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Introduction
The ESRF began to operate almost exactly 100 years after W.C. Röntgen discovered X-rays. In
the intervening century, their enormous potential for understanding the structure of matter has
been exploited for materials from the simplest metal to complex proteins. Now, at the start of the
new millennium, and after six years of operation, the flagship of European X-ray research has all
of its experimental stations fully operational. More than 3500 users per year take advantage of the
unique experimental conditions and the beamlines are, on average, over-subscribed by a factor
greater than two. New records have also been set by the machine group: with 96.4% reliability and
an achieved brilliance of 4 x 1020 photons/mm2/mrad2/0.1%bw at 10 keV, they have again
demonstrated an outstanding capability for the successful operation, maintenance and
development of the storage ring.
The planning of the next stage of development of the ESRF started in 2000. This process will
continue during the year 2001 with strong participation from the user community. Among other
developments, we propose to combine very large magnetic fields with X-ray scattering, to establish
high-resolution photoelectron spectroscopy in the 10 keV range, to create a basic support for
applied materials research and to expand the activities in the field of macromolecular
crystallography, specifically for structural genomics.
When Yves Petroff, the departing Director General, initiated the Highlights in 1995, he summarised
the first results from 11 public and 4 CRG beamlines. Now there are about 40 beamlines altogether
in operation, each of them producing exciting results in a whole spectrum of scientific domains.
This is the last Highlights to which Yves Petroff has contributed. We congratulate him for his
extremely successful period of directorship and thank him for having emphasised the importance
of the ESRF's scientific output.
In this edition of the Highlights, we have tried to cover the calendar year as closely as possible.
The results presented here give only a partial view of the research that has actually taken place,
with many more experiments still awaiting further evaluation before eventual publication. To enable
rapid publication after the closing date for submission of the contributions, several scientists were
required to work on individual chapters, sometimes at very short notice.We gratefully acknowledge
the help of: R. Barrett, N. Brookes, J. Doucet, A. Fitch, G. Grübel, Å. Kvick, C. Riekel, F. Sette, J.
Susini and J. Zegenhagen. Special thanks go to G. Admans who, as the Editor of the Highlights,
brought together the many heterogeneous contributions.
W.E.A. Davies, J-M. Filhol, C. Kunz, P.F. Lindley, W.G. Stirling
(February 2001)

New Director General
Bill Stirling was educated at Edinburg University and, after a period as a
postdoc in Julich, joined the ILL in 1973. He was appointed as Professor of
Physics at Keele University in 1987, where he subsequently became Dean
and Head of Department. He moved to Liverpool University as Professor
of Condensed Matter Physics in 1995 and was Head of Department from
1999. As well as on neutron scattering with magnetic materials and
quantum fluids, his recent research has concentrated on synchrotron
Bill Stirling (left) and Yves Petroff (right).

magnetic scattering (4f and 5f materials) at the ESRF, NSLS, Daresbury and
Hasylab. Along with Malcolm Cooper, Bill Stirling directed the
construction of the XMaS CRG beamline. He has been the Director
General of the ESRF since January 2001.
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Introduction
Macromolecular crystallography
has continued to dominate the life
sciences. The examples chosen for
the Highlights 2000 are illustrative
of the power of the technique and
the detailed structural-function
information that it can yield. The inhouse programme of research in
this area has also been very active
with a detailed study of the effects
of radiation damage caused by the
use of a third-generation source and
an exciting development in the
single-wavelength anomalous
dispersion (SAD) method. This latter
development, whereby sufficient
phase information can be obtained
from the anomalous scattering of
the indigenous sulphur atoms
alone, requires high quality
intensity data collected to high
resolution. However, it obviates the
need for manipulating the native
protein in terms of
selenomethionine substitution or
the preparation of other heavy
atom derivatives. Clearly, the
method needs further exploration.
Future activities in macromolecular
crystallography will concentrate on
automation. This will involve both
instrumental developments such as
automatic sample changing
(including pattern recognition of
micro-crystals and centring them in
small X-ray beams), through quality
control of data collection, to phase
development and structure
solution. For the “routine”
problems, it is intended to adopt a
“send a crystal, obtain a structure”
approach. This should not only
allow scientists to have more time
to think about science, i.e. what
does the structural information
mean in terms of function, but also
to free resources to tackle the
genuinely demanding problems.
Instrumental developments will
centre around beamline ID14-3 and
this will obviously mean some
disruption to the user service on
this beamline. It is hoped that the
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user community will be
sympathetic on the basis that the
success of the automation
programme will bring medium and
long-term benefits to everybody
and allow the ESRF to play a
leading role in new programmes
involving genomic studies.
Despite the dominance of
macromolecular crystallography,
other techniques including Smallangle X-ray Solution Scattering,
X-ray Absorption Spectroscopy and
X-ray microscopy continue to play
key roles in structural biology and
biophysics. It has to be
remembered that for many
problems in these scientific fields,
the production of single crystals is
either inappropriate or technically
impossible at the present time.
Examples of the use of these
techniques can be found in other
sections of the Highlights.
The medical research facility on
beamline ID17 continues to make
progress. Jointly conceived and
operated by the ESRF and the CHU
Grenoble, it supports a wide range
of research programmes concerned
ultimately with human health
issues. Over the past several years,
the commissioning of the beamline
has seen programmes develop in
coronary angiography,
bronchography, computed
tomography of cerebral blood
perfusion, microbeam radiation
therapy and user programmes in
imaging and radiation therapy. As
the final step in the commissioning
of this unique facility, the imaging
of the coronary arteries of human
patients started in January 2000.
Since then, 17 patients have been
imaged at the facility. With this
success, the beamline can now be
considered fully operational.

