for the use of the neutron probe and con-
nects academic researchers, instrument developers, industry, and other scientific facilities in France and in Europe. It
plays a critical role in preserving and developing the know-how in neutron based research that includes training new us-
ers, providing critical access to neutrons for established users, and training a cohort of new researchers and engineers

who know how to build and develop instrumentation.

Insertion of the LLB within the new Paris
Saclay University (in green) in the South
West of Paris.

In 2015, the LLB continued actively the renewal of its instrumental suite in 2015. Over the last five years, new strategically
capabilities were developed and certainly aimed at providing new capability; ten instruments were created or upgraded
covering most of the neutron methods, three others are into the commissioning process. However, in May 2015, faced
with the uncertainty in the supply of highly enriched Uranium and the rising cost of fabrication of fuel elements for the
Orphée reactor, the CEA and CNRS management announced that the Orphée reactor would operate at a reduced level of
120 days (full power equivalent) until a definitive shut down at the end of 2019. As a consequence the time-of-flight pro-
ject FA# was stopped, but it might be built elsewhere.

. Guide hall and reactor hall of the LLB
showing the new upgrade program.

Names of the instruments are detailed
at the end of the report.




In 2015, about 400 experiments were performed on all the instruments by more than 600 unique users. 42% of their research
topics addressed Societal Grand Challenges but still satisfied a high demand on basic research and curiosity.

Distribution of the topics of experiments (left) and of the users (right) at
the LLB in 2015

The involvement in ESS instrumentation is a recent mandate for LLB; 2015 was a quite successful year since all the proposed
projects involving the LLB with its European partners were supported by the ESS ERIC Scientific Advisory Council and Steering
Committee; it includes most of the NS methods in Diffraction, Spectroscopy and Larges Scale Structures. A management
structure was proposed, where the LLB ensures its role. Over the years, LLB is becoming an interdisciplinary center for the
use of neutrons, assembling all instrumental, methodological and scientific expertise for the successful use of the ESS and
other major sources, serving as a resource in neutron based science for the whole community; a long term status would re-
quire also the association to a new local source of neutrons where users at all levels could practice their skills. To face the
future shutdown of the Orphée reactor, the LLB organized a workshop “New Opportunities in Neutron Scattering: Small to
Medium Sources and their Applications”, in Paris on May 18 — 19, with the active contribution of the Council for Science and
Instrumentation (CSI), chaired by I. Anderson (ONRL), providing new perspectives on the medium and long term strategy for
the French Neutron Scattering activities within the future European Neutron Scattering Landscape.

Enjoy reading the report on science with neutrons at the LLB!



SONATE Compact Neutron Source
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Nuclear reactors used to produce neutrons for neutron
scattering are progressively being replaced by spallation
sources, PSI, ISIS, SNS, JPARC and ESS in the near future.
These facilities are however rather expensive, in the 1G€
range. In 2015, the LLB has thus conducted a reflexion on the
possibility of building compact neutron sources which would
provide a high neutron brilliance while remaining rather in-
expensive. It appears that the accelerator technology has
made significant progress in the recent decade and is now
able to provide high currents of particles (above 100mA). One
of the first beneficiary of these new technologies will be ESS
which will use an accelerator with a peak current of 60maA.

While spallation sources will always remain expensive due to
the length of the accelerator , we have considered an other
nuclear reaction, namely stripping which is also producing
neutrons. When a proton is sent on a light element (e.g. Be or
Li), neutrons can be stripped from the nucleus. This reaction
takes place at rather low neutron energies (3-100MeV). The
trade-off is that while a spallation reaction produces between
10 to 20 neutrons per proton, a stripping reaction produces
only 0.01 to 0.1 n/proton. However, a spallation source such
as ISIS Target Station 2 is operating at 0.8GeV with a current
of 50pA, so that even though the stripping reaction is signifi-
cantly lower than the spallation reaction by a factor 100 to
1000, this can be compensated by a larger current (100mA)
which is 2000 times higher. Besides, due to the much lower
proton energy, the target volume can be decreased from 4
litres (in the case of ISIS TS2) down to 2-3 cm? so that the
brilliance of the source can be significantly increased.

A working group gathering scientists from LLB and IRFU from

various fields (accelerators, simulations, neutron optics,
neutron scattering) has been formed to evaluate the per-
formances of a neutron source based on the most ad-
vanced accelerator technologies. A reference design has
been proposed, namely, a source using a 20MeV accelera-
tor with a peak current of 60mA and a duty cycle of 4%.
Such a source is readily feasible since it corresponds tech-
nically to the first 30m of the ESS accelerator. Within this
scenario, the neutron flux has been evaluated by Monte-
Carlo simulations for simple moderator designs. The peak
flux has been calculated as 4x10* n/cm?/s on the modera-
tor surface while the flux in the reactor Orphée is 1.5x10™
n/cm?/s. Hence the calculated flux are in the same range.
The key difference lies in the fact that Orphée is operating
is continuous mode while a new source would operate in
pulsed mode.

We have then benefited from the work done for the ESS
instruments (together with the expertise on some Time-Of
-Flight instruments at LLB) to estimate the performances
of instruments on such a compact source operating in
pulsed mode. We have considered the following instru-
ments, SANS, reflectometer, powder diffractometer, radi-
ography, Time-of-flight inelastic instrument, spin-echo.
Figure 1 shows the comparison of a spectrum measured
on G41 (on Orphée) and PRESTO (on SONATE). By simply
moving G41 on SONATE, the performances would be 0.7
that on Orphée. A simple upgrade of the detector, by re-
placing it with the 7C2 detector which is covering a larger
solid angle and which has a much higher detection effi-
ciency would provide an overall gain of 20. Besides, the
operation of a time-of-flight spectrometer on a pulsed



Figure 1 : Comparison of the Time-Of-Flight spectra measured on
Na,CasAlF1, on the G41 and on the PRESTO instruments.

source is way more flexible than on a reactor. While on a reac-
tor, each powder diffractometer is designed to be either high
resolution or high flux, on a pulsed source, the resolution can
be tuned rather easily by simple shaping the incident pulse
with mechanical devices (double disk chopper typically). In any
case, these calculations show that a diffraction instrument
could efficiently replace the existing powder diffractometers on
Orphée .

The table below compares the performances of various instru-
ments types in terms of flux at the sample position. For each
instrument types the expected performances are on par with
existing instruments which suggest that it would be possible to
continue performing the current scientific programs going on in
Orphée.

It should however be underlined that different types of instru-
ments operate in optimal conditions for different types of pulse
length and repetition rate. For example a high resolution pow-
der instrument has rather different optimal working conditions

than a SANS instrument (short pulse with high repeti-
tion rate Vs long pulse with slow repetition rate). In the
case of ESS, this has led to a weighted compromise be-
tween instruments for the source characteristics (14 Hz,
with pulses of 3ms). On the other hand, in a compact
source, due to the compacity of the moderator, it is
likely that only a few instruments (max. 4) could be ac-
commodated around each target. This should be seen
as an opportunity since each target could be optimized
for a specific family of instruments. Beyond this aspect,
the use of smaller accelerator makes the design of such
compacts sources both modular and upgradable. New
targets may be added over time or the accelerator en-
ergy can be increased over the time to increase the
neutron production.

Figure 2: Example of a modular architecture. A first
target might be optimized for low resolution instru-
ments (SANS, reflectivity). A second target might be
built for higher resolution techniques (diffraction).
Later on a third target with an increased proton
beam (e.g. from 20MeV to 60MeV might be added)

The first experimental tests will be performed in 2016
on the IPHI accelerator at Saclay in order to validated
the Monte-Carlo and GIANT4 simulations.

Technique Flux on sample Reference spectrometer Potential gains
SANS 3.10° n/s/cm? (low Q) PAXE@LLB (med Q) 7.10° n/s/cm? Slit setup x10

10° n/s/cm? (med Q) SANS2D@ISIS 10° n/s/cm? Focusing optics for VSANS (small Q)

10

4.10° n/s/cm? (high Q) (under construction) X

Reflectivity 10°n/s/cm? POLREF@ISIS TS2 10’ n/s/cm? SELENE concept (x10)
. Advanced Deconvolution x3
(under construction)

Spin-Echo 1.3 10°n/s/cm? MUSES 2.10’ n/s/cm? (at 5A°) Multi-MUSES (x70)

Low resolution
powder diffraction

2.10°n/s/cm?

G41@LLB 4.10°n/s/cm?

Large solid angle detector

(7C2 type) x20

TOF

3.10” n/s/cm?

OSIRIS@ISIS 3.10” n/cm?/s

Imaging
(white beam)short
instrument

10°n/s/cm? (for o - 250)

107 n/s/cm? (for /o = 80)

IMAGINE@LLB 10’ n/s/cm?
ICON@PSI 2.107 n/s/cm?

MCP detectors x5
Coded Source Imaging x10

Imaging
(time resolved)

10°n/s/cm?
(for L/D = 250)

dA/h=2%

ICON@PSI 4.10%n/s/cm? (2%)
NEUTRA@PSI 4.10°n/s/cm? (2%)
RADEN@JPARC 2.10’ n/s/cm? (0.3%)

MCP detectors x5
Coded Source Imaging x10
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Magnetism and superconductivity

Strongly correlated electron systems are compounds where electron correlations play a crucial role,
coupling electronic, magnetic and orbital degrees of freedom, and yielding anomalous,- and poten-
tially useful-, physical properties. The subjects studied at LLB involve unconventional superconduc-
tors, quadrupolar orders in heavy fermions, frustrated spin liquids or spin ices, multiferroics, thermo-
electrics, chiral and molecular magnets. Studying static and dynamical magnetic correlations
through neutron scattering, and investigating precursor states, provide precious clues to understand
these anomalous properties.

Various examples of such mechanisms are given in this issue. In FeSe, spin fluctuations are enhanced
at the orthorhombic transition, above the onset of superconductivity at T, suggesting that they
drive both superconductivity and nematicity. In Na-doped BaFe,As,, the onset of a spin reorientation
transition in the orthorhombic phase above T¢ suggests that spin orbit coupling and orbital fluctua-
tions are important to mediate the Cooper pair formation. In heavy fermion CesPd,Si,, the study of
guasielastic spin fluctuations give an insight on the propagation vector of the quadrupolar order,

uncharacterized before. In AgCrSe, thermoelectric, the observation of localized Ag" vibrations pro-

vides a microscopic explanation for the low thermal conductivity. Finally, in a molecular complex, the
determination of the local susceptibility tensor yields a test for quantum chemistry methods, aiming
at the synthesis of high anisotropy molecules for spintronics and data storage.

Strong interplay between stripe fluctuations, nematicity and superconductivity in FeSe
Q. Wang, Y. Shen, B. Pan, Y. Hao, M. Ma, F. Zhou, P. Steffens, K. Schmalzl, T. R. Forrest, M. Abdel-
Hafiez, X. Chen, D. A. Chareev, A. N. Vasiliev, P. Bourges, Y. Sidis, H. Cao, J. Zhao

Spin reorientation transition in Na-doped BaFe,As,
F. Wafer, A. Schneidewind, Y. Sidis, S. Wurmehl, S. Awartham, B. Biichner, M. Braden

Momentum-space structure of quasielastic spin fluctuations in Ce3Pdy, Sig
P. Y. Portnichenko, A.S. Cameron, M. A. Surmach, P. P. Deen, S. Paschen, A. Prokofiev, J.-M. Mignot

Localized Ag" vibrations at the origin of ultralow thermal conductivity in layered thermoelectric
AgCrSe,

F. Damay, S. Petit, S. Rols, M. Braendlein, R. Daou, E. Elkaim, F. Fauth, F. Gascoin, C. Martin, A.
Maignan

Magnetic anisotropy mapping in molecular materials
K. Ridier, A. Mondal, C. Boilleau, O. Cador, B. Gillon, G. Chaboussant, B. Le Guennic, K. Kostuas, R. Les-
couézec
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Strong interplay between stripe spin fluctuations, nematicity

and superconductivity in FeSe

In iron-based superconductors the interactions driving the
nematic order (that breaks four-fold rotational symmetry in
the iron plane) may also mediate the Cooper pairing. Here,
we study FeSe—which exhibits a nematic (orthorhombic)
phase transition at T,=90 K without antiferromagnetic
stripe ordering—by neutron scattering, finding substantial

spin fluctuations coupled with the nematicity. The
magnetic spectral weight in FeSe is found to be compa-
rable to that of the iron arsenides. These results sup-
port recent theoretical proposals that both nematicity
and superconductivity are driven by spin fluctuations.

Q. Wang®, Y. Shen®, B. Pan®, Y. Hao®, M. Md", F. Zhou®, P. _Steﬁensc, K. Schmalzl’, T. R. Forrest?, M. Abdel-Hafiezl, X. Cher”,
D. A. ChareeV’, A. N. VasilieV®, P. Bourges”, Y. Sidis", H. Cao', J. Zhao®

a State Key Laboratory of Surface Physics and Department of Physics, Fudan University, Shanghai, China.
b Beijing National Laboratory for Condensed Matter Physics, Chinese Academy of Science, Beijing, China

¢ Institut Laue-Langevin, Grenoble, France

d Juelich Centre for Neutron Science JCNS Forschungszentrum Juelich, Outstation at ILL, Grenoble, France.

e European Synchrotron Radiation Facility, BP 220, 38043 Grenoble Cedex, France

f Center for High Pressure Science and Technology Advanced Research, Shanghai, China.

g Institute of Experimental Mineralogy,Russian Academy of Sciences, Chernogolovka, Moscow District, Russia.
h Laboratoire Léon Brillouin CEA/CNRS UMR 12, Gif sur Yvette, France

i Neutron Scattering Science Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA.

zhaoj@fudan.edu.cn

The iron-chalcogenide compound FeSe (T, = 8 K), which
possesses the simplest crystal structure of all the iron-
based superconductors [1], exhibits a variety of exotic
properties that are unprecedented for other iron-based
superconductors. For example, the T, of FeSe increases
to ~40K under pressure or by ion/molecule intercala-
tion. In addition, the T of single-layer FeSe thin film is as
high as 100 K, which is vastly superior to other iron-
based superconductors. More importantly, unlike most
iron-based materials, the tetragonal to orthorhombic
structural transition in bulk FeSe is not followed by the
stripe magnetic order, that consists of two interpene-
trating antiferromagnetic sublattices forming antiparal-
lel ferromagnetic stripes. This provides an excellent op-
portunity to elucidate the microscopic origin of the ne-
maticity and its interplay with superconductivity. A spin-
driven nematicity scenario has been actually proposed
[2] where the spin state is expected to break the rota-
tional symmetry of the lattice. However, the absence of
stripe magnetic order, as well as recent nuclear mag-
netic resonance (NMR) measurements [3] that suggest-
ed that there were almost no spin fluctuations above T;
in the tetragonal phase, seem to cast doubt on that ap-
proach. However NMR probes momentum-integrated
spin fluctuations only at very low energies (~0.1 peV or
lower), whereas the momentum dependence of the
higher-energy spin fluctuations has yet to be deter-
mined. Crucially, it is these spin fluctuations, especially
at the energy scale close to the superconducting gap,
that are believed to be important in driving both the
superconductivity and nematicity. This issue is here ad-
dressed by inelastic neutron scattering experiments [4]
which probe spin fluctuations over a wide range of mo-
mentum and energy.
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Figure 1: Energy dependence of spin fluctuations for FeSe in
the superconducting state (T=1.5 K) and normal state (T=11 K
and 110 K) [3]. a, Energy dependence of the dynamic spin
correlation function S(Q,w) at Q=(1,0,0) after a background
correction. The background is measured at Q=(0.944,+/-
0.330,0) which are on both sides of the magnetic peak (see ref
3). b, Energy dependence of the imaginary part of the dynam-
ic susceptibility. Data are partly from the 2T triple axis at LLB.

The Figure 1 summarizes the energy dependence of the dy-
namic spin correlation function S(Q,®) at Q=(1, 0, 0) for three
temperatures (1.5, 11 and 110 K). The figure shows in the
superconducting a sharp resonance mode at around 4 meV
above a spin gap (<3meV). The spectral weight loss below the
spin gap is compensated by the occurrence of the resonance
peak. Moreover, the detailed temperature dependence of the
scattering at 4meV shows an order parameter-like behaviour,



which is clearly coupled to the onset of superconductivity
(Fig. 2a). The spin resonance mode has been interpreted
either as a spin exciton within the superconducting gap,
which arises from scattering between portions of the Fermi
surface where the superconducting gap function has an
opposite sign, or as a broad hump structure induced by an
overshoot in the magnetic spectrum above the supercon-
ducting gap in a sign-preserving S™ pairing state. The sharp
mode that we observed here is consistent with the spin
exciton model, as the mode energy (4meV) is below the
superconducting gap (~5meV). Furthermore, the energy
width (~1.2meV) of this mode is essentially resolution lim-
ited and much sharper than in other iron-based supercon-
ductors. Finally, the resonance energy (E,=4 meV=5.3kgT,) is
consistent with the electron boson coupling mode revealed
by scanning tunneling spectroscopy, thereby suggesting a
strong coupling between the electrons and spin fluctua-
tions. These results are consistent with a spin-fluctuation-
mediated sign-changing pairing mechanism, but not with
the orbital-fluctuation mediated sign-preserving S*-wave
pairing mechanism. The magnetic spectral weight in FeSe is
also found to be comparable to that of the iron arsenides.

the spin fluctuations are enhanced abruptly in the or-
thorhombic phase below T=90 K as shown by a careful
study of the temperature dependence of the scattering
at 2.5meV (Fig. 2b). Intriguingly, a comparison of that
temperature evolution with the orthorhombicity re-
veals that the enhancement of S(Q,®) is clearly cou-
pled to the development of the nematic
(orthorhombic) phase (Fig. 2b). We note that the spin
fluctuation enhancement is more pronounced at lower
energies (Fig. 1), suggesting a slowing down of spin
fluctuations. This indicates that the system is closer to
the stripe magnetic ordered state at low temperature.
These results are consistent with the recent proposals
[2] (based on either itinerant or local moment pic-
tures) that the nematic order is driven by spin fluctua-
tions. In a local moment model where frustrated mag-
netic interactions drive nematic order in FeSe, the
magnetic frustration is lifted by the onset of the ortho-
rhombic distortion, thus causing the system to move
towards a stripe ordered phase. As a result the spin
fluctuations at the stripe ordering wavevector are en-
hanced.

Figure 2 : Temperature dependence of spin fluctuations in FeSe [3). a, Temperature dependence of the dynamic spin correla-
tion $(Q, w) at E=4 meV, which clearly shows a kink at T.. The inset shows the temperature evolution of Imy(Q, ). b, Temper-
ature dependence of S(Qw) at E=2.5 meV and the orthorhombicity &(T)=(a-b)=(a+b) shows an order-parameter-like behav-
iour with an onset at T,. The orthorhombicity is determined by high-resolution neutron diffraction data on 4F2 at LLB.

Having established the interplay between the spin fluctua-
tions and superconductivity, we now turn to the impact of
nematicity on the spin fluctuations. By contrast with the
previous NMR measurements [2], our inelastic neutron
scattering measurements show substantial spin fluctuations
in the tetragonal phase (T=110 K; Fig. 1). What is more, the
energy dependence of the dynamical spin correlation func-
tion S(Q,w) exhibits a spin-gap-like feature at low energies
at T=110K, which is confirmed by a featureless Q-scan at
2.5meV [4]. These results agree with a theoretically predict-
ed gapped nematic quantum paramagnetic state, where
frustrated magnetic interactions are the driving force of the
nematicity and are responsible for the lack of long-range
magnetic order in FeSe. This naturally accounts for the ab-
sence of low-energy spin fluctuations above T, suggested by
NMR measurements. The most striking observation is that
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Spin reorientation transition in Na-doped BaFej,As,

In iron-based superconductors the most prominent explana-
tion for mediating the Cooper-pair formation in the supercon-
ducting state is based on magnetic fluctuations. Therefore the
investigation of the magnetic order upon doping is important.
Unlike pure or electron doped BaFe,As,, where the magnetic
moments are aligned within the FeAs-layers, we observe for

Na-doping a spin reorientation, at which the moments
rotate towards an out of layer alignment. This observa-
tion documents that spin-orbit coupling and orbital
aspects play a crucial role in the magnetic correlations
in Fe based superconductors.

F. Wafer®, A. Schneidewind”, Y. Sidis, S. Wurmehl”, S. Aswartham®, B. Biichner™®, M. Braden®

a ll. Physikalisches Institut, Universitdt zu Kéln, Germany
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e Institut flr Festkorperphysik, Technische Universitat Dresden,

wasser@ph2.uni-koeln.de  braden@ph2.uni-koeln.de

Iron-based superconductors (FeSC) are a novel class of
high-temperature superconductors, which display close
coupling between structural distortion, antiferromag-
netism and superconductivity. With increasing charge
carrier doping or isovalent substitution superconductiv-
ity is induced, while the transition temperatures of the
structural distortion and antiferromagnetic order are
suppressed in a closely linked fashion [1]. The highest
T.s are located close to the complete suppression of the
magnetic order in the corresponding electronic phase
diagrams. Therefore, spin fluctuations are the most
prominent explanation to mediate the Cooper-pair for-
mation in FeSCs. These materials are composed of
FeAs,-tetrahedra, which may be separated by a spacer
layer. A typical host compound to study the physics in
FeSCs is BaFe,As,, where the magnetic moments align
within the FeAs-layers below Ty, c.f. figure 1.

Figure 1 : (a) Magnetic order below Ty with moments
in the FeAs-layers. (b) Magnetic order below T,
where the moments point out of the FeAs-layers. In a
double-Q structure half of the Fe-site are paramag-

netic.

Germany

Although, one may think that FeSCs are layered magnets,
BaFe,As, displays a counterintuitive spin- space anisotropy,
because it is easier to rotate the spins out of the FeAs-layers
than within [2].

Figure 2 : Temperature dependence of magnetic and nuclear
Bragg reflection intensities in BayssNay ssFe,As, measured on
the PANDA spectrometer. Note that the magnetic, (0.5,0.5,1)
and (0.5,0.5,3), and nuclear, (112) and (002), Bragg peaks
refer to different scales. (112) and (002) intensities were
measured upon heating and cooling, respectively.

We performed polarised, at 4F1 spectrometer, and unpolar-
ised, at 3T1 and PANDA spectrometers, neutron diffraction
experiments on several Na-doped BaFe,As, single crystals. For
this series a powder neutron diffraction study revealed two
magnetic transitions but was unable to fully reveal the charac-
ters of the two phases [3]. For 35% Na doping we observed
two successive magnetic phase transitions at Ty = 70 K and at
Treo = 46 K, which also couple to the structural distortion, c.f.
figure 2.
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Moreover, the sample enters the superconducting
state below 26 K, as it can be seen in the partial sup-
pression of magnetic intensity. Since the intensity of
the L=1 and L=3 magnetic Bragg peak at the second
magnetic phase transition is interchanged, the L-
dependence of the integrated intensities provides in-
formation about the spin reorientation. Both magnetic
phases can be described by their form factor depend-
ence with respect to their underlying magnetic struc-
ture, c.f. figure 3.

Figure 3 : L-dependence of the integrated magnetic
intensity. At 50 K the moments are aligned within the
FeAs-layers, while at 5 K they are rotated towards an
out of layer alignment. The lines are fits of the mag-
netic structure factor with respect to the underlying
magnetic order

As it was previously observed in all FeAs compounds,
the ordered moments align within the FeAs-layers at
50 K. However, at 5 K the orientation of the moments is
perpendicular to the layers and thus parallel to the c-
axis [4]. This perfectly resembles the single ion anisot-
ropy of the host compound, where the c-axis is the
second-softest direction.

The spin-reorientation transition was studied with po-
larised neutron diffraction, which clearly shows that
there is no ordered moment in the transversal in-layer
direction and that spins reorient from in-layer longitu-
dinal to out-of-layer. This spin-reorientation transition
is coupled to a suppression of the orthorhombic
splitting, which suggests a double-Q structure. Neutron
diffraction cannot decide between a single- and double
-Q structure, but evidence for the latter was recently
obtained in M6RBbauer studies [5]. In the meanwhile
the spin reorientation was also observed in other hole-
doped compounds [6, 7], which proves that it is a gen-
eral feature.

Figure 4 : Results of polarised neutron diffraction experi-
ments on the 4F1 spectrometer. Scans were performed
across the (0.5,0.5,1) magnetic Bragg peak in both the SF
and NSF channel for the neutron polarisation along the x, y,
and z directions. There is no indication of any scattering
associated with a magnetic moment pointing in the [1,-1,0]
direction.
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Momentum-space

structure of

quasielastic

spin fluctuations in Ce;Pd,,Sig

Despite extensive studies, heavy-fermion metals with compe-
ting interactions between magnetic and orbital degrees of
freedom still attract much attention. Among them Ce3Pd,;Sis
is one of the heaviest-electron systems known to date. The
magnetic phase diagram (shown at the right) nearly repli-
cates that of the archetype antiferro-quadrupole (AFQ) order
compound CeB;, though with reduced characteristic tempera-
ture and magnetic-field scales, and in a more complex crystal
structure consisting of two different, simple-cubic (8c) and
face-centered cubic (4a) Ce sublattices. As in CeBs, the AFM
phase in CesPdSis is surrounded by the AFQ order. We have
used high-resolution neutron spectroscopy to observe low-

energy magnetic scattering from a single crystal of this
compound. Its temperature dependence and distribution
in momentum space was investigated using the 4F2
spectrometer. At low temperatures, a quasielastic re-
sponse persists with varying intensity all over the Bril-
louin zone and forms a broad hump centered at the
(111) scattering vector. With increasing temperature,
the energy width of the signal follows the conventional
T2 law. The momentum-space symmetry of the signal
suggests that it stems from the simple-cubic Ce 8c sub-
lattice .

P. Y. Portnichenko®, A. S. Cameron®, M. A. Surmach®, P. P. Deen™, S. Paschen®, A. Prokofiev’, J.-M. Mignot®, A. M. Strydon?, M.
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In the best-studied antiferroquadrupolar (AFQ) com-
pound CeBg, recent studies [1, 2] revealed a pro-
nounced quasielastic magnetic signal centered around
the (1/2 1/2 1/2) propagation vector of the elusive mag-
netically hidden order phase, which is usually attributed
to the AFQ ordering. Similarly to CeBg, the cubic clath-
rate compound Ce;Pd,Sig is a heavy-fermion metal
with two successive low-temperature phase transitions
in the absence of magnetic field. It exhibits an AFQ

phase below To= 0.5 K and an antiferromagnetic (AFM)
phase below Ty =0.31 K [3], whose propagation vector
is Qarm = (0 0 116), with
6 = 1/5 [4] (figure 1). It
is surrounded by the
AFQ phase and can be
suppressed by a very
moderate magnetic
field. The structure was
shown to result from
antiferromagnetic

Figure 1: Temperature de- ordering on the simple
pendence of the AFM Bragg
intensity for increasing and
decreasing field.

-cubic 8c Ce sublattice

[4]. This places

Figure 2: (a) Energy dependence of the magnetic scattering
measured at several wave vectors. The dashed lines show the
magnetic signal without the elastic incoherent scattering contri-
bution. (b) Momentum dependence of the signal along two
equivalent trajectories fitted with Lorentzian profiles.

Ce3Pd,Sig very close to a quantum critical point, leading to non-
Fermi-liquid behavior and to very high values of the electronic
specific-heat coefficient [5]. Previous inelastic neutron scatter-
ing (INS) measurements on CesPd,eSis have been performed on
polycrystalline samples. They revealed a clear crystalline electric
field (CEF) line at 3.9 meV and suggested the presence of an
additional unresolved low-energy peak centered at 0.31 meV
[6]. In the present study, we investigated the low-energy spin
dynamics of CesPd,Sig using single-crystal INS spectroscopy. To
be able to resolve low-energy excitations, a spectrometer with a
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good resolution and high flux was required. Additionally we
used sub-Kelvin temperatures, and the 4F2 spectrometer
available at LLB in combination with a dilution refrigerator
perfectly met these criteria.

Figure 2(a) shows INS spectra measured in the paramag-
netic state just above To. One sees a quasielastic magnetic
scattering (QEMS) below 1 meV, which can be described by
a Lorentzian line shape [7]. This signal has a nearly identical
energy profile at different wave vectors, but its intensity
varies strongly in Q space, excluding a CEF line at 0.31 meV
as was suggested in Ref. [8]. Two constant-energy scans
measured at 0.25 meV along equivalent Brillouin zone (BZ)
diagonals, as presented in figure 2(b), demonstrate a broad
Q-space distribution of the quasielastic intensity, peaked at
the (111) wave vector. A more complete picture of the qua-
sielastic intensity distribution in Q space is given by figure 3,
showing a constant-energy map of the low-temperature
QEMS response at 0.25 meV over the entire (HHL) scatte-
ring plane. From the fact that the quasielastic line shape
remains essentially unchanged with Q, as follows from fi-
gure 3, we can conclude that such an intensity map is also
representative of the total energy-integrated spectral
weight distribution in momentum space. It shows a broad
anisotropic hump of intensity centered at (111) with weak-
er side lobes extending along the (110) and (001) directions.

Figure 3: Momentum dependence of the low-T QEMS inten-
sity in the (HHL) scattering plane, measured at an energy
transfer of 0.25 meV.

In the large BZ corresponding to the Ce 8c simple-cubic sub-
lattice, this wave vector would coincide with the zone cor-
ner (R point), matching with the AFQ propagation vector of
CeBg where a similarly broad local maximum of the QEMS
intensity was also found above Ty.