Life Sciences

Determination of the
Structure of the Capsid of
Human Hepatitis B Virus

crystallographic symmetry. The path of the polypeptide
backbone in the resulting electron density map was very
clear for residues 1-142 in all four independent copies that
make up the icosahedral repeat unit of the capsid. An atomic
model was refined with XPLOR imposing strict icosahedral
symmetry, giving a final R-factor of 27.1%.

Hepatitis B virus is a human pathogen of major significance,
as chronic infection can lead to cirrhosis and primary liver
cancer, resulting in over a million deaths each year. The viral
capsid is composed of a single polypeptide chain, MW
21000, known as the core antigen. When the gene for the
core antigen is expressed in Escherichia coli, the expressed
protein assembles into shells, which are indistinguishable
from capsids isolated from intact virus. The capsid protein
contains a very basic C-terminal sequence that is believed
to interact with the viral nucleic acid. Removal of this Cterminal sequence by truncation at residue 149 leads to
higher levels of bacterial expression with no obvious change
in the morphology of the particle. The truncated capsids with
T = 4 icosahedral symmetry (Figure 1) have been
crystallised and diffraction data were collected to 3.3 Å
resolution from 20 cryocooled crystals on beamline ID2.
Exposure times of up to 120 seconds for a 0.3° oscillation
were required.

As expected from both CD spectra and the EM work, the
monomer fold is largely helical. This is unusual for viral coat
proteins, which more typically form a jellyroll or ß-barrel
structure. The fold of the monomer is stabilised by an
extensive hydrophobic core. Two monomers associate to
give a compact dimer in which the two α-helical hairpins
pack to form a four-helix bundle. As recognised in the
electron cryomicroscopy model, it is this four-helix bundle
that forms the characteristic spikes on the surface of the
capsid.The C-terminal regions (aa 125-142) of the truncated
protein associate around the icosahedral 5-fold and 2-fold
(quasi 6-fold) axes and provide most of the packing
interactions between adjacent subunits that build up the
capsid. The resulting capsid consists of a thin spherical
protein shell, with an inner radius of 130 Å and a thickness
of 20 Å, from which the four-helix bundles protrude, forming
spikes approximately 25 Å in length and 20 Å in width. The
capsid is fenestrated, with large pores (approximately 15 Å
in diameter) around the icosahedral 2-fold (quasi 6-fold), 3fold and quasi 3-fold axes. As reverse-transcription of the
viral pregenomic RNA to partially double stranded DNA
occurs within the assembled capsid, it has been proposed
that the pores are essential to allow nucleotides access to
the capsid interior during DNA synthesis.
Principal Publication and Authors
S.A. Wynne, R.A. Crowther, and A.G.W. Leslie, Molecular
Cell, 3, 771-780 (1999).
MRC, Cambridge (UK)

Structure of DNA Mismatch
Repair Protein MutS Binding
to a G:T Mismatch
Fig 1: Ribbon representation of the T = 4 hepatitis B capsid,
viewed down the icosahedral 3-fold axis.