In figure 4 we present the temperature dependence of the
QEMS response near its maximum at the (111) wave vector.
Here, all but the lowest-temperature datasets were meas-
ured in the closed-cycle *He refrigerator. As this cryostat
produced a different background from the one observed
with the *He/*He dilution fridge, the data in figure 4 are
plotted after subtraction of the corresponding constant
background levels (taken equal for all data measured under
the same conditions). Upon warming, we can observe a
monotonic suppression and broadening of the quasielastic
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Figure 4: Temperature evolution of the background-
subtracted QEMS intensity, fitted to the sum of a quasielastic
Lorentzian and the incoherent elastic line. The inset shows the
T dependence of the normalized quasielastic linewidth.
signal. The temperature dependence of the quasielastic
linewidth [(T), presented in the inset of figure 4, approxi-
mately follows a T2 Jaw [9] characteristic for Kondo ions,
as found previously for a number of Ce compounds in the T
> Tyregime [10],

M(T)/ks = Fo/ks + A- T2,

From the residual width at T = 0, a characteristic Kondo
temperature Ty = lo/ks = (0.97 + 0.07) K can be inferred.
The measurements thus show the presence of low-energy
dynamical magnetic correlations in the paramagnetic state
of Ce3Pd,.Sis. According to their Q-space symmetry, they
are associated with the simple-cubic Ce 8c sublattice. This
suggests that the remaining Ce 4a ions are magnetically
inactive, which could be due to the frustration on the face-
centered-cubic sublattice, strong Kondo screening of their
magnetic moments, or both. From the presence of strong
quasielastic scattering at the BZ corner, which coincides
with the propagation vector of the AFQ phase in CeBg, we
may tentatively surmise that the AFQ phase in CesPd,qSig
also resides at the same wave vector in the large BZ, garq =
(1112).
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Localized Ag" vibrations at the origin of ultralow thermal
conductivity in layered thermoelectric AgCrSe,

Mostly studied for its superionic conductivity, AgCrSe; is the Ag” ions in the [Ag].. layer. The low thermal conductivity
a naturally layered compound, which achieves very low of AgCrSe, is attributed to acoustic phonon scattering by a
thermal conductivity at room temperature, and is con- regular lattice of Ag” ions oscillating in quasi-2D potential
sidered a promising thermoelectric. Here we report low wells. These findings highlight a new way to achieve local-
temperature inelastic neutron scattering experiments ized phonon modes in a perfectly crystalline solid.

on AgCrSe,. We observe a very low frequency mode at
3 meV, ascribed to large anharmonic displacements of
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In materials science, the substructure approach probability, and high ionic conductivity is observed.

consists in imagining complex materials in which a The Cr atoms of the [CrSe,].. layer bear a spin S = 3/2.

particular property is associated with a distinct Magnetic ordering of the Cr spins is observed [3] be-

structural feature, so as to combine different cho- low Ty = 55 K, and is characterized by long wavelength

sen physical characteristics which otherwise have antiferromagnetic cycloids.

little chance to coexist. Applied to the control of
charge carrier concentration in Cu-O planes through
a charge reservoir layer, it has led to superconduc-
tivity, and in thermoelectric materials [1] it has
been used to achieve simultaneously low thermal
conductivity through specific structural disorder
(phonon-glass) and high electric conductivity
(electron-crystal).

AgCrSe; is a naturally layered
compound, made of stacked
[Ag]. and [CrSe;].. layers. The
Ag"' ions actually form a pseu-
do two-dimensional puckered
honeycomb lattice made of

Figure 1 : (left) R3m crystal structure of AgCrSe,. Ag, Cr

two interpenetrating triangu- and Se atoms are drawn in light blue, green and pink,

lar sublattices (Figure 1). Be- respectively. Coordination polyhedra, octahedral for Cr

low the order-disorder transi- and tetrahedral for Ag, are shown. (right) Compact

tion temperature Top = 475 K, CrSe, layer on which is superimposed the energy map of

only one of these sublattices is the effective potential surrounding Ag® in its tetrahe-

fully occupied [2], while dron. O indicates octahedral (empty) sites. « and f3 la-

+ . .
above, Ag" ions are disordered bel the two Ag’ triangular sublattices, full and empty,

between both with equal respectively, in the R3m structure.
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AgCrSe, was revisited recently for its thermoelectric prop-
erties above room temperature [4] : above Tqp, its ther-
mal conductivity is extremely low (~ 0.2-0.5 W.K*.m) and
nearly temperature independent, a fact related to the
disordering of the silver layer.

Figure 2 : Temperature evolution of the inelastic neutron
scattering powder spectrum of AgCrSe,, showing the local-
ized lattice mode at 3.3 meV (INA@ILL time-of-flight data,
A =2.2 A). The dispersive signal at Q = 2 A is of magnetic
origin.

Below Top, i.e., in the ordered state, the thermal conduc-
tivity of AgCrSe, still remains extremely low. To investi-
gate in more details this intriguing property, inelastic neu-
tron scattering experiments [5] were performed between
10 K and 200 K, as illustrated on Figure 2. Over the whole
temperature range, the main feature of the excitation
spectra is clearly a non-dispersive inelastic signal near 3.3
meV. The increasing intensity of this excitation when
temperature increases is characteristic of a bosonic mode.
Its existence up to room temperature attests that it is a
lattice vibrational mode, while the lack of dispersion
shows its localized character. In parallel, Rietveld refine-
ment of synchrotron diffraction data at 300 K show that
the atomic motion of Ag* is anomalously large and strong-
ly anisotropic, confined within the ab plane. Ab-initio
molecular dynamics (AIMD) calculations indicate in addi-
tion that the main contribution to the 3.3 meV intensity
comes from Ag" vibrations within the ab plane. This result
confirms therefore that the 3 meV mode in AgCrSe, origi-
nates from vibrations of the loosely bound silver ions,
parallel to the triangular planes. This motion is increasing-
ly anharmonic as temperature increases and nears the
order-disorder transition Top. Accordingly, AIMD results
show that at the temperature of the simulation T = 150 K,
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some Ag' ions still perform jumps between adjacent
positions in the same layer, in contrast with the Cr and
Se atoms, whose displacement clouds are localized
around equilibrium positions.

The low value of the thermal conductivity in AgCrSe,
indicates that the phonon mean free path in this com-
pound is extremely short, even below the order-
disorder transition. Because the heat carrying phonons
are the long-wavelength (or low energy) ones, efficient
phonon scattering can be expected from the interac-
tion between acoustic phonons and the 3 meV mode
characterizing the Ag* vibration, and can be considered
as a plausible explanation to account for the low ther-
mal conductivity of AgCrSe,. This low energy mode
actually appears to be an intrinsic feature of the tetra-
hedral sites in this structural type, as it has been re-
ported for other isostructural compounds. Further first
-principle studies would be necessary to apprehend the
acoustic phonon scattering mechanism induced by an
array of anharmonic potentials, and how it compares
with the mechanism based on a wideband three-
phonon scattering process proposed for rattlers in
clathrates, which leads to a severe reduction of the
acoustic phonon average relaxation time, rather than
of their velocity.
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Magnetic anisotropy mapping in molecular materials

In order to reach ultimate level of integration at the na-

noscale, new molecular materials are developed for data

storage and spintronics. One of the properties being required

for such molecular systems is a strong magnetic anisotropy. It

is therefore essential to understand how to control and pre-

dict the magnetic anisotropy for a better rationalization of

advanced molecular materials. Here we show that Polarized

Neutron Diffraction (PND) permits to correlate in a
direct way the local magnetic anisotropy with the mo-
lecular structure and therefore provides a crucial test
of quantum chemistry (QC) methods for predicting the
magnetic anisotropy of molecular complexes.
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The synthesis of the so-called SMMs (Single Molecule
Magnets) in the nineties has paved the way for future
applications in high-density data storage. SMMs behave
like a magnet, i.e. possess a remnant magnetization, at
the molecular scale. SMMs are generally polynuclear
complexes of transition metal ions built from anisotropic

Figure 1: Mn,, molecule and hysteresis cycle at 2.1 K
from [2]. Remnant magnetization and coercive field
are indicated by black arrows

molecular precursors. The archetype of such compounds
is Mny, [1] for which the quantum tunneling effect of the
magnetization was first evidenced (Figure 1).

The relaxation time of the remnant magnetization at zero
field depends on the magnetic moment (S) and the axial
magnetic anisotropy (D) which must be as large as possi-
ble. However this behavior was observed until now at
low temperature only (below 10K). It has been shown
that the increase of the working temperature is critically
linked to the increase of the magnetic anisotropy. The
challenge for the chemists is then to understand how to
geometrically combine local magnetic anisotropies of the
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molecular building blocks in order to obtain the highest
axial magnetic anisotropy as possible for the SMM candi-
date.

Only few experimental techniques are available for es-
tablishing magneto-structural relationships, on single
crystals: angle-resolved magnetometry, torque magne-
tometry, Electron Paramagnetic Resonance (EPR) which
provides the hyperfine tensors (g) or X-ray magnetic cir-
cular dichroism (XMCD) which gives access to the local
magnetic moments. However these techniques present
some restrictions on the crystalline symmetry and re-
quire a preliminary knowledge of the precise orientation
of the crystal. Polarized neutron diffraction (PND) has the
advantage to contain both structural and magnetic infor-
mation and therefore provides a unique and direct exper-
imental determination of magneto-structural correlations
in paramagnetic complexes.

In this seminal study we have selected the mononuclear
low-spin (LS)fac-[Fe'"(L)(CN)3] building block (L is a ligand
of the Tp family, with Tp=tris(pyrazolyl)borate) which has
been widely used to synthesize functional magnetic ma-
terials [3]. This complex possess a S = 1/2 spin ground
state, with a first order orbital magnetic momentum and
a distorted octahedral symmetry. The monoclinic crystal
structure of the PPh,[Fe"-(Tp)(CN);]-H,O compound ex-
hibits two different molecular orientations in the unit
cell. PND data collections were performed at low temper-
ature in the paramagnetic state for three orthogonal di-
rections of the applied field, moderate enough to ensure
a linear magnetization regime.



Figure 2: Local susceptibility tensor of the Fe" ion (in
green) in the Fe(Tp)(CN)s complex. The local magnetic
axes y; are reported in blue and the direction Fe-B is in

red.

" jon was deter-

The local susceptibility tensor of the Fe
mined from the PND data thanks to the previously devel-
oped approach [4]. The associated magnetic ellipsoid is
drawn in Figure 2, which directly evidences the correlation
between the Fe" local easy magnetization axis and the di-
rection of the Fe-B bond, which is a trigonal pseudo-axis of
the complex (in red). Figure 3 displays the respective orien-
tation of the molecular tensors in the monoclinic cell, a
information that cannot be provided by other techniques

like magnetometry or EPR.

The confrontation between theoretical calculations and
PND observations shows that it is necessary to use sophisti-
cated ab initio methods (CASSCF/SO-SI/PT2) to obtain a
reliable prediction of the local anisotropy directions. Both
prediction and observation agree with the conclusion: the
magnetic anisotropy of the fac-[Fe"(Tp)(CN)s]” complex is

governed by the trigonal elongation axis of the Fe" coordi-

nation octahedron.

We demonstrate here that PND gives access to the local
magnetic principal directions, as well as the associated
susceptibility values, regardless of the complexity of the
crystal structure. This work opens new perspectives in the
field of molecular magnetism for a better understanding of
magnetic anisotropy and, in particular, with the aim of de-
termining the structural and chemical characteristics,
which induce a strong molecular anisotropy for the rational
synthesis of functional magnetic materials.
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Figure 3: Projection of the cell along the a-axis.

Top: magnetic ellipsoids from PND; bottom: theoretical
component g, of the hyperfine tensor from ab initio
calculations
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Material and Nanosciences,

Fundamental Studies and Applications

Materials Science activity at the LLB covers a variety of research fields including metals, alloys, poly-
mers, geological materials, nanocomposites, organic materials, thin films... They are at the frontier
of chemistry, physics and engineering sciences. The objectives of these studies are to understand
and predict how parameters such as the chemical composition, the atomic structure and the micro-
structure determine the properties measured in materials at the macroscopic scale. Most of these
studies have direct applications in technology and industry. Neutron scattering provides a wide
range of tools, unique to perform such studies:

Neutron diffraction to study either the local order in materials such as glasses or diffraction to probe
long range order. This is illustrated in the case of metallic glasses.

Small Angle Neutron Scattering (SANS) and reflectometry are key tools to study materials at the na-
noscale: thin films, precipitates, pores, cavities, meso and nano porous structure..., ranging in size
between 1 and 100 nm. This was used to probe the fractal structure of graphite over a ultra-wide
range of length-scales.

Texture and strain scanning: the strong penetration of the neutrons allows an analysis in volume,

and thus to obtain information representative of the whole materials.

Neutron radiography and tomography is used to probe in-situ the evolution or operation of systems.
It is mostly sensitive to hydrogenated materials. It proves especially useful in the in-situ control of
fuel cells operation.
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Bringing to light hidden long-range solid-like correlations in

the liquid state

A liquid behaviour is identified by its irreversible deformation
(flow behaviour) while the solid-like behaviour is characterized
by a linear, reversible response. Today a series of experiments
carried out at the mesoscopic-scale, seems to indicate that
liquids possess in addition to bulk elasticity, shear elasticity at
low frequency. On the assumption of elastic intermolecular
correlations, the liquid phase of ordinary liquid crystals is used

P. Kahl°, P. Baroni’, J.F. Bardeau®, L. Noirez®

to highlight this elastic field. A low frequency optical
birefringence is revealed in the isotropic phase proving
that this so far little interest phase can behave elas-
tically and works as a low frequency optical oscillator,
a property unknown in physics of liquids.
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On the basis of a Maxwell gas model (1867), it has long
been suspected that liquids exhibit shear-elasticity at suffi-
ciently high solicitation frequencies (MHz or GHz) only.
Recent experimental improvements carried out at the La-
boratoire Léon Brillouin, indicate that liquids exhibit also
shear elasticity at very low frequency (typically below 0.1
to 10Hz). This property is of utmost importance since it
means that liquids possess a finite elastic threshold below
which they are solid-like. The elastic property has been
identified at sub-millimeter scale, both on simple liquids
and complex fluids (polymer melts, molecular glass for-
mers, Van der Waals liquids, ionic liquids, H-bond liquids)
pointing out the generic characteristic [1-6]. This solid-like
property invalidates the single molecular approach of the
viscoelasticity. It implies that molecules in the liquid state
may not be dynamically free but long range elastically cor-
related.

The observation of low frequency shear elasticity can be
equally made in the isotropic phase of liquid crystals [6-8].
Above a first order transition, the isotropic phase is an
ordinary liquid following the crystallography, rheology or
thermodynamic criteria. But this liquid presents a specific
interest since pretransitional fluctuations, which are clus-
ters of pre-oriented molecules, persist above the clearing
point and coexist with the isotropic liquid. Using the bire-
fringent properties of these swarms as a probe, we show
that it is possible to visualize the “hidden” shear-elastic
correlations. For the first time, a synchronized birefringent
optical response in the isotropic phase is highlighted at
frequencies as low as 0.01 Hz and at temperatures far
away from any phase transition [8-9] (figure 1). The low-

Figure 1: Assuming long range elastic correlations in the
liquid state, for the first time a low frequency synchro-
nized optical birefringence is observed in the isotropic
phase of liquid crystals. The photographs show that the
liquid under stretching reversibly transits from a black to a
bright state, revealing an elastic behaviour (snapshots
recorded on a 250um thick sample between crossed polar-
izers with a polychromatic light for a period of 0.5 Hz and
10 % strain amplitude. At rest, the isotropic liquid appears
black.

frequency birefringence exhibits a strain dependence
similar to the shear elasticity; the optical signal is in-
phase at low strain amplitudes in agreement with an
elastic response while it is /2 phase-shifted at larger
strain amplitudes similarly to a viscous signal (figure 2).
This birefringent response is strong, defect-free, reversi-
ble and points out a collective effect and a long-range
ordering (see figure) which is confirmed by wide-angle
scattering analysis [10].
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Figure 2: Analogous low frequency stress and optical be-

haviours highlighted in the liquid phase of liquid crystals:

e At small strain amplitudes, both stress and optical
waves are in-phase with the applied shear-strain. The
behaviour is solid-like (elastic response).

e Above a critical strain amplitude, the elastic behaviour
is converted in a /2 phase shifted behaviour. The /2
stress behaviour indicates a viscous flow behaviour
while the optical birefringence tells that a long-range
ordering is established. Viscous-like and m/2 shifted
optical behaviours are interpreted as resulting from a
non-linear state of the shear elasticity. Data recorded in
the isotropic phase of a liquid crystal at +1 °C above the
transition [8].

This ordering rules out the condition of a low frequency
viscous state and its synchronized response highlights the
existence of elastic solid-like correlations.

The identification of an optical signal, harmonic with the
shear strain, is opposite to a flow (dissipative) behaviour
but indicates a partial conservation of the momentum
transfer at low frequency; i.e. the persistence of long
range collective interactions. The shear elasticity gives
rise asymptotically (at large strain or large scales) to flow
birefringence and to the conventional viscoelastic behav-
iour. Rare theoretical developments consider long range
continuum in the liquid state [11] or can predict the shear
modulus and its scale-length dependence [12].

The shear elasticity is usually hidden in conventional vis-
coelastic measurements since a narrow gap and a strong
wetting are required to reinforce the interactions be-
tween the molecules and the substrate. It is facilitated by
increasing the surface energy as mica [3], treated quartz
surfaces [4] or zero-porosity alumina [5-7]. In the last
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wetting conditions are reached (top inset Fig.3). The
wetting mechanisms are hardly understood at the na-
noscale. The attraction potential between the molecules
of the liquid and the atoms at the solid wall is deeply
modified without inducing structural or chemical change

(Fig.3).

Partial wetting Total wetting

Figure 3: Top: Differences between partial and total
wetting. Bottom: First correlation peak of liquid D,0, in
bulk and saturated with Alumina powder. The invariance
indicates that the powder does not interact structurally
or chemically with the liquid (3T1 spectrometer).
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Thermal stability and TEC of La;BaCu3;C0,043.5§ compound

Solid Oxide Fuel Cells (SOFC) are energy generation devices
that convert chemical energy of fuels, such as hydrogen or me-
thane, into electricity without combustion processes. In com-
parison with other energy sources, SOFCs reduce the emission
of greenhouse effect gases such as CO, one of the principal
sources of global warming. It is of current interest to develop
new SOFC systems that could operate at lower temperature,
the so-called Intermediate Temperature SOFCs (IT-SOFC). This

has driven researchers to explore new electrocatalysts
with high chemical activity and thermomechanical sta-
bility. With this purpose, we present a neutron diffrac-
tion study of LasBaCusCo,0;3.s carried out between
room temperature and 850°C, that aims to evaluate the
thermal stability and the evolution of oxygen content,
the latter being related to electrochemical properties.
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Solid Oxide Fuel Cells (SOFC) are considered an im-
portant and efficient alternative energy source. Consid-
ering that the state of the art electrolyte materials,
Gd,03 and Sm,0; doped CeO, (CGO and CSO) is known
for showing adequate ionic conductivity at temperatures
as low as 600°C, current research efforts are focused on
lowering the operation of SOFCs to the so-called Inter-
mediate Temperature range (600-800°C). Aiming to de-
veloped new compatible materials, we have studied
LasBaCus.,Co,013,5 compounds, interesting members of
the Co-doped cuprate family with an oxygen-vacancy-
ordered perovskite structure.

In order to evaluate its thermal stability and study oxy-
gen behavior regarding to vacancy filling and mobility to
use it as cathode material for IT-SOFCs, the mixed Cu/Co
(3:2) composition was studied in a thermodiffraction
experiment. The main structural feature in this oxygen-
deficient perovskite is the presence of tunnels associated
with the existence of vacancies, which are organized
around the mixed-valent Cu/Co ions coordinated in
square-based pyramids (Fig. 1).

LazBaCu3Co0,043:5 compound was synthesized by a modi-
fied Pechini route with final sintering temperature at
950°C in air for 5 hours [1]. Thermodiffraction experi-
ments were carried out in air from room temperature to
850°C (5°C/min) on the High Resolution Powder Diffrac-
tometer 3T2 using A= 1.225A over the 26 range from 3°
to 120°and a step size of 0.05° at the LLB, Saclay, France.
The data analysis was performed by the Rietveld method
using the Jana-2006 program [2].
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Figure 1: Graphical representation along [001] of the
La,BaCusCo,0;3,s compound

Rietveld refinement using collected data confirms that
the compound crystallizes in the tetragonal P4/m space
group with cell parameters values of a=b=~8.6 A and c="
3.89 A [3] at all temperatures, in contrast with La,BaCus.
«C0,01345 cuprates with x>3 which exhibit a vacancy dis-
ordered orthorhombic Pnma or rhombohedral R3C
structure. This contradicts previous reports that suggest
the highest Co content that allows for an oxygen-
vacancy-ordered phase is x=1.1 [4], probably due to the
Pechini-type gel combustion method employed in our
study. This compound shows no phase transition or
structural variations over the temperature range used in
the thermodiffraction experiments. However, as ob-
served in Fig. 2, as temperature increases, the occur-



rence of a secondary phase is detected which corresponds
to a high temperature crystal structure of BaCO; with space
group R-3m. This indicates a probable tendency of this Cu/
Co-perovskite to decompose due to the thermally induced
reduction of the Co ion, considering that the cuprate
La;BaCus0,3,5 does not exhibit such a tendency.

The evolution of cell parameters with temperature (Fig. 2)
shows an isotropic behavior with an apparent thermal ex-
pansion coefficient (TEC) of 16.7 x10°® K™ which is similar to
the value of 17.3 x10° K™ calculated for LasBaCus043.5 but
not as high as those observed for other Co-based perov-
skites which are often about 20 x10° K* [5] or even higher
such as for Lag4BagsCo03_5 (LBCo) with TEC=26.0 x10° K*
(30-900 °C) [6].

Through Rietveld refinements, the oxygen content was cal-
culated from the occupancy factors, giving a & value of
0.472 for the room temperature structure which is in agree-
ment with the values calculated for La;BaCu,C001335 [7]. As
temperature increases, the oxygen content decreases until
a 6 value of 0.389 for the structure at 850°C. Current efforts

are being conducted in order to understand the oxygen
mobility dynamics in the structure and its possible diffusion
process at high temperatures, as ionic conductivity is partic-
ularly important for the application. For this purpose, future
refinements using anharmonic treatments will be of great
importance in order to determine the paths of oxygen diffu-
sion and even estimate activation energies for ionic diffu-
sion.
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Figure 2: In situ high-temperature ND patterns in air and evolution in air as a function of temperature of refined

cell parameters for La,BaCus0;3.s
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Characterization of water management in a micro fuel cell

using in plane neutron radiography

Planar breathing Proton exchange membrane fuel cells are
promising systems for nomad applications. They however
differ strongly from the classical stack structure. These cells
are in particular subject to “flooding” that is the formation of
liquid water which leads to a drop of performances. Neutron

imaging has been used to follow the formation of
liquid water in a planar fuel cell. We have observed
that temperature gradients are one of the key param-
eter to optimize the water management.
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Planar breathing Proton exchange membrane fuel cells
are promising systems for nomad applications. Indeed,
part of the management devices such as valves, pumps
and humidifiers can be withdrawn leading to lightened
systems. To reach current/voltage levels compatible with
electronic devices, various interconnection strategies can
be used, all implying design modifications. The planar
breathing array involved in this study strongly differs
from the classical stack structure. The interconnection to
have several connected fuel-cells is made in — plane using
a printed circuit board technology, leading to differences
that can notably affect the behavior with respect to wa-
ter nucleation.

Figure 1: Planar micro fuel cell (size 50x50mm?)

To develop water management solutions, it is of particu-
lar interest to be able to understand accurately the

mechanisms that are driving the nucleation of liquid water
domains. The presence of these domains limits the access of
the reactants to the electrode, thus leading to performance
decrease, known as flooding. Several studies have proven
the efficiency of neutron radiography to visualize and quanti-
fy water in an operating PEMFC [1, 2]. Materials without
hydrogen atoms are almost transparent to neutrons, on the
contrary of water, which is responsible of a heavy attenua-
tion. The neutron radiography is based on this principle, cold
neutrons providing the contrast necessary to image the hy-
drogen (and water) in a PEMFC, as well as a broad field of
view to visualize the entire active surface.

Neutron imaging was performed on the IMAGINE beamline
of the Leon Brillouin Laboratory (LLB Saclay, France) [3]. In-
plane water distribution was correlated with the design of
the fuel cell and the thermic gradients. Through-plane repar-
tition has been estimated from the shape of the water do-
mains and fuel cell design considerations.

For proper hydrogen utilization, it is interesting for a fuel cell
to work at high yield, and the operating point was chosen at
0.7V/cell. Figure 1 shows the water patterns during a step at
<0.7V/cell>.

At the beginning, a grid pattern appears (A), indicating the
condensation of water on the closed surface of the metal
grid (which is a packaging element). Then liquid water do-
mains nucleate along the current collectors (B): two shapes
of water domains are seen, a stretch of water superimposed
on the current collector and small droplets of water along
the same current collectors. Water droplets correspond to
the condensation on the hydrophobic wall of the anodic
chamber. Finally the formation of larger liquid water do-
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mains appears first from the border of the fuel cell, then
grows to mask active zones (C). The nucleation of liquid
domains along current collectors is probably driven by the
temperature gradient, the collecting element being 4-5°C
colder than the active surface. The performance decrease
appears after 10 minutes, leading to a power drop of 50%
after 10 h.

In order to evaluate the amount of water present respec-
tively at the cathode and at the anode side, the fuel cell
has been weighted before and after flooding. Then the
cathode was dried with compressed air, in order to meas-
ure the water mass remaining in the anode chamber.
These results indicate that 25% of the liquid water mass
was found on the breathing cathode side and 75% in the
anodic chamber.

Water domains with a thickness up to 1.5 mm are meas-
ured between ribs. These thick domains of liquid water
result mainly from the condensation of water in the anod-
ic chamber. The thickness of the chamber between the
MEA and the anodic chamber being far below 1.5 mm,
the observation of these water zones reveals a huge
swelling of the membrane, caused by the pressure gradi-
ent (0.4 bar) between the anode and cathode sides.

The water being produced at the cathode side, this study
pointed out the importance of water back-diffusion to
the anode and the possibility to use in-plane neutron
radiography to validate design evolutions (water man-
agement layers, fuel cell materials). For planar breathing
fuel cells, water back-diffusion was not expected [4], but
we observed that the presence of interconnection ele-
ments, acting as cold elements, favors the back diffusion.

Complementary SANS experiments will provide pieces of
information on the correlation between liquid water on
the electrodes and local membrane hydration.
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Color scale
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Figure 2: Water accumulation (red) and power density evolution (blue) during a flooding step, and the corresponding

neutron images
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Atomic structure and formation of CuZrAl bulk metallic

glasses and composites

CuswsZrisAlsmetallic glass is studied experimentally by high-
energy X-ray diffraction, neutron diffraction with isotopic
substitution, electron diffraction and X-ray absorption spec-
troscopy. The atomic structure of the glass is modeled by re-
verse Monte-Carlo and molecular dynamics simulations. RMC
modeling of seven experimental datasets enabled reliable
separation of all partial pair distribution functions for
Cuyy 52ZrszsAlsmetallic glass. A peculiar structural feature of

the ternary alloy is the formation of the strong Al-Zr
bonds, which are supposed to determine its high vis-
cosity and enhance bulk glass formation. Analysis of
the local atomic order in CuyysZrs;s5Als glass and
Cu;oZr;, CuZr,and CuZr B2 crystalline structures eluci-
dates their similarities and differences explaining the
phase formation sequence by devitrification of the
glass.
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Bulk metallic glasses (BMG) and bulk metallic glass
matrix composites (BMGMC) have received high
attention due to their potential use as advanced
structural materials. In particular, the idea of combin-
ing the large elastic strain and high yield strength
characteristic of metallic glasses with the plasticity of
crystalline alloys has induced extensive research in
this field. It is expected that metallic glass matrix com-
posites can be fabricated either directly by casting
from liquid state (in-situ) or through special treat-
ment of metallic glass (ex-situ). In this view, the glass
forming ability (GFA) and stability of the glassy matrix
and the formation of desired crystalline phase(s) are
the main issues to be understood in order to control
the microstructure and tailor the functional proper-
ties of BMGMC. CuZrAl bulk metallic glass matrix
composites with CuZr B2 phase show plasticity in
compression and tension. By casting at an appropri-
ate cooling rate, it is possible to obtain CuZr B2 phase
in a glassy matrix, but with an undesirable heteroge-
neous spatial and size distribution. Recently,
CuyysZra7sAlsglassy ribbons were rapidly annealed by
Joule-heating. This enabled designing metallic glass
matrix composites with uniformly dispersed CuZr B2
microcrystals, which exhibited a high fracture
strength and remarkable tensile ductility. Knowledge

Figure 1: RMC fits to the experimental datasets measured on
Cuy75Zr475AlIsmetallic glasses (neutron diffraction data for the
sample prepared with Bcy isotope is not shown).

of the structure of Cus;5Zrs75Als metallic glass and its relation-
ship with the structure of precipitating crystalline phases can
help in understanding the crystallization sequences and con-
trolling phase formation by fabrication of bulk metallic glass
matrix composites. One of the main problems of structural
studies of multicomponent non-crystalline alloys is that the
number of available diffraction datasets is usually less than
the number of partial pair distribution functions (PDF). Indeed,
in order to determine all partial PDF’s characterizing an alloy,
the same number of independent diffraction measurements is
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required. Extended X-ray absorption fine structure spec-
troscopy (EXAFS) is a powerful source of structural infor-
mation. It has been shown in studies of different glasses
that combination of X-ray diffraction, neutron diffraction
and EXAFS data in the frame of the reverse Monte Carlo
(RMC) simulation technique enables determination of the
partial pair distribution functions. To gain detailed infor-
mation about the atomic arrangement in Cuy75Zrs;5Als
metallic glass we performed X-ray diffraction, electron
diffraction (ED), neutron diffraction with Cu-isotopic substi-
tution and EXAFS measurements at the K-absorption edges
of all components, and modelled them simultaneously us-
ing RMC.

Figure 1 shows a very good agreement of the experimental
diffraction and EXAFS data for Cus;sZrs7sAls metallic glass
with the corresponding Reverse Monte Carlo (RMC) curves.
The partial pair correlation functions gj(r) extracted from
the RMC configuration box are plotted in Figure 2. The
mean interatomic distances (bond lengths) riwere deter-
mined by a Gaussian fit of the first peak on gi(r) curves.

The partial pair distribution functions and structural param-
eters of CuyysZrs;sAlsmetallic glass obtained by Molecular
Dynamics simulation are compared with the RMC results
(Fig. 2). It is noteworthy that there is a very good agree-
ment for the Cu—-Cu, Cu-Zr and Zr-Zr functions, but re-
markable differences are observed for the pair correlation
functions involving Al atoms. The situation is clear for the
gani(r) distribution function, where the main difference is
appearance of the first peak at rys= 2.84 A in the MD mod-
el, whereas this bond was forbidden by RMC simulation as
discussed above. However, there is also notable discrepan-
cy on Al-Cu and Al-Zr gi(r) functions, indicating significant
difference of these distributions in the RMC and MD mod-
els. To check this, we performed a RMC simulation trying to
fit the experimental data for Cus;sZri;sAlsmetallic glass
using Al-Cu and Al-Zr partial pair distribution functions
from the MD model as the constraints. The quality of the
fits of the diffraction data (ND, XRD, ED) remained almost
unchanged and they are therefore not shown here. Howev-
er, the fits of the EXAFS data in the constrained RMC simu-
lation become worse, especially the Al-edge fit (Fig. 4 in
[1]), showing inconsistency of the MD simulated Al-Cu and
Al-Zr partial pair distribution functions with experiment.
This also emphasizes the high importance of the Al-edge
EXAFS data for the determination of these distributions.