Initial phases were obtained from a 7.4 Å resolution map
determined by single particle electron cryomicroscopy. As
the capsid packs in the C2 unit cell with a viral 2-fold axis
coincident with the crystallographic 2-fold, only one
orientational parameter was unknown, and this could be
found from the self-rotation function. Initial phases to 8 Å
resolution calculated from the EM model were extended
to 3.3 Å resolution by exploiting the 30-fold non-

DNA mismatch repair (MMR) is responsible for the
maintenance of DNA fidelity upon replication. It captures
errors in the newly synthesised DNA strand that are missed
by the polymerase proofreading, lowering the mutation
frequency by a factor of 100-1000. In humans, loss of a
single allele of one of the mismatch repair proteins causes
one of the most widespread forms of predisposition for
cancer, called hereditary non-polyposis colon cancer
(HNPCC). Functional mismatch repair is dependent on
recognition of mismatches by a dimeric MutS protein, a
homodimer in bacteria but a heterodimer in humans
(MSH2/MSH6 or MSH2/MSH3). Upon recognition of the
mismatch and binding of ATP, MutS can activate a second
protein MutL to search for a strand discrimination signal.
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Fig. 2: Crystal structure of E. coli MutS. The MutS
monomer (green) recognises the G:T mismatch in
the DNA (red) and has ADP bound (at the bottom
of the figure in red). The monomer in blue provides
the non-specific DNA binding domains and an
empty ATPase domain.

Once this signal is found (up to 1 kb away) the newly
synthesised strand is removed and resynthesised.
The crystal structure of Escherichia coli MutS has now been
solved. Crystals were grown of ∆C800, a C-terminally
truncated (53 amino acids) MutS, in the presence of a G:T
mismatched DNA oligomer. The structure was solved with a
three-wavelength selenomethionine MAD experiment,
performed at beamline BM14. High-resolution data (2.2 Å)
from the same crystal were collected at beam line ID14-2.
In the structure (Figure 2) dimeric MutS is bound to one
mismatched DNA oligomer. The protein embraces the DNA
with non-specific binding domains from both monomers,
while it probes the mismatch with the N-terminal domain
from just one monomer. Thus this protein exists as a
structural heterodimer, explaining why only one of the
partners in the eukaryotic heterodimers determines which
mismatch is bound. The mismatch is recognised by
hydrogen bonds to the bases and insertion of a
phenylalanine, which sharply kinks the DNA at the mismatch
site. The flexible DNA recognition domains allow MutS to
accommodate the small changes in binding that are
necessary to recognise all the different mismatches.

The Light-driven Chloride
Pump Halorhodopsin –
Equivalent Mechanisms for
Proton and Chloride
Transport?
Halide transport through biological membranes imposes
structural restraints on membrane transporters that are
different from those in the transport of protons or cations.
Apart from well-known examples of chloride transporters
such as the CFTR chloride channel or the band 3 protein,
halorhodopsin (HR) is the only representative of a lightdriven chloride pump. This heptahelical membrane protein is
an archaeal rhodopsin that occurs ubiquitously in
Haloarchaea. After light absorption at 578 nm by an
isomerisable retinal-Schiff base chromophore, chloride is
pumped through the lipid bilayer in a subsequent series of
spectroscopically distinguishable intermediates.
Three-dimensional crystals of halorhodopsin were grown in
a cubic lipidic phase using conditions that closely mimicked

MutS has composite ATPase domains in which both
monomers participate, with similarity to the ABC transporter
ATPase domains. In the crystal structure only one monomer
has ADP bound, indicating the existence of a complicated
ATPase cycle, in which alternating ATPase activities in the
two monomers play a role. This is similar to other multimeric
ATPases, but had not been realised for the MutS family.
These structures provide a basis for understanding the
precise role of MutS in DNA mismatch repair and help in the
analysis the effect of specific mutations in HNPCC patients.
Principal Publication and Authors
M.H. Lamers (a), A. Perrakis (b), J.H. Enzlin (a),
H.H.K. Winterwerp (a), N. de Wind (a), and T.K. Sixma (a),
Nature, 407, 711-717 (2000).
(a) Netherlands Cancer Institute, Amsterdam
(The Netherlands)
(b) EMBL, Grenoble (France)
HIGHLIGHTS 2000 ESRF
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Fig. 3: The chloride-binding site in halorhodopsin. CL501
(green sphere) occupies the transport site of HR, with an
attached cluster of three water molecules (small, red spheres).
The retinal chromophore (RET, blue) contacts CL501 with its
Schiff base nitrogen atom. Photoisomerisation of the retinal
and subsequent structural changes in the protein portion,
which are currently being studied using cryo-trapped crystals,
cause the translocation of CL501 towards the other side of the
retinal and final release towards the cytosol.