The following can be concluded after analysis of the struc-
tural models obtained by reverse Monte-Carlo and Molecu-
lar Dynamics simulations:

(i) RMC and MD models of the Cus;sZrsy5Alsmetallic glass
show a very good agreement for the Cu—Cu, Cu—Zr and Zr—
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Zr partial pair distribution functions, but there are nota-
ble discrepancies for the atomic pairs involving Al atoms;

(ii) Al-Al bonds are not needed for a good fit of the ex-
perimental data for CuyysZrs;sAls glass;

(iii) Al shows preference for formation of Al-Zr bonds
over Al-Cu bonds;

(iv) formation of the Al-Cu and particularly strong Al-Zr
bonds is supposed to determine high viscosity and en-
hanced bulk glass forming ability of CuZrAl alloys;

(v) structural constraints of CugysZrs;sAlsmetallic glass
favor the following crystallization sequence by devitrifi-
cation: CuyZry, CuZr,, CuZr B2.

Figure 2: Partial radial distribution functions for
Cuyz.5Zr475Als metallic glass compared to Cuy,Zr;, CuZr B2

and CuZr, crystal structures.
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From nanopores to macropores: Fractal morphology of graphite

A comprehensive structural characterization of two different

highly pure nuclear graphites that compasses all relevant

length scales from nanometers to sub-mm was performed. This

has been achieved by combining several experiments and neu-

tron techniques: Small Angle Neutron Scattering (SANS), high

resolution Spin Echo SANS (SESANS) and neutron imaging. In

this way it was possible to probe an extraordinary broad range

of six orders of magnitude in length from microscopic
to macroscopic length scales. The results reveal a frac-
tal structure that extends from ~0.6 nm to 0.6 mm and
has surface and mass fractal dimensions both very
close to 2.5, a value found for percolating clusters and
fractured ranked surfaces in 3D.
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Graphite has been used as a neutron moderator in several
types of nuclear reactors from the Chicago Pile 1 in 1942
to the more recent Very High Temperature Reactor (VHTR)
and High Temperature Gas-cooled Reactors (HTGR). This
synthetic polygranular material has a very high chemical
purity and a complex microstructure, which affects the
mechanical properties under extreme conditions and irra-
diation damage. The crystallite structure and disorder of
graphite at the atomic level can be investigated by neu-
tron or X-ray diffraction [1], and the microstructure by
TEM, SEM or optical microscopy. On the other hand, the
bulk mesoscopic structure of the pores can be explored by
small angle scattering of X-rays (SAXS) or neutrons (SANS).
Very first SANS measurements on non-irradiated and irra-
diated nuclear graphites were performed in the 1960s [2]
and 1970s [3-5]. These results have been reinterpreted
recently [6] to disclose a surface fractal structure from
~0.2 to 300 nm, i.e. over three orders of magnitude in
length. However, the graphite inhomogeneities can be
seen with an optical microscope or even with naked eye.
Therefore an exploration over a larger range of length
scales is necessary and for this purpose we have combined
three neutron-based techniques: SANS, Spin Echo SANS
(SESANS) and imaging to cover lengths from nm to mm.
We investigated two different highly pure nuclear graph-
ites, and the results show a fractal structure over an ex-
traordinary large scale of lengths that spans 6 orders of
magnitude and has fractal dimensions close to 2.5. This
value is expected for several cases of percolating clusters
and in the most general case of fractured ranked surfaces.

The samples were disk-shape specimens with a thickness
of 0.5 mm and a diameter of 16 mm cut from two types of
nuclear graphite, designated as RID and PGA. The RID
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Figure 1: The 3 neutron scattering/transmission techniques
used to probe length-scale over an ultra-wide range.

graphite was manufactured by Pechiney SA in the 1960's by
baking a paste made of oil coke and pitch, graphitized by
electrical heating. The PGA (Pile Grade A) graphite was man-
ufactured by British Acheson Electrodes, Ltd. and Anglo
Great Lakes, from needle shaped coke particles derived from
the petroleum industry. It was used in the early gas cooled
reactors in UK. PGA was manufactured by extrusion, which
leads to aligned coke particles and thus to the anisotropic
properties.

In this work SANS measurements were performed at two
instruments, the medium resolution PAXE and the high reso-
lution TPA of the Laboratoire Léon Brillouin (LLB), CEA Sac-



lay, France. The experiments on TPA were done at A = 0.6
nm, covering the Q range 6 x 10°<Q<1x10" nm™, and on
PAXE at A = 0.37, 0.6 and 1.7 nm, respectively, covering the
Qrange 3 x 102 < Q <5 nm™. The PAXE data for A = 0.6 nm
were brought to absolute units by normalization to the inci-
dent beam and were then used to normalise all other data
using the large overlap in the Q-ranges illustrated by Fig. 2a
for the case of PGA1l. The measured absolute scattering
cross section follows a power law with exponent 3 < < 4,
revealing a surface fractal structure. Multiple scattering in
this study does not affect the power law as demonstrated in
Fig. 2(b-d).

Figure 2: (a) Absolute scattering cross section 1(Q) of PGA1
The power law 1(Q) oc Q'ﬁ with [=3.45 is the black line. (b)-
(d) Contrast variation experiments to investigate the effect
of multiple scattering: (b) I(Q) of PGA2 in air (red circles) and
of the same sample embedded in deuterated toluene (black
triangles). The data are vertically shifted to overlap in (c). A
slight difference is found at the very low-Q range, which is
enlarged in (d).

The characterization at longer lengthscales was performed
using SESANS which gives
lengthscales. The SESANS experiments were performed at
the dedicated instrument of the Reactor Institute Delft [7]
at A = 0.2nm and covered length scales from 30 nm to 20

access to micrometer

um. Longer lengthscales were probed by neutron imaging at
the cold neutron facility, ICON, of the Paul Scherrer Insti-
tute, Switzerland [8]. The samples were placed as close as
possible to the detector and a resolution of ~30 um was
obtained. Figure 3 summarizes the aggregated results. that
are interpreted using a fractal model. The fractal dimen-
sions found in this work are comparable to those expected
for percolating clusters. The porosity values indicate a to-
pology close to that of a percolating cluster. The identity
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Dm=Ds~2.5 is not a coincidence but the consequence
of the high degree of disorder, ramification and con-
nectivity of the pore structure. Under neutron irradia-
tion surface fractality disappears [6], and similar be-
haviour may be expected for the oxidised samples.

Figure 3: Scattering curves for (a) PGA1 (b) PGA2 and
(c) RID over for the whole Q range investigated.

The methodology developed in this work thus can be
applied to further investigate the effect of irradiation
damage and/or oxidation on the structural properties
of graphite. Fractal scattering has also been reported
for carbon nanopores, rocks or cement. The particular-
ity of this work is in the extraordinarily broad length
scale of six orders of magnitude over which fractal scal-
ing is quantitatively valid. The combination of several
techniques, from imaging to scattering and the meth-
ods can be applied to the investigation of other com-
plex systems with a hierarchy of length scales such as
biological materials, concrete and rocks, materials for
CO2sequestration, Li batteries, fuel cells or solar cells.
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Soft Complex Matter and Biophysics

“Soft Complex Matter and Biophysics” deals with systems made of individual building blocks
(colloidal nanoparticles, polymers, surfactants, proteins and phospholipids) whose characteristic siz-
es lay in the 0.1-10 nm range. In such systems, the delicate balance of interactions (of the order of
kBT) can lead to the formation of large self-assembled complex architectures showing specific dy-
namics, kinetics or lifetime. Understanding the underlying mechanisms of their self-assembly and
dynamics is then the key to control and tune the very specific properties of inert, functional or bio-
logical matter at the nanometer scale (1-100 nm). In this framework, the neutron scattering tech-
niques combined with H/D isotopic labeling are a unique tool to characterize the systems at the rele-
vant spatial and temporal scales of the systems. In particular, they make it possible to get a refined
picture of the behavior of the building blocks in specific physicochemical conditions such as self-
assembled surfactants in ionic liquids (Dourdain et al), polymer brushes under stretching
(Chenneviére et al) or within complex architectures such as ultrastable foams (Salonen et al) or cellu-
lose-based Pickering emulsions (Capron et al). Finally, the recent development of neutron imaging

techniques enables to solve the structure of systems up to the macroscopic scale, as illustrated by

the description of the meat under cooking (Scussat et al).
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e Direct molecular evidence of the origin of slip of polymer melts on grafted brushes
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Aggregation in synergistic solvent extraction: Solvent effect

from alkanes to ionic liquids

Looking at aggregation effects on solvent extraction, we
showed that the intensity of the unexplained synergy peak is
strongly dependent on the “penetrating” or “non penetrating”
nature of the alkanes used as diluent. This experimental deter-
mination allowed us to attribute the synergy to a combination
of entropic effects favoring extraction and extractant film bend-
ing energy, opposed to perturbation of the first coordination
sphere by penetration.

Having many favorable properties over conventional diluents,

ionic liquids are more and more considered in solvent
extraction. They provide environmentally benign fea-
ture, adjustable polarity and in some cases higher ex-
traction performances, that remain however not pre-
dictable. With the same approach as with alkanes, we
evidenced the supramolecular aggregation of extract-
ant molecules in ionic liquid, expected to bring new
insights on the different solvent extraction mecha-
nisms observed in ionic liquids.
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Solvent extraction is a hydrometallurgical process, com-
monly used for ores exploitation, wastes separation or for
decontamination of polluted phases. By contacting the
aqueous phase that needs to be treated, to an organic
phase containing some “extractant” molecules, the ele-
ments of interest can be selectively transferred to the or-
ganic phase.

Figure 1. Effect of alkanes chain length on lon transfer on the
synergistic system HDEHP/TOPO.

It is now established that the mechanisms underlying
these processes are based not only on the molecular che-
lation properties of the extractant molecules, but also on
their ability to form supra-molecular aggregates due to
their amphiphilic nature [1,2].

Playing first with conventional alkanes we investigated the
physical origin of the “diluent effect” on synergistic extrac-
tion. As diluents are traditionally expected to modify aggre-
gation without perturbing chelation mechanisms, this study
aimed at evaluating the importance of aggregation in the
synergistic extraction mechanisms, our driving question
being:” How do diluents affect the relative values of extrac-
tion free energy and aggregate formation free energy?”.
This question remains marginal: in the historical approach
used since the seventies, one considers the extractions as
the result of well-defined competing complexes, where the
balance reactions used do consider ligand activity in the
diluent, but one does not consider the activities of diluent.
Different diluent with different chain lengths, from heptane
to hexadecane, were tested on the solvent extraction sys-
tem containing extractants, Di-(2-ethylhexyl)phosphoric
acid (HDEHP) and tri-octyl phosphine oxide (TOPO) in vari-
ous ratios. The combination of these two molecules is
known to allow a synergistic extraction of uranium in a ratio
4:1 [3]. The results obtained for 3 diluents are sketched in
Figure 1. We showed that these synergistic properties are
related to a favored aggregation,[2] and combined SAXS
and SANS measurements pointed out the solvent polarity
influence on this system: complete fit of the data evidenced
the presence of core shell reverse-micelle like aggregates,
into which the penetration of diluent having shorter chain
length was found to induce lower extraction efficiency. In
presence of conventional alkanes, configurational entropy
and curvature free energy of the aggregates were therefore
shown to monitor the synergy as well as the diluent effect
on extraction [4].
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A recent challenge in solvent extraction is today to replace
conventional organic solvents (often toxic and volatile), with
ionic liquids (IL).[5] Depending on the extraction systems
tested, these new solvents show better efficiency than the
conventional ones.[6] Although some assumptions based on
ions exchanges have been proposed in the literature,[5,6]
the involved mechanisms are still poorly understood. So far,
no study was conducted to evaluate the IL effect on the
aggregation properties of the extractant molecules, even
though ILs are known to modify the curvature radii of sur-
factant microemulsions.[7]

Investigating the HDEHP/TOPO system described previous-
ly, in Omim[Ntf2] ionic liquid as diluent, very different ex-
traction properties were observed as a synergistic peak
shifted to 50% of TOPO ratio. Aggregates signals similar to

in [OMim][NTf;] in dodecane

TOPO

(%) 0 50 100 0 20 50
(o]

Reas(nm) | 1.2 | 120 |09 | 02 | 03 | 04

Rsans(nm) | 1.4 1.5 1.5 0.6 0.7 0.9

Table 1 : Estimations of the aggregates radii derived
from a guinier analysis (average uncertainty: + 0.2nm)

will be fully quantified in a further study thanks to a
complete fit of the data, and related to an estimation
of the important thermodynamic driving force of ex-
traction, such as configurational entropy and binding
energy of aggregates [4].

Figure 2 : X ray and neutron scattering curves at different TOPO ratios in [OMim][NTf,] lonic Liquid and Dodecane

the ones observed in conventional diluents were evidenced
from SAXS measurements (Figure2). However the strong
structural peaks of the IL prevent a proper fit analysis.
Therefore the synthesis of fully deuterated IL was proposed,
allowing the measurement of SANS spectra with no struc-
tural peak [8].The IL’s deuteration enables full characteriza-
tion of the aggregates (Table 1).

The trend observed with increasing TOPO percentages is
similar to the one obtained in deuterated dodecane. Con-
sidering a core-shell model as in the common organic dilu-
ents, the increase of scattered intensity observed in IL could
be interpreted in terms of aggregation number (Nag) and of
penetration of the diluent in the apolar shell. This behavior
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Direct molecular evidence of the origin of slip of polymer

melts on grafted brushes

Surface anchored polymer chains were found to present
many interesting physical properties that gave rise to
intensive theoretical and experimental studies. For ex-
ample, these "polymer brushes” can modify the me-
chanical properties of composite materials by tuning the
adhesion and friction properties of the numerous poly-
mer interfaces. The situation where a molten polymer in

contact with a grafted surface is subjected to a steady
plane shear stress is one of the model situations of stress
transmission on such interfaces. In this study, we used
neutron reflectivity to probe at a molecular scale the influ-
ence of a plane-Couette flow on the conformation of end-
grafted polymer chains immersed in a chemically identical
polymer melt.
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Surface velocimetry measurements performed on a poly-
mer melt flowing onto a polymer brush have shown a
transition from low wall slip to high wall slip above a
shear rate threshold [1]. This transition has been inter-
preted in terms of stretching and disentanglement of the
grafted chains from the melt chains due to the shear
forces [2]. However, there is up to date no direct experi-
mental proof of the change in conformation of the graft-
ed chains. Here we describe a series of neutron reflectivi-
ty experiments that allowed us to probe directly the in-
fluence of shear on the conformation of grafted polymer
chains and test the relevance of this stretching and dis-
entanglement mechanism.

Figure 1: Schematic representation of d-PS melt flowing
onto a h-PS polymer brush.

The experimental system is composed of hydrogenated
polystyrene chains (h-PS) grafted onto a silicon wafer in
contact with a thick (around 140 um) deuterated polysty-
rene (d-PS) melt [3] as depicted in figure 1. In order to
shear these samples in the melt state, we designed a
specific experimental setup (Fig. 2).

This setup allows heating the sample above the glass transi-
tion temperature of polystyrene ( T,= 100°C) and displacing
the upper plate at a constant velocity. In order to freeze the
disordered conformation of the grafted chains, the sample
was then rapidly quenched below T, by a cold water jet.