Life Sciences
the hypersaline conditions of the haloarchaeal cytosol. The
structure of this anion pump was determined at 1.8 Å
resolution using high-quality data collected at beamline
ID14-3 [1]. The layer-like packing of halorhodopsin
monomers in these 3D-crystals closely matches the
organisation of purple membranes which are natural
2D-crystals formed by the homologous proton pump
bacteriorhodopsin. In a similar manner to bacteriorhodopsin,
halorhodopsin assembles into trimers around a central
lipidic patch, but adopts a different quaternary arrangement
[2]. Next to the protonated Schiff base between Lys 242 and
the isomerisable retinal chromophore, a single chloride ion,
CL501, occupies the transport site (Figure 3). The location
of CL501 precisely coincides with the position of the primary
proton-accepting oxygen of D85 in bacteriorhodopsin (BR)
which indicates that the electrostatics are highly conserved
in the transport sites of HR and BR despite the different
transport specificities. The structure of HR now suggests a
simple mode of ion dragging across the PSB such that
chloride and proton translocation modes are mechanistically
equivalent in archaeal rhodopsins.
References
[1] M. Kolbe, H. Besir, L.-O. Essen and D. Oesterhelt,
Science, 288, 1390-1396 (2000).
[2] L.-O. Essen, R. Siegert, W.D. Lehmann and
D. Oesterhelt, Proc. Natl. Acad. Sci. USA, 95, 11673-11678
(1998).
Authors
L.-O. Essen, M. Kolbe, H. Besir and D. Oesterhelt.
Max-Planck-Institute for Biochemistry, Martinsried
(Germany).

Structure of a Low-affinity
Penicillin-binding Protein
from Enterococcus Faecium
Penicillin-binding proteins (PBPs) are membrane proteins
involved in the final stages of peptidoglycan synthesis and
represent the main target for b-lactam antibiotics.
Enterococcus faecium strains are resistant to penicillin
through the overproduction of low-affinity penicillin-binding
protein PBP5 [1]. Only one structure of a penicillin sensitive
PBP has been solved (PBP2x from Streptococcus
pneumoniae [2]). The availability of the structure of a
resistant PBP such as PBP5 is of the utmost importance for
the understanding of the resistance mechanism developed
by the bacteria. It should lead to the development of new
antibiotics designed to specifically bind to this protein active
site.
Multiwavelength anomalous dispersion seemed the most
appropriate technique for deriving phase information in the
determination of the PBP5 structure. Small crystals of the

SeMet protein were obtained. Data collection was performed
under cryogenic conditions at beamline ID14-4. MAD data
were collected at three different wavelengths (peak,
inflection, remote). At each wavelength, 540 frames were
collected with an exposure time of 0.5 s and an oscillation of
one third of a degree. The three data sets were complete up
to 2.4 Å, a resolution that could only be reached on ID14-4.
The space group was C2 (a = 79.3 Å; b = 128.8 Å; c = 236.1
Å and ß = 93.92°) with three molecules in the asymmetric
unit (Figure 4). PBP5 is a 647 amino-acid protein with 13
methionines. 30 out of 39 possible selenium sites have been
localised using Shake-and-Bake. This was further refined by
the use of the MLPHARE program from the CCP4 suite. The
MAD map calculated after density modification was suitable
to initiate the protein construction. Refinement was
completed using CNS.
Fig. 4: Ribbon
representation of the PBP5
from Enterococcus
faecium showing the three
molecules in the
asymmetric unit.

PBP5 is composed of
two domains. The Nterminal domain folding
is new and no biological
function has yet been
attributed
to
this
domain. The C-terminal
domain resembles the
transpeptidase domain
of the penicillin-sensitive
PBP2x
and
more
generally to penicillinrecognising enzymes
(DD-peptidases, DDcarboxypeptidases, ßlactamases of class A, C or D). The active site is delimited
by the classical motifs conserved for these proteins.
References
[1] W. Zorzi, X.Y. Zhou, O. Dardenne, J. Lamotte, D. Raze, J.
Pierre, L. Gutmann and J. Coyette, J. Bacteriol., 178, 49484957 (1996).
[2] S. Pares, N. Mouz, Y. Petillot, R. Hackenbeck and
O. Dideberg, Nat. Struct. Biol., 3, 284-289 (1996).
Authors
E. Sauvage (a), G. Leonard (b), P. Charlier (a),
R. Herman (a), P. Stefanic (a), J. Coyette (a), Y. Taburet (c),
J. Dumas (c), D. Prévost (c), B. Schoot (c) and
J.P. Marquette (c).
(a) University of Liège (Belgium)
(b) ESRF
(c) Hoechst Marion Roussel / Aventis, Paris (France)
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Thermotoga Maritima
Ribosome Recycling Factor –
A tRNA Mimic
Ribosome recycling factor (RRF) together with elongation
factor G (EF-G) catalyses recycling of prokaryotic ribosomes
after a completed round of protein synthesis. At this stage,
the ribosome is bound to an mRNA stop codon and
presumably has an empty A site.The deacylated tRNA, from
which the nascent peptide has been detached, sits in the P
site. The action of RRF and EF-G is to catalyse disassembly
of this complex into 70S ribosome, mRNA, and tRNA.
The structure of RRF from Thermotoga maritima was solved
[1] using data collected at beamline BM14. Three
wavelength MAD data to 2.9 Å was collected at 100 K using
selenomethionine substituted crystals.

Fig. 5:
RRF is an
L-shaped
molecule with
dimensions
70 x 47 x 20 Å.

RRF consists of an elongated three-helix bundle domain
and a β/α/β sandwich (Figure 5). Together they
superimpose almost perfectly with a tRNA molecule. This
mimicry suggests that RRF binds to the ribosome similarly
to a tRNA molecule.
Principal Publication and Authors
[1] M. Selmer (a), S. Al-Karadaghi (a), G. Hirokawa (b),
A. Kaji (b) and A. Liljas (a), Science, 286, 2349-2352
(1999).
(a) Molecular Biophysics, Lund University (Sweden)
(b) University of Pennsylvania, Philadelphia (USA)

The Structure of the 30S
Ribosome Subunit
In all organisms, the information present in the gene is
copied to an intermediate molecule called messenger RNA
(mRNA), and then translated into protein by the ribosome.
The process is mediated by an adapter molecule called
tRNA, which contains an amino acid linked at one end, with
a three-base anti-codon at the other end, which is
HIGHLIGHTS 2000 ESRF
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complementary to the codon on the gene. Ribosomes are
large nucleoprotein particles, and consist of two subunits,
denoted small (or 30S) and large (or 50S) in bacteria. They
have a mass of about 2.5 MDa, and are about 2/3 RNA by
mass. Eukaryotes and archaea have significantly larger
ribosomes but are thought to function in essentially the
same way. The 50S subunit contains the site of peptidyltransferase activity, which catalyses the formation of the
peptide bond during the addition of an amino acid to the end
of a growing polypeptide chain. The 30S subunit provides
the binding site for mRNA and is responsible for monitoring
base-pairing between the codon on mRNA and the
anticodon on tRNA. Ribosomes are also the target for a
large number of clinically important antibiotics, including
streptomycin, gentamycin, erythromycin and tetracycline.
However, despite four decades of biochemical work, details
of ribosome function and the action of antibiotics have been
unclear due to lack of structural information. The ribosome is
a very large RNA-protein complex, so its structure is also
extremely important for understanding RNA structure and its
interactions with proteins.
Until recently, structural studies on ribosomes were hindered
by difficulties in obtaining crystals that diffracted to high
resolution. With respect to the 30S subunit, it is now possible
to obtain, in a regular manner, crystals that diffract to 3.0 Å
[1]. However, key technological developments were also
required and these include (a) highly monochromatic,
tuneable and brilliant synchrotron beamlines made possible
by insertion devices, (b) fast, large and high-resolution area
detectors, (c) fast computing, and (d) better crystallographic
software. Another essential advance was the development
of cryocrystallography.
Several approaches have been used to obtain phase
information, including the use of heavy atom clusters,
cryoelectron microscopic reconstructions as starting models
for low-resolution molecular replacement, or the use of
anomalous scattering. In our case, an initial 5.5 Å structure
was obtained by phases from a combination of heavy atom
clusters and anomalous scattering [1]. In hindsight, it
appears that the heavy atom cluster phases were not
essential, though they were extremely useful in the
identification of heavy atom sites.
To obtain high resolution phases (to about 3.2 Å), we relied
heavily on anomalous scattering from LIII edges. These
experiments were mainly done at the APS SBC ID-19
beamline and also at the ID14-4 beamline at the ESRF. The
LIII edges of lanthanides and osmium have a very strong
white line, which gives rise to about 20-30 electrons of
anomalous scattering per atom. By orienting crystals and
measuring Bijvoet pairs accurately, we were able to get
maps that were sufficient to build an atomic structure and
refine it to a resolution of 3 Å [2]. We have also solved the
structure of the 30S in complex with three antibiotics,
streptomycin, paromomycin and spectinomycin, using data
collected at ID14-4 [3].

Life Sciences
Authors
D.E. Brodersen, A.P. Carter, W.M. Clemons Jr., B.T.
Wimberly, and V. Ramakrishnan.
MRC, Cambridge (UK)

X-rays Can Leave a
"Fingerprint" on Structures

Fig. 6: The structure of the 30S subunit. The RNA is shown in
purple and the proteins in various colours. The binding site for
the antibiotics is highlighted.

Radiation damage of crystalline biological samples has
become a daily problem on the undulator beamlines of thirdgeneration sources, even at cryogenic temperatures.
Whereas many crystalline samples show a clear increase in
resolution when using the ESRF undulator beamlines, this
increase cannot always be maintained throughout the data
collection because of the problem of radiation damage. Until
recently, it was generally believed that radiation damage is
non-specific, in that it would only affect the resolution at
which the structure could be studied but would not affect the
structure itself. However, three studies [1,2,3] performed at
the ESRF beamlines ID14-3 and ID14-4 have shown that
highly specific changes can occur. Disulphide bonds
fragment when the absorbed dose increases, and acidic
residues become decarboxylated.Thus, X-rays can leave an
indelible "fingerprint" on the structure (Figure 7).