Figure 2: Schematic representation of the shear and rapid quench-
ing setup. It is composed of a linear translational stage, a sample
holder, a heating cylinder and a cooling shower. After exerting a
constant shear rate above T, the sample is then quenched below
T4 by the cooling shower.

Figure 3 presents the reflectivity data of one sample
sheared with an upper plate velocity V, = 7 um/s either
immediately after the shear or after annealing the sample
or 7 hours at 140°C allowing the equilibration of the grafted
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chains. Here, we observe a significant increase in the reflec-
tivity for wave vectors ranging from 0.01 to 0.03 A Thisis a
clear a direct indication that the interface between the melt
and the grafted chains is sharper for the sheared sample
than for the annealed one.

Figure 3: Neutron reflectivity spectra of a h-PS brush im-
mersed in a d-PS melt (&) immediately after the shear and
after 7h of annealing at 140 °C (O) . The solid lines corre-
spond to the best fits.

Figure 4: Monomer density profiles obtained from the fits of
data presented in figure 3: (black solid line) after the shear
and (red solid line) after 7h of annealing at 140°C. The blue
open circle line corresponds to the equilibrium density pro-
file computed by SCF.

To go further in the analysis, we fitted the neutron reflectivi-
ty spectra in order to obtain the concentration profile of
monomers belonging to the surface-anchored chains denot-
ed ®(z) and compare them to the predictions of equilibrium
profile obtained through self-consistent field theory [4]
(SCF). The density profiles issued from the fit of the data are
plotted in figure 4 where they are compared with the pre-
diction of SCF. They show two main results. First, we ob-
serve that the density profile of the annealed sample is very
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close from the SCF predictions which show that a 7 hours
annealing at 140°C is long enough to recover he equilibri-
um conformation of the grafted chains. Thus, the shear
has nor cleaved, nor detached such grafted chains. Sec-
ond, regarding the segmental density profile just after
the shear and quenching steps, we observe that it is less
extended from the solid wall and much sharper than the
equilibrium profile. Moreover, the monomer volume
fraction close to solid wall is significantly higher and
reaches 1 over more than 6 nm from the wall. This clear-
ly shows that the shear has expelled the free chains from
the brush while collapsing the grafted chains on the solid
substrate. Such decoupling between the grafted and
melt chains is assumed to occur above the marginal fric-
tion regime.

According to the scaling law model of Brochard and de
Gennes [1], this transition should occur above the critical

shear rate with 11 the bulk viscosity, X the

dimensionless grafting density, N. the average number
of monomers between two entanglements and a the
monomer size. In our experimental conditions, this
threshold is estimated to be: y*~ 4 10°s™. This is three
orders of magnitude below the smallest apparent shear
rate used in the experiment:

> 1.4 10°s™. It is then fully plausible to admit that
the sample has been sheared well above the slip transi-
tion for which neutron reflectivity provided a direct
proof at the molecular scale of the decoupling between
the grafted chains and the melt chains.
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Ultrastable and thermostimulable foams made from simple

soaps and salts

How to form long-lived foam from conventional and cheap
materials, and whose stability can be modulated by exter-
nal stimuli? In seeking to answer this question we had the
idea of adding salt (NaCl or KCI) in large quantities to a
foam formed from one of the most common soaps, sodium
dodecyl sulfate (SDS). Without salt, the foam destabilizes
within hours whereas above a threshold concentration of
salt, the life of the foam is extended for more than six

months! This is due to the presence of salt that induces
the formation of soap crystals within the foam. The crys-
tals are also found on the bubble surfaces, where they
make the bubbles very stable. In addition, if such
"ultrastable"” foam is heated above the melting point of
the crystals (~ 50°C), it regains its original properties and
collapses within hours.
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Foams are found in a wide variety of applications in in-
dustry and personal life, such as firefighting, enhanced
oil recovery, mineral flotation, food processing, and per-
sonal care products. In some of these applications good
foam stability is extremely important. All foams are ther-
modynamically unstable and are destined to disappear
[1]. To prolong their life, various types of stabilizing
agents are used, such as surfactants, polymers, proteins,
or particles. These stabilizing agents adsorb onto the
surfaces of the bubbles and slow down the different
mechanisms by which foams age: the drainage of the
liquid in the foam under the effect of gravity and the
disappearance of the smaller bubbles in favor of larger
ones under the combined action of ripening (the small
droplets are emptied into large due to the difference in
Laplace pressure) and coalescence.

The properties of foams depend strongly on the stabi-
lizers used. If using small surfactants such as soaps, the
foamability, i.e. the amount of gas that it is possible to
incorporate during the foam formation, will be very good
because these small molecules rapidly migrate to the
interfaces to help stabilize them. Foams have however a
short life with such surfactants. On the contrary, if nano-
particles are used, they will adsorb in an almost irreversi-
ble way onto the interfaces and very stable foams are
obtained because such interfaces become very elastic.

On the other hand, the foamability of these nanoparticles-
based foams is generally poor.

Figure 1 : Pictures of foams made from aqueous solutions
of SDS: (a) no added salt, 3 hours after foam formation; (b)
with 500 mM KCl, 3 hours after foam formation; (c) with
500 mM KCl, 6 months after formation.

We have merged these two approaches to make foams
with a perfect foamability while being "ultrastable" with a
good foamability with a very simple idea [2] : an addition
of a large amount of salt (NaCl or KCl) in a foam formed
based on one of the most common soaps, sodium dodecyl
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sulfate (SDS) [1]. Without salt, the foam destabilizes
within hours whereas above a threshold concentration
of salt, the life of the foam is extended for more than
six months (see Fig. 1)! This is because the presence of
salt causes the formation of soap crystals within the
foam. These crystals are found on the surfaces of the
bubbles, and they block both coalescence and ripening.
Their accumulation in the liquid channels also limits
drainage.

The formation of such crystals was demonstrated by
SANS experiments performed directly within the foam
containing respectively either NaCl or KCI (Fig 2).

Figure 2: The scattered intensity as a function of the
scattering wavevector for a foam prepared with 69 mm
SDS and 500 mm NaCl (red circles) and 500 mm KCI
(blue squares).

The scattered intensity shows a g decay at low q that
is typical of sharp interfaces, such as the surfaces of the
bubbles and the crystallites (Porod law). At large q,
there are two peaks arising from the crystal structure in
Figure 3b. With NaCl, the first peak is at q*=0.16 A" and
the second at 0.32 A?, thus twice the first; with KCl,
g*=0.19 A" and the second order is at 0.38 A™. The
structure of SDS crystals has been previously measured
[3]; they have been shown to have a lamellar structure
where the interplanar distance d (2n/q*) depends on
the degree of chain tilt and hydration. The value meas-
ured for the SDS crystals crystallized from water
(precipitated with NaCl or KCI) are similar to those we
measured in foams.

Moreover, if this foam is heated above the Krafft tem-
perature, i.e. the melting temperature of the soap crys-
tals, around 50 ° C, it regains its original properties. In-
deed, owing to the disappearance of crystals, it col-
lapsed again in a few hours. The foam is therefore not
only highly stable at room temperature but also ther-
mostimulable.
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Figure 3: a) Bubbles and b) foams prepared with 69 mm
SDS and 500 mm KCl heated suddenly to 51°C
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Unraveling the mechanisms of stabilization of Pickering

emulsions by cellulose nanocrystals by SANS

In order to probe the mechanisms of stabilization of Pickering
by cellulose nanocrystals, we performed SANS experiments
with various contrasts to obtain a refined description of the
interface. Remarkably, we showed that the thickness of the
interfacial layer calculated from the SANS measurements
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revealed a 7 nm thickness, irrespective of the amount
of CNCs, which exactly corresponds to the thickness of
a nanocrystal. This demonstrates that only a single
monolayer is formed at the water/oil interface.
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Increasing environmental awareness is prompting scien-
tists and manufacturers to develop strategies for envi-
ronmental sustainability by using processes and materi-
als with low cost, low energy consumption and low tox-
icity, together with high biodegradability. In this frame-
work, biobased nanoparticles are good candidates to
stabilize emulsions, replacing commonly used surfactants
that are generally derived from the petrochemical indus-
try and only a small fraction is of plant origin [1]. This
would be of great interest since emulsions are widely
used in various application domains such as food, cos-
metics, pharmaceuticals, and coatings. It is known that
solid particles of colloidal size can be strongly adsorbed
at oil/water interfaces, forming the so-called Pickering
emulsions, or more generally, solid-stabilized emulsions.
Among the particles generally used, non-spherical nano-
particles (e.g., rods, sheets, wedges, disk-like, and needle
-like particles, etc.) are sparsely used whereas they can
be more efficient in stabilizing emulsions than spherical
ones.

Here, we aim at stabilizing emulsions by cellulose nano-
crystals (CNCs) obtained from the hydrolysis of cellulose
fibers, one of the main available biodegradable and sus-
tainable molecules existing in nature. The CNCs are crys-
talline solid nanometer-sized rod-like particles. In the
case of cotton, CNCs are composed of 3-4 laterally asso-
ciated elementary crystallites and their thickness is that
of one crystallite. Their overall dimensions values are
around are 195 nm in length, 22 nm in width, and 6 nm
in thickness, as measured by SANS [2].

Figure 1 : Powder SEM images of polymerized styrene-in-
water emulsions based on CNCs at two different magnifi-
cations.

Recent work showed that highly stable oil-in-water Pick-
ering emulsions may be stabilized using such cellulose
CNCs that form a dense 2D interfacial network, as shown
in Figure 1. The adsorption process of the CNCs at the
oil-water interface was attributed to the (200) crystalline
edge plane that is the more hydrophobic face of the CNC
and orients toward the oil phase. The properties of these
systems in terms of stability and mechanical behavior are
due to the irreversible particle adsorption and steric bar-
rier to coalescence. However, it is still not clear the way
CNCs adsorb at the interface and the way they assemble
to provide a steric barrier that avoids coalescence.

In order to get an insight of the process of absorption of
CNCs, we made SANS experiments directly on emulsions.
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The droplets having characteristic sizes that are much great-
er than those that can be probed to neutrons (5 to 10 um in
diameter), the signal measured depends only on their inter-
face. The characterization is then based on the idea of using
three different contrasts to depict this interface in three
different ways [3] (Fig 2).

Figure 2: Concept of contrast variation applied to emulsion
geometry: (a) schematic representation of the system, water
is in blue, oil in yellow and CNCs in green; (b) the water and
oil have similar SLD values; (c) the CNCs are contrast-matched
to water; (d) the CNCs are contrast-matched to oil; (e) typical
SANS scattering in the “water=oil” case).

First, the contrast of the water is adjusted to that of oil. The
interface is then seen as an infinite plane from neutrons
point of view, the signal thereby presenting an overall decay
like q'z. A Guinier approximation is then used to directly de-
termine the film thickness. The other two measurements are
variations around the Porod’s law. The contrast of the water
or the contrast of oil are respectively adjusted to that of
CNCs, then the signal comes from the scattering by the sur-
face of the droplets. It is then possible to determine wheth-
er, for each of these two conditions, the interface is perfectly
smooth, i.e. if the signal decays like q*, or is rough, in order
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to establish whether the CNCs plunge into one or both
liquid phases.

Various emulsions were probed including different CNC
concentrations in water from 0.8 to 5 g/L, and for CNCs
that are either neutral or bearing some charges at their
surface [4]. For the charged CNCs, the thickness of the
interfacial layer calculated from the SANS measurements
revealed a 7 nm thickness, irrespective of the amount of
CNCs, which exactly correspond to the formation of a
single monolayer. This suggests the following mechanism
for the emulsion formation: at low CNCs’ content, the
size of the emulsions droplet radius decreases when in-
creasing the CNCs’ concentration at fixed surface cover-
age in order to account for the increase of specific sur-
face associated to the monolayer formation. When the
radius has reached the minimal value allowing the rod-
like CNC to accommodate the curvature, there is a densi-
fication of the interface that might correspond to a local
orientation/alignment of the CNCs. More aggregated
neutral CNCs led to a more porous and heterogeneous
surface, 18 nm thick, due to densification of the larger
aggregates and resulting in a more rigid armor. Finally,
the measurements in Porod conditions demonstrate that
the CNCs do not dive into oil.
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Neutron imaging of meat during cooking

The main aim of the present study was to follow the impact of
temperature during meat cooking at molecular scale by spec-
troscopy (mainly fluorescence and visible), describing bio-
chemical reactions occurring among muscle proteins, to corre-
late them to organoleptic characteristics (texture, color). To
provide structural information at a microscopic scale
(currently > 100 um), we performed neutron-imaging experi-

ments on the new LLB neutron imaging station
(IMAGINE). We observed hemeproteins denaturation
during online cooking. Thanks to coupled measure-
ments obtained by neutron imaging and visible spec-
troscopy, we were able to link the denaturation of my-
oglobin to previous myofibrils contraction and water
migration.
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Open Food System (OFS) is an industrial innovation
project having as one main goal the development of
“smart” domestic appliances, which can pilot cooking
process of meat and fish without any human interven-
tion. Previous studies on muscle cooking have often
only observed their macroscopic changes (texture, col-
our, flavour) and validate the levels of cooking through
sensorial analysis. However, it is well known that dur-
ing cooking, several structural changes can take place
in the meat, such as protein denaturation and the in-
crease in the fraction of free water contributing to drip
loss.

The purpose of the project has been to study the im-
pact of heating on beef meat at molecular scale, ob-
serving conformational changes of proteins (myofibril,
collagen and myoglobin) due to temperature applica-
tion, with spectroscopic methods (visible and fluores-
cence) and at microscopic scale, by neutron imaging.
Finally, we have been able to correlate structural infor-
mation got from these technics to macroscopic analysis
(texture, colour, flavour).

An oven has been equipped with an optical fiber to
perform fluorescence and visible spectroscopy and
positioned in the neutron imaging beamline during
heating process. Slices of beef (2mm in thickness) have
been placed in an aluminium cell equipped with quartz
windows to allow the spectroscopic measurements.
During the cooking process, neutron imaging acquisi-
tion is realised. Figure 1 shows an example of collected
image.

Morphology changes have been determined by analyz-

ing number of pixels related to the sample of each image
acquired during the process. Figure 2 presents the ratio of
pixel between an image at a specific temperature (Pixel Im
(i)) and the first image (Pixel Im(0)).

Figure 1 : Example of normalized neutron image of a 2mm
thick slice of beef presented in transmission mode. The
image presents a half circle representing the window
where spectroscopic measurements are realized. Each col-
or dots on sample diagonal have been chosen to follow
attenuation evolution during the cooking process.

Morphological analysis highlights a slight contraction of the
samples in temperature range between 50 and 60 °C which
can be associated with myosin denaturation (around 45 °C
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[1]) and the consequent lateral shrinkage of fibers. Larger
loss in surface is observed over 80 °C, after denaturation
of collagen (between 55 and 68 °C) and longitudinal mus-
cular fibre contractions [2].

Thanks to the optical fiber positioned in the oven, visible
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Figure 2: Morphology evolution of three samples of
beef as function of the temperature.

reflectance spectra have been recorded on the same sam-
ple during cooking process (Figure 3).

The two characteristic bands (544 and 580 nm) of oxy-
myoglobin can be observed on these spectra from 20°C to
75°C. Increasing cooking temperature, myoglobin dena-
turation occurs, producing met- myoglobin, therefore
intensity of 580 nm band decreases. In fact, precise analy-
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Figure 3: Collected visible spectra (reflection mode) on
beef slice. Data collection is realised during the cooking
process placing the optical fibre inside the oven cavity.

sis of the spectra highlights slight changes of the oxy-
myoglobin bands as soon as 50 °C.