The structure is shown in Figure 6. It consists of a 1522
nucleotide piece of RNA and 20 polypeptide chains. Using
the structure, we have been able to analyse the binding sites
for tRNA and mRNA. We were helped by the fact that a
stem-loop of RNA from a neighbouring molecule in the
crystal is inserted into one of the tRNA binding sites. The
end of ribosomal RNA is also folded back into the mRNA
binding cleft, so the structure gives a clear idea of the path
of mRNA in the 30S. The antibiotics themselves shed light
not only on how they work, but on several crucial ribosome
functions such as translocation, and decoding, or how the
30S discriminates between correct and incorrect tRNAs
based on whether they are complementary to the codon on
mRNA or not.
These structures, along with other ribosome structures from
other groups, will greatly accelerate the process of
understanding translation at a molecular level.
References
[1] W.M. Clemons, J.L.C. May, B.T. Wimberly,
J.P. McCutcheon, M. Capel and V. Ramakrishnan, Nature
400, 833-840 (1999).
[2] B.T. Wimberly, D.E. Brodersen, W.M.J. Clemons,
R. Morgan-Warren, C. von Rhein, T. Hartsch and
V. Ramakrishnan, Nature 407, 327-339 (2000).
[3] A.P. Carter, W.M.J. Clemons, D.E. Brodersen,
R. Morgan-Warren, B.T. Wimberly, and V. Ramakrishnan,
Nature 407, 340-348 (2000).

Fig. 7: A difference electron density map showing only one
sulphur atom of a disulphide bridge. This bridge was intact in
the native protein, but has been ruptured as a result of
radiation damage.

The onset of this damage can occur even before clear
changes in the diffractive power of the crystal are observed,
and it is likely that many published structures have not taken
this into account. New and better-suited criteria have now
been introduced that are indicative of the X-ray "fingerprint"
and these include changes in the unit cell volume that occur
even during the early stages of radiation damage.
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Secondary damage, mediated by mobile electron centres
and holes, both coming from the protein ("direct") and the
solvent area ("indirect"), seems to play a crucial role. The
one electron reduction of a disulphide bond to RSSR•- is
well known from radiolysis studies and occurs with a very
high rate constant (1.5x1010 L mol-1 s-1 at room temperature
and pH 6.2). This reaction also occurs during experiments
with crystals irradiated at 100 K, and the disulphide radical
may further react to form others species such as RS•, RSH
and RS-. The decarboxylation of acidic residues may
proceed via the transfer of an electron hole to the carboxyl
group, which in turn leads to the formation of CO2 and a
carbon centred radical.
Radiation damage induced by X-rays is not just an
experimental problem. The clear order that is observed in
the susceptibility to reduction of different disulphide bonds
within a sample could be a simple measure of the
environment of the disulphide bond. There is a range of
more than 11 orders of magnitude in stability among
disulphide bonds within different proteins as measured by
Kox, which gives the stability of a disulphide bond to
reduction by glutathione. There may be a clear correlation
between the susceptibility to radiation damage and Kox. It
has been observed that during bond breakage one of the
sulphur atoms remains relatively fixed in position, whereas
the other is labile and this could be of direct relevance to
understanding the dynamics of enzymes that require labile
disulphide bonds for activity, such as thioredoxin and DsbA.
Recently it has also been shown that specific changes in the
macromolecular structures induced by radiation damage
may be of real use for phasing macromolecular structures.
References
[1] M. Weik, R.B.G. Ravelli, G. Kryger, S. McSweeney,
M.L. Raves, M. Harel, P. Gros, I. Silman, J. Kroon and
J.L. Sussman, PNAS, 97(2), 623-628 (2000).
[2] R.B.G. Ravelli and S. McSweeney, Structure, 8, 315-328
(2000).
[3] W.P. Burmeister, Acta Cryst., D56, 328-341 (2000).

Fig. 8: Part of the
electron density map of
crustacyanin.

techniques, the structure determination appeared to be
insoluble. Furthermore, in the absence of suitable
constructs, it was not possible to produce a
Selenomethionine substituted protein for MAD experiments.
An unusual approach was therefore undertaken based on
the knowledge that the protein possesses three di-sulphide
bonds. The positions of these sulphur atoms, intrinsic to the
dimeric native protein, were located using the anomalous
signal from sulphur. These sulphur positions were then used
in a new ab initio phasing procedure to produce phases to
atomic resolution and a readily interpretable electron density
map.
Data were collected from a single crystal on BM14, with a
wavelength of 1.77 Å. At this wavelength the expected f ”
signal from the sulphur is 0.75e-. The expected signal for 12
sulphurs in 362 residues in the asymmetric unit is of the
order of 1%. 560 degrees of data were collected, which gave
100% completeness to 2.5 Å, with a multiplicity of 21.3 and
an overall Rsym = 4.6%.

Structure Determination
using the Anomalous Signal
from Sulphur Atoms

SnB [1], a direct methods program, was used to determine
the sulphur atomic positions from the anomalous signal. Six
positions were found, which corresponded to one of the two
sulphurs present in each disulphide bridge. These six sites
exhibited the non-crystallographic symmetry expected for
the dimeric arrangement of molecules in the crystallographic
asymmetric unit. Refinement of these sulphur positions
against the data gave encouraging statistics. Maximum
likelihood residual maps revealed six more positions
corresponding to the second sulphur atoms in each
disulphide bridge. All 12 sulphur sites were then refined to
give occupancies of 1.0 and a Figure of Merit of 0.10 for
centric reflections and 0.36 for acentric reflections to a
resolution of 2.5 Å. However, no further progress was
achievable at this stage using conventional phasing
programs.

Crustacyanin is a chromophore binding protein found in
lobster carapace. Crystals of the C1 subunit of the protein
are of excellent quality and diffract to atomic resolution.
However, despite many efforts using both molecular
replacement and multiple isomorphous replacement

The twelve sulphur sites were subsequently used with a
high-resolution data set (1.15 Å), collected from the same
crystal with a completeness of 100% and an overall Rsym =
6.0%. Using the ab initio phasing program ACORN [2], the
twelve sulphurs were used to calculate an initial phase set
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and these phases were refined and extended to produce a
map at 1.15Å which was readily interpretable. Figure 8
shows part of the electron density map section with various
aromatic residues clearly visible.
Although using the anomalous signal from sulphurs has
already been demonstrated to be a successful phasing tool
for small proteins [3], this is the first time that it has been
demonstrated to work for an unknown protein structure.
Future work will explore the general utility of this method for
phasing macromolecular structures.
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First Human Coronary
Angiography at the ESRF

crystal mounted in Laue geometry, which focuses the beam
vertically. Two monochromatic beams are produced, one
with an energy above and the other below the K-absorption
edge of iodine at 33.17 keV. The data acquisition system is
made of a high purity germanium detector associated with
high dynamic range electronics (16 bits). The detector is
electrically segmented into 864 strips distributed over two
rows, resulting in a detection element pitch of 350
micrometres. Since the X-ray beam is fan-shaped (0.7 mm
high and 150 mm wide) it is necessary to move the patient
through the beam in order to obtain two-dimensional
angiograms. The positioning system, which allows both for
positioning of the patient and the scan motions during the
data acquisition, is a high-precision stage with seven
degrees of freedom. The X-ray dose received by the patient
amounted to 30 mGy/image.
A research protocol has been designed to evaluate the
potential of this method, in comparison with the conventional
arterial catheterisation technique. Patients included in the
protocol have previously undergone angioplasty. In 30% of
the cases re-stenosis occurs after angioplasty. If a restenosis is suspected, the patient is imaged at the ESRF in
orientations that allow visualisation of the right coronary
artery, and within the next few days with the conventional
technique at the hospital.The total radiation dose to a patient
during the synchrotron imaging sequence is limited to 0.2 Gy
by the medical protocol. Thirty patients are included in this
validation phase, which will be completed in 2001.

Over the past two decades, there has been an effort at
several synchrotron facilities to develop the technology of
transvenous synchrotron coronary angiography [1]. The first
patient studies have now been carried out at ID17, the
Medical Beamline [2]. The programme addresses the
fundamental concerns associated with conventional
angiography, which requires the injection of a contrast agent
directly into the coronary arteries by means of arterial
catheterisation. The potential risks of patient mortality and
morbidity, the discomfort and the frequent hospitalisations
required prevent its use for routine screening or research.
These problems will be essentially eliminated by the
transvenous technique in which the contrast agent is
injected into a peripheral vein. At the ESRF, the medical
research facility has been commissioned for basic research
studies in areas of fundamental bio-medical and pre-clinical
research [3]. The commissioning of the human angiography
program brings to an end the construction phase of the
facility. The X-ray energies and intensity are those required
for the dual-energy digital subtraction technique to enhance
the image contrast of the coronary arteries following venous
injection of the iodinated contrast agent.
The X-rays available in the medical facility radiate from a
wiggler magnet and are about 4 orders of magnitude more
intense than from a conventional source. The ESRF
monochromator is a single cylindrically bent silicon (111)