In fact, as observed with the two instruments (neutron
imaging and visible spectroscopy), by increasing tempera-
ture, gradually cellular microstructure tends to reorganize
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itself becoming tighter. Water is forced to get out from
internal microstructure towards outside following loss
of internal spaces. Following these fibers denaturation,
hemeproteins are released with the juice and their de-
naturation occurs.

Neutron imaging is a technique that allows working
with large objects (about 10 cm x 6 cm), but not very
thick, especially if their hydrogen content is high [3].
Moreover, neutron imaging easily permits installation
of a particular real sample environment, here a semi-
professional oven (55 cm x 54.5 cm x 38 cm). Further-
more, neutron imaging allows performing coupled anal-
ysis. We used an optical fiber installed in the oven cavi-
ty to follow evolution of a second sample probe
(myoglobin) during the process of meat cooking.
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Software development



Public release of the SpinWave software

An easy-to-use and versatile software, SpinWave, to
calculate spin waves in any arbitrary magnetic lattice,

S. Petit

has been developed at Laboratoire Léon Brillouin and is now

freely available.

Laboratoire Léon Brillouin CEA/CNRS UMR 12, Gif sur Yvette, France

sylvain.petit@cea.fr

Since the 1950’s, spin wave theory has been of funda-
mental importance in condensed matter physics. Spin
waves are obtained from the linearization of the equa-
tion of motion, and can be seen as precession modes
of the magnetically ordered structure, with typical
energies of a few meV. Spin wave dispersions are rou-
tinely measured by neutron spectroscopy, and provide
information about the coupling between spins and
magnetic anisotropy parameters.

The spin wave calculating code [1], SpinWave, devel-
oped at LLB, allows one to simulate the spin waves
spectra of commensurate, as well as incommensurate
magnetic structures, using linear spin-wave theory.
Several types of magnetic exchanges, including Heisen-
berg, anisotropic, or Dzyaloshinskii-Moriya interac-
tions, can be included in the Hamiltonian (Figure 1). In
addition to the dispersion, spin-spin correlation func-
tions, chiral correlations, with or without magnetic
form factor, can be calculated. Calculations in any
direction of the reciprocal space, and constant energy
cut calculations in any plane of the reciprocal space
are possible, as well as the calculation of the powder-
averaged spin wave spectrum. SpinWave also features
the possibility to use classical energy minimization to
determine the ground state (single k) magnetic struc-
ture for a set of magnetic exchange and anisotropies.

SpinWave is developed and maintained by Dr. Sylvain
Petit at LLB.

It can be downloaded at the following address : www-
lIb.cea.fr/logicielsllb/SpinWave/SW.html

Figure 1 : Dynamical structure factor S(Q, E) along (01l) of langa-
site BasNbFesSi,014, calculated with SpinWave. The calculation
illustrated here has been performed for a right-handed crystal,
using a Hamiltonian with 5 different exchanges, and an antisym-
metric Dzyaloshinskii-Moriya (DM) term, whose vector is parallel
to c. This DM term produces a gap in the lower branch of the
dispersion and also selects the triangle magnetic chirality. The
structural chirality is actually reflected [2] in the S(QE) : the
asymmetric spectral weight of the branches emerging from the -
7 and +7 satellites is inverted for the other eniantomeric form
(left-handed) of BasNbFesSi;0,.
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PINGOUIN: An open and generic software platform for the

LLB neutron spectrometers

PINGOUIN is a software platform developed by IT team for data acquisition and control of all neutron spectrometers at the
Laboratoire Léon Brillouin (LLB). This platform is the result of the expertise acquired over the years by IT and Electronics LLB
Team aimed to propose a user friendly neutron spectrometers framework. It was designed keeping in mind to faster meet

the needs of the users.

G. Exil, A. Laverdunt, E. Jorgji

Laboratoire Léon Brillouin CEA/CNRS UMR 12, Gif sur Yvette, France

gaston.exil@cea.fr

PINGOUIN

The platform integrates advanced information technologies
like the XML metadata model for a quick and simplified
deployment on all the facilities. Furthermore, and thanks to
a modular architecture, reliability and maintenance have
been improved, through easy detection of dysfunction and
breakdowns.

Generic: PINGOUIN was planed to be used on all neutron
spectrometers of the laboratory. Therefore it allows for full
customization to match users requirements and wishes,
although its intimate structure remains the same.

Open: The plateform accepts code from other sources.
Thus, the features specific to a spectrometer can be de-
scribed in python script, PINGOUIN is able to execute and
keep in its library.

Protection of resources: For the same spectrometers,
different user profiles are subject to corresponding access

AN EXAMPLE OF PINGOUIN VISUAL INTERFACE
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privileges/authorisations. The platform allows the spectrom-
eter responsible to customize very finely authorizations for
use and modification of ressources.

LLB SPECTROMETERS USING PINGOUIN

LLB maintains 23 neutron spectrometers installed around
the ORPHEE research reactor, all equipped with the elec-
tronic acquisition system provided by Electronic LLB Team.
The science aimed by each spectrometer is different, such

as the small angle scattering, crystallography or magnetism.

PINGOUIN is installed in 8 neutron spectrometers. The plate-
form has proved his ability to equip the different experi-
mental instruments installed by the LLB.

Therefore, we could demonstrate that the platform can pro-
vide an effective and easy to use working environment for
the experimenters.

The neutron spectrometers using PINGOUIN now are 7C2,
6T2, 6T1, 5C2, 5C1(VIP),, G43(BAROTRON), IMAGINE, PA20.



PYTHON, THE SCRIPT ENGINE

Python is a programming language object, multi-paradigm
and cross-platform. It promotes imperative structured
programming, functional and object-oriented. It is under a
free license and runs on most computing platforms, from
supercomputers to personal computers, from Windows to
Unix through GNU/Linux, MacOS, or Android.

It is designed to maximize programmer productivity by
providing high-level tools and a simple syntax. Python is
the PINGOUIN scripting language for executing user sheets
and to provide instruction sequences to the scheduler.

So, users can automate their acquisitions with the scripts
they developed themselves. They are also able to make data
pre-processing using graphics and scientific libraries provid-
ed by the Python community.

Microsoft .NET TECHNOLOGY

Microsoft Visual Studio is an integrated development
environment (IDE) from Microsoft. We use this environ-
ment to develop the visual interface of Pingouin.

Visual Studio supports different programming languages
and allows the code editor and debugger to support (to
varying degrees) nearly any programming language, pro-
vided a language-specific service exists. Built-in languages
include C, C++ and C++/CLI (via Visual C++), VB.NET (via
Visual Basic .NET), C# (via Visual C#). Support for other
languages such as M, Python, and Ruby among others is
available via language services installed separately.

The languages uses to develop PINGOUIN core are C, C++,
VB.NET and C#.

COMMUNICATION PROTOCOLS

PINGOUIN provides 4 native protocols to interface with a
wide range of equipment.

RS232 is a standard for serial transmission of data. The
data, input or output, are transferred one bit at a time.
Available on almost every personal computer since 1981
until the mid of 2000, it is commonly called the "serial
port".

IEEE-488 is a short-range digital communications 8-bit
parallel multi-master interface bus specification. IEEE-488
was created as HP-IB (Hewlett-Packard Interface Bus) and
is commonly called GPIB (General Purpose Interface Bus).
It has been the subject of several standards.

TCP/IP The Transmission Control Protocol (TCP) is a core
protocol of the Internet protocol suite. It originated in the
initial network implementation in which it complemented
the Internet Protocol (IP). Therefore, the entire suite is
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Python script example

A curve generated with python

commonly referred to as TCP/IP. TCP provides reliable, or-
dered, and error-checked delivery of a stream of octets be-
tween applications running on hosts communicating over an
IP network.

USB, short for Universal Serial Bus, is an industry standard
developed in the mid-1990s that defines the cables, con-
nectors and communications protocols used in a bus for
connection, communication, and power supply between
computers and electronic devices. It is currently developed
by the USB Implementers Forum (USB IF). Pingouin uses the
CYPRESS driver to connect to peripheral USB devices provid-
ed by the Electronic Group.




Events and workshop



Workshop on the new opportunities in neutrons scattering

with small to medium sources
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The LLB organized in Paris the 18 and 19
May 2015 a workshop dedicated to the
development of small to medium neutron
sources as new opportunities in neutrons
scattering.

Invited speakers of the main laboratories
working on or around the subject (LENS,
ESS Bilbao, IRFU, MUNES, SINQ, CNEA, PSI,
ISIS, Hokkaido University) presented the
most recent advances in the conception
and the applications of compact neutron
sources.

After a general overview, presentations
and discussions on high intensity accelera-
tor, LINAC use, target-moderator systems,
possibilities of scattering/imaging and ap-
plications in cultural heritage and proton
therapy for example, allowed a wide-
spread understanding of the recent ad-
vances and difficulties of the domain.

This workshop has to be considered as
the starting point of the reflection and
action launched by the LLB for the implan-
tation of a new compact source in Saclay.
This source (SONATE project) will offer to
the users and the researchers an alterna-
tive for French neutron scattering after the
end of the exploitation of Orphée reactor
in 2019.



Teaching and education



Theses defended in 2015

MANGIN-THRO Lucile

“Phase de “Boucles de courants circulants” dans les supraconduc-
teurs a haute température critique”

Superviser: P. Bourges (Magnetism and super conductivity)

GUITTENY Soléne

« Structure et dynamique de spin dans les pyrochlores géométri-
quement frustrés »

Superviser: S. Petit (Magnetism and super conductivity)

FERDEGHINI Filippo
« Liquide ionique sous confinement nanométrique 1D »

Superviser: J.M. Zanotti (Soft complex matter and biophysics)

BLOUZON Camille — (LLB/SOLEIL call)

« Manipulation d’une aimantation par I'action d’un champ élec-
trique en utilisant un matériau ‘multiferroique »

Supervisers: M. Viret (SPEC) / F. Ott (Material and nanosciences,
fundamental studies and applications)

New PhD students in 2015

MATSUBARA Nami — CTCR - 2015-2018

« Trirutiles et propriétés multiféroiques : exploration de tellu-
rates »

Superviser: C. Martin (ENSI CAEN) / F. Damay (Magnetism and
super conductivity)

MAIRE DU POSET Aline —Agrosup Dijon — 2015-2018 (LLB/SOLEIL
call)

« Etude de matrices a base de pectine pour un enrichissement en
fer dans les aliments : Influence de I'organisation du gel sur I'envi-
ronnement local, le degré d’oxydation et la biodisponibilité du fer »

Superviser: P. CAYOT (Univ. Bourgogne) / F. Cousin (Soft complex
matter and biophysics)
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KAHL Philipp

« Identification de nouvelles propriétés dynamiques
dans les liquides : corrélations solides a longue por-
tée & réle de l'interaction fluide/substrat »

Superviser: L. Noirez (Material and nanosciences,
fundamental studies and applications)

SCUSSAT Simone — (LLB/SOLEIL call)

« Compréhension des mécanismes de dénaturation
des protéines en milieu complexe et pseudo solide.
Mise ne place de sondes biophysiques pour les
suivre »

Superviser: C. Loupiac (Dijon)/ F. Cousin (Soft com-
plex matter and biophysics)

PARTOUCHE David — Univ. Paris VIl - 2015-2018
(LLB/SOLEIL call)

« Analyse de l'assemblage de peptides amyloides
bactériens »

Superviser: V. Arluison (Soft complex matter and
biophysics)

KUBIAK Krzysztof-Univ. De Gdansk (Pologne) — 2015
-2018

« Etude de la réplication des plasmides de type
Colel »

Superviser: V. Arluison (Soft complex matter and
biophysics)



HERCULES Courses (16-20 March 2015)

For its 25th edition, from March 1st to
April 1st, 2015, the European school
HERCULES (Higher European Research
Course for Users of Large Experimental
Systems) welcomes 80 young research-
ers from all over the world for a high
level course in experimental research
on large systems. Founded in 1991, the
school HERCULES has emerged for the
past 25 years as the reference school at
international level regarding courses for
users of large synchrotron and neutron

radiation facilities.

During several weeks, lectures, tutorials, and practical sessions on the applications of X-Rays and neutron scattering are
given by specialists of the domains. A week of this formation takes place in the Paris area, at the SOLEIL synchrotron and at
the LLB for those participants interested in a reinforced experimental neutron program. At the LLB they had the opportunity
to exercise on real spectrometers after a general presentation of the installation and a visit of the reactor hall.

The students were spread over 18 organized practical work.

JDN 23, Neutron Imaging Workshop,
Rencontres Rossat-Mignod 5 - 8 October Evian Les Bains

Since its creation, LLB has been participating to the organization and the scientific contributions of the “Journées de Diffu-

sion Neutronique” (JDN). The JDN is the main French annual meeting rendezvous of all the neutron scattering community.

In 2015, workshop on new developments and
applications of neutronic imaging, Rossat Mignod
meeting on soft matter and biology, magnetism
and nanosciences and a joint session with the
Swedish neutron society took place during the

JDN.

Participants of the Neutron Imaging workshop

The SFN 2015 prize was awarded by the chairman of the jury, Jean-
Michel Kiat, to Alexis Chenneviere. The laureate has presented his the-

sis work on dynamics of grafted polymer chains.
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FAN du LLB, 7 - 11 December, Saclay
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The French neutron scattering training, the “FAN du
LLB 2015” has taken place on December 7-
10th 2015.

Since more than 20 years, this school has been de-
voting to young researchers interested in the use of

neutron scattering for the study of matter.

15 participants have attended the courses and prac-

tical experiments.

The main domains presented are condensed matter
(nanomagnetism, structure materials, structure de-
termination and dynamics) and soft matter (volume
and surface structure characterization, dynamics in
biology, polymers and composites, heterogeneities

and imaging).

Practical works which represent 75% of the training
have been focused on powder scattering, monocrys-

tal triple axis, SANS and Neutron Spin Echo .

Each participant used two different spectrometers in

its chosen domain.



Spectrometers: what’s new ?
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PHR-G44: a new cold neutron, high resolution diffractometer

at LLB

F. Porcher, X. Guillou, P. Lavie, B. Rieu

Laboratoire Léon Brillouin CEA/CNRS UMR 12, Gif sur Yvette, France

florence.porcher@cea.fr

The new LLB diffractometer, PHR-G4.4, has received his
first users in 2015. Installed at the fourth position of the
cold neutron guide G4 of the hall of guides, it beneficiates
of its natural al collimation. Its Ge(hhl) focusing mono-
chromator provides four different wavelengths for a nomi-
nal take-off angle of 113° (adjustable) : 1.8 /2.0 /2.4 / 2.9A
(see Fig. 1).

Figure 1 : Resolution curves of PHR-G4.4

The banana-type detector is equipped with 70 *He coun-
ters, 2° apart, preceded by 12’ collimators . Maximum
beam size at sample is ~1.5x5cm, and is practically limited
by slits in the horizontal plane (1 cm) and is typically fo-
cused vertically down to 3-4 cm in order to fit sample size.
Wavelength change is fully automatized and takes less
than 1h (including beam optimization). This option allows
to collect easily on the same sample data with high DQ/Q

resolution for the determination of incommensurate nu-

Figure 2: The PHR-G4.4 diffractometer and its cryofurnace
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clear/magnetic vectors (I = 2.4 / 2.9A) and high Q-range
for structural refinements (1= 1.8/ 2.0A).

The diffractometer is equipped with a Orange-type cryo-
furnace (2K—450K) and shares high temperature furnaces
with the high resolution thermal diffractomer 3T2 for
measurements up to 1400°C (under 10° mbar) or 1050°C
(under gas flow).

Typical applications deal with solid state physics, chemis-
try and material science (High-resolution refinements of
nuclear or magnetic structures in complement to XRD or
magnetic structure studies :

- Microporous materials (Zeolites and MOFs)

- Deuterated organic compounds, pharmaceuticals, organ-
ometallics

- Magnetic materials with magnetic periods 10< q <30A

Figure 3: Rietveld refinement of a MOF

Complementary to 3T2, PHR-G4.4 is best suited for
structural refinements of samples with larger primi-
tive unit cell volume (1000 < V < 8000A%). With
better resolution but longer data acquisition time
(typically 1.5 day) at | = 2.4A, PHR-G4.4 comple-
ments the high-flux diffractometer G4.1 which is
better adapted for thermo-diffractometry and fol-
lowing magnetic transitions.



Change of the first 13 m of the neutron guide G4

Among the 6 neutron guides of the Orphée reactor, guide
4 (G4) feeds 5 experiments. One of these is the industrial
neutron radiography station located at its very end. This
position, at about 50 m from the core, provides a very low
background and a pure cold neutron spectrum which ena-
bles very fine pictures.

However, from the beginning of Orphée in 1981, this sta-
tion suffers of a slow and constant decrease of intensity.
After a re-alignment in 2000 that restored only partially

A. Menelle

the lost intensity, we have undertaken the replace-
ment of its first 13 m.

The assembling and alignment of the guide elements
on the site was entirely done by LLB staff during the
summer shutdown of the reactor. If the expected gain
of flux was not there at the restart, this replacement
allowed us to earn a lot of experience that will be an
asset for us in the preparation of our ESS instruments.

Laboratoire Léon Brillouin CEA/CNRS UMR 12, Gif sur Yvette, France

alain.menelle@cea.fr

G4: A CROWDED
GUIDE

The neutron guide
G4 is located in the
middle of our six
guides fan (see fig.
1). With a length of
63 m, it is our longest large guide. Five different spectrom-
eters use simultaneously the neutron transported by this
guide. This represents roughly 20% of our full experi-
mental capacity. It is important that this guide keeps its

Figure 1 : General layout of the Orphée guide system. G4 is
located in the middle of the guide hall, finishing on the left
side in G45.

high quality.
THE SLOW DEGRADATION OF THE END GUIDE INTENSITY

The industrial neutron radiography station has been in-
stalled quite soon after the start of the Orphée reactor at
the end of guide G4. From early 1992 to 2000, the intensi-
ty has been monitored by the same uranium foil detector.
The measured variations of intensities have been first
attributed to the installation and movements of the 4 up-
stream monochromators. However, after some years, the
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Figure 2: Evolution with time of the intensity recorded
with a monitor at the end of guide 4.

continuous decrease of intensity with time (see fig. 2)
we suspected a degradation of the alignment of the
guide elements due to ground movements.

Unfortunately, a first re-alignment in 2000 recover
only a small part of the lost intensity. Gold foil activa-
tion measurements were performed in 2011 at 5
different positions along the guide. They show up a
continuous decrease of the intensity along the guide
(see fig. 3) which could be better explained by a global
decrease of reflection quality of the guide coating than
by punctual misalignment.

Measurements performed end of 2011 on old guide
coatings did show two important features. The total
reflection was only measured at 98.2% and 96.5%
respectively on an 11 and 30 years old element. The
level of the off-specular intensity was increased drasti-
cally compared to a fresh coating; it was respectively
0.2% and 0.8 % instead of usually less than 0.01 %.



These bad reflection characteristics were not improved by
a careful cleaning of the element. Our conclusion was that
the reflective qualities of the guide coating are slowly de-
grading with time.

Figure 3: Evolution of the thermal flux measured along the
guide G4 in February 2011 (the line is only a guide for the
eyes; measurements have been done at positions G41,
G42, G43, G44 and G45).

Unfortunately, flux simulations using ray tracing software’s
could not reproduce the measured intensity with only a
decrease of the reflection coefficient. We expected to have
a mixture of both effects; a degradation of the coating and
misalignment. We decided that the only way to recover the
initial performances of G4 was to replace all the elements
of the guide. Due to funding limitations, we did started by
the replacement of only the first 13 m inside the contain-
ment (see fig.4). It was done during the summer 2015
shutdown of Orphée.

CHANGING A GUIDE: A NEW EXPERIENCE

Guides elements were ordered from the SDH com-
pany. They were installed by the LLB staff using for
the first time a laser tracker. The use of this instru-
ment enables us to show that the containment exit
valve was 2 mm lower than the safety valve. We also
discovered small non-conformity between the origi-
nal drawings of the guide and the reality. Due to the
high level of radiations the alignment of the first
element at the end of the beam plug after the main
shutter was a bit more difficult than expected, as it
was for le last element in the containment valve. In
the overall, this work was a great enrichment for all
the team that did earn a lot of experience in guide
installation.

PERFORMANCES ASSESSMENTS

After the restart of the reactor in September, flux
measurements were performed at the G42 position
by gold foil activation. The thermal flux was raised
from 0.77 10° n.cm?.s™ to 0.99 10° n.cm™.s™ corre-
sponding to a 28 % increase. This is an encouraging
result that show that a full change of the guide
should completely restore its original performances.

Figure 4: A view of the beginning of the guide G4 before the change.
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Beam Time Access
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General layout of the spectrometers

SPECTROMETERS OPEN TO USERS

CONTACTS

3T2

G4.1
G4.4 PHR
G6.1

5C1 - VIP
5C2
Super 6T2

7C2

G1l.2 - PACE
G2.3 - PAXY

G5.1 - PA20
Gbbis - TPA

6T1
G4.2 - DIANE

G6.2 - HERMES
G2.4 - PRISM

1T

2T
4F1
4F2

Glbis - MUSES

G3bis - IMAGINE

Powder diffractometers
Florence Porcher

Frangoise Damay

Florence Porcher

Florence Porcher

Single crystal diffractometers
Béatrice Gillon

Alexandre Bataille
Arsen Goukassov

Diffuse scattering instrument
Jacques Darpentigny

Small-angle scattering instruments
Sophie Combet

Fabrice Cousin

Gregory Chaboussant

Annie Brilet

Diffractometers for material science studies
Marie-Héléne Mathon

Marie-Héléne Mathon
Reflectometers

Didier Lairez / Lay-Theng Lee
Frédéric Ott

Triple-axis instruments

John Paul Castellan / Yvan Sidis
(CRG Instrument Karlsruhe/LLB)

Philippe Bourges

Sylvain Petit

Jean-Michel Mignot
Quasi-elastic instruments
Jean-Marc Zanotti

Neutron radiography
Frédéric Ott

florence.porcher@cea.fr

francoise.damay@cea.fr

florence.porcher@cea.fr

florence.porcher@cea.fr

beatrice.gillon@cea.fr
alexandre.bataille@cea.fr
arsen.goukassov@cea.fr

jacques.darpentigny@cea.fr

sophie.combet@cea.fr

fabrice.cousin@cea.fr

gregory.chaboussant@cea.fr
annie.brulet@cea.fr

marie-helene.mathon@cea.fr

marie-helene.mathon@cea.fr

didier.lairez@cea.fr / lay-theng.lee@cea.fr

frederic.ott@cea.fr

john-paul.castellan@cea.fr / yvan.sidis@cea.fr

philippe.bourges@cea.fr
sylvain.petit@cea.fr

jean-michel.mignot@cea.cr

jean-marc.zanotti@cea.fr

frederic.ott@cea.fr

G4.5

Guy Bayon / Xavier Wohleber

quy.bayon@cea.fr / xavier.wohleber@cea.fr
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The LLB neutron scattering and imaging instruments

Powder diffractometers

3T2  "Thermal neutrons" 2-axis (50 detectors) high resolution, mainly for nuclear structure determination.
G4.1 "Cold neutrons" 2-axis (multidetector 800 cells) high flux, mainly for magnetic structure determination.
G4.4 "Cold neutrons" 2-axis (70 detectors) high resolution, for structure determination on polycrystalline samples with large
unit cell.
G6.1 "Cold neutrons" 2-axis, flat 2D detector with long wavelength and high flux for long period magnetic systems and liquids
(Available with limited support) .
Single crystal diffractometers
5C1  "Hot neutrons" 2-axis with lifting arm, polarized neutrons, magnetic field (8 Tesla) for spin-density maps determination
5C2  "Hot neutrons" 4-circle for nuclear structure determination.
6T2 "Thermal neutrons" 2-axis, lifting arm and 4-circles, mainly for magnetic structure determination. 12 Tesla magnetic field
available, 2D detector.
Diffuse scattering instruments
7C2  "Hot neutrons" 2-axis (multidetector 640 cells) for local order studies in liquid or amorphous systems. Cryostat and fur-
nace available (1.2K to 1300°C). (Available with limited support)
Small-angle scattering instruments
G1.2 "Cold neutrons" (annular detector, 30 rings) for study of large scale structures in isotropic systems (mainly polymers and
colloids).
G2.3 "Cold neutrons" (X-Y detector, 128x128 cells) for study of large scale structures (10 to 500 A) in anisotropic systems
(polymers under stress, metallurgical samples, vortex in superconductors).
G5.1 "Cold neutrons" (X-Y detector, 128x128 cells) for study of large scale structures (10 to 500 A) in anisotropic systems
(polymers under stress, metallurgical samples, vortex in superconductors). PA20.
G5bis Very Small Angle Neutrons Scattering spectrometer
Diffractometers for material science studies
6T1 "Thermal neutrons" 4-circle for texture determination.
G4.2 "Cold neutrons" 2-axis for internal strain determination in bulk samples . (Available with limited support)
Reflectometers
G6.2 "Cold neutrons" reflectometer operating in time-of-flight mode for multipurpose surface studies.
G2.4 "Cold neutrons" reflectometer with polarized neutrons and polarization analysis for the study of magnetic layers.
Triple-axis instruments
1T "Thermal neutrons" high-flux 3-axis instrument with focussing monochromator and analyser, mainly devoted to phonon
dispersion curves measurements. High pressure cells (100 Kbar) available. CRG Instrument operated in collaboration with
the KIT Karlsruhe
2T "Thermal neutrons" high-flux spectrometer with focussing monochromator and analyser, mainly devoted to spin-waves
and magnetic excitations studies (1.5 to 80 meV).
4F1  "Cold neutrons" high flux 3-axis instruments with double monochromator and analyzer, mainly devoted to the study of
4F2 low-energy (15peV to 4meV) magnetic excitations. Polarized neutrons and polarization analysis option available.
G4.3 "Cold neutrons" high resolution and low background 3-axis instrument. (Available with limited support)
Quasi-elastic instruments
Glbis "Cold neutrons", high resolution and high flux spin-echo instrument. It can study, in a large Q range, slow dynamics of
large molecules in biology or long relaxation times like in glassy transition (Fourier times ~ 20ns)
Neutron Radiography and imaging
G3bis IMAGINE: Imaging station mainly dedicated to soft matter.
G4.5 Imaging technique : white beam facility for non-destructive control or dynamics imaging (NMI3 access only).
AUXILIARY SERVICES AVAILABLE Technical help for:
Laboratories for sample preparation: e Cryostat, Furnace (0.1 — 2000 K)
e Chemistry laboratory e  Medium/High pressures
e Biological laboratory e High magnetic fields (up to 10 T)

e Mechanics, Cryogenics, Vacuum

http://www-llb.cea.fr/fr-en/spectros p.php
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Access to beam time and selection committees

2015 was the last year for classical selection committees and beam time access. From mid-2016, a
joint LLB - CRGs selection committee has been set up in the frame of the new French federation of
neutron scattering (2FDN).

Beamtime access is free of charge for any experimentalist from the French Scientific community. LLB takes in
charge the expenses (travel and stay) of 2 people during the experiment.

Beamtime on the open-access spectrometers can be requested by submission of:

° An experimental application to a Selection Committee (Normal Procedure)
This procedure is open to any public/industrial researcher that is interested in using neutron scatter-
ing for his research. Results should be free to be totally or partially published in a Scientific Review.
DEADLINE FOR APPLICATION: April 1*" and October 1*
http://www-Ilb.cea.fr/en/fr-en/proposal.php

° An experimental application to the Directors (Exceptional)
This special procedure should only be used exceptionally for hot topics, confidentiality reasons or if an
anomaly in the review procedure is suspected. The delay between the acceptation decision and the
realization of the experiment is shortened to the minimum.
No deadline applies for such propositions (Application all along the year).
http://www-Ilb.cea.fr/en/fr-en/proposal.php

° A fast access application
This procedure allows a rapid access (1 to 2 months delay) to the spectrometers in order to perform a
short experiment (1 day max.). It can be used for feasibility tests, sample characterization, obtaining
complementary results...
No deadline applies for such propositions (Application all along the year).
http://www-Ilb.cea.fr/en/fr-en/prop-rap.php

CONTACT AT LABORATOIRE LEON BRILLOUIN

Laboratoire Léon Brillouin

Scientific Office

CEA SACLAY

Bdtiment 563 F - 91191 Gif-sur-Yvette Cedex
Tel. : 33(0) 1 69 08 60 38 Fax :33(0) 16908 82 61

e-mail : experience-llb at cea.fr

Internet : http://www-IIb.cea.fr
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2015 Selection committees

Proposals are examined by 5 Selection Committees. Each is composed of 8 to 10 senior scientists that are nom-
inated by the management of LLB for 3 years. At least half of them do not belong to the LLB and 2 or 3 are
coming from foreign institutes.

For each spectrometer, LLB gives a beam-time available which is shared out by the committee; each proposal
gets a grade A or B or C.

A : The experiment must be done and the committee allocates a beam-time
B : The experiment might be done if there is some extra beam-time,
C : The experiment is refused on scientific arguments.

Selection Committees are asked to take care of the educational duty of the LLB when proposal comes from
new young searcher.

SELECTION COMMITTEES: SCIENTIFIC FOCUS AND SUB-FOCUS
CLASSIFICATION
Focus 1 : Chemical physics, biological systems

1.01 Polymers and Supramolecular Structures

1.02 Water, aqueous solutions, polyelectrolytes, surfactants
1.03 System of biological interest, Biophysics

1.04 Colloids, nanostructures

1.05 Gels,composite materials

1.06 Other...

Focus 2 : Crystallographic and magnetic structures

2.01 Crystalline structures

2.02 Phases transitions

2.03 Magnetic Structures

2.04 High pressures (on powders)
2.05 Spin densities

2.06 Other...

Focus 3 : Disordered Systems, nanostructured materials and materials

3.01 Liquid and amorphous structures

3.02 Dynamics of disordered systems

3.03 Thin film materials

3.04 Nanostructured materials, precipitation, cavities,...
3.05 Crystallographic textures

3.06 Strains and residual stresses

3.07 Magnetic thin layers

3.08 Magnetic nano systems

3.09 Other...

Focus 4 : Excitations

4.01 Magnons

4.02 Supraconductivity

4.03 Coupling spin-network

4.04 Dynamics in frustrated systems

4.05 Polarized neutrons with polarization analysis
4.06 Phonons

4.07 Systems with strong quantum correlation
4.08 Otbher...
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LLB 2015 Reviewing committees

LLB members

French users

European users

COLLEGE 1: Chemical physics, biological systems
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