Fig. 9: a) Intravenous synchrotron angiogram, b) Conventional
angiogram.
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The catheter is inserted into the brachial vein in the arm
under fluoroscopy control. The patient is then installed in the
scanning system in the imaging room. The correct
orientation is first checked by taking a single image at low Xray dose and without injection of a contrast agent.The transit
time between the injection of the contrast agent and the
arrival of the bolus in the heart is then measured using a
series of five synchrotron images at low X-ray dose (5 mGy)
and with a small amount of contrast agent (10 ml). When the
contrast agent used for the transit time estimation has
disappeared totally from the venous circulation, the imaging
sequence takes place. 45 ml of iodine contrast agent are
injected under remote control (15 ml/s). The image
sequence is started a few seconds after the injection of the
contrast agent depending on the transit time evaluation.
Images are then acquired to follow the iodine bolus through
the patient circulation while the positioning system is moving
up and down.
One image obtained with the first patient at the ESRF is
shown on Figure 9a. Stenosis appears visible inside the
stent in the second segment C2, and a known distal stenosis
visible at the crux remains mild (less than 50%). The
excellent visualisation of the distal part of the right coronary
artery (RCA) should be noted. These findings are in
excellent agreement with the conventional selective
coronary angiogram performed a few hours later in the
hospital cardiology unit (Figure 9b).
The synchrotron method is a very efficient minimallyinvasive technique to visualise and quantify coronary
stenosis. The ESRF has advantages over other synchrotron
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facilities for this type of research. The beamline has been
designed to allow imaging at the gadolinium K-absorption
edge in the future. Research with a Gd contrast agent may
lead to superior images with lower radiation dose to the
patients, particularly for large patients. One of the major
strengths of the programme is the close collaboration and
support by the staff from the Centre Hospitalier Universitaire.
This is essential to the long-term development and utilisation
of the facility.
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Introduction
Chemistry continues to flourish at
the ESRF, with more than half of the
beamlines receiving applications for
experiments, illustrating the wideranging nature of chemistry itself
and the many applications of
synchrotron radiation in this
discipline.
The first two examples show how
the structural response of chemical
systems to electronic excitation by
laser light can be followed on the
picosecond timescale, for either a
crystalline organic solid, or for a
simple diatomic molecule in
solution. Direct knowledge of the
resulting dynamic processes yields
information about the potentialenergy surface between the
interacting species and
complements theoretical and
spectroscopic investigations. These
are technically challenging
experiments, for which the high
brilliance and pulsed nature of the
ESRF source are essential.
The covalent interactions between
the atoms of a diatomic molecule
can also be affected by the
application of pressure. At high
pressures halogen molecules
dissociate. For iodine, metallisation
precedes dissociation, but the onset
of metallisation for the other
halogens is uncertain. X-ray
absorption spectroscopy
measurements of the evolution of
the pre-K-edge peak in bromine
with pressure show convincingly
that metallisation in bromine
occurs before the subsequent
dissociation, at pressures in accord
with recent calculations.
Synchrotron radiation is often
brought to bear on systems
exhibiting complex behaviour. Two
examples of crystalline organic
materials are illustrated, both were
investigated by single-crystal X-ray
diffraction. In the first, there is an
intricate scheme of disorder,

accompanied by extensive diffuse
scattering and satellite reflections,
which evolves from the tip to the
centre of the crystal. Analysis of the
data was performed using a
distributed array of computers to
obtain a detailed three-dimensional
model. In the second, the material
exhibits the unusual property of
negative thermal expansion along
one direction, contracting rather
than expanding as the temperature
is raised. The crystal structure was
solved from a small single crystal,
and the evolution of the unit-cell
dimensions with temperature was
followed using a powder.
EXAFS spectroscopy is used in
conjunction with high-resolution
powder X-ray diffraction to
investigate copper ions in a copperexchanged zeolite, a microporous
material that has been found active
for the catalytic conversion of
nitrous oxide (NO) to inoffensive
nitrogen and oxygen. The location
of the ions within the structure and
characterisation of their
interactions with adsorbed
molecules, by complimentary
approaches, are important steps
towards understanding the
mechanism of the catalytic activity.
Investigation of radioactive
materials is now possible at ESRF, at
the BM20 CRG beamline, where all
the necessary facilities for safe
handling are installed. The EXAFS
investigations included in these
highlights are the study of the
formation of a variety of
monomeric and polynuclear
complexes of the uranyl ion with
hydroxide as a function of pH, a
topic of interest for many years.
Finally, the stability in solution of
novel technetium-based complexes
has been studied as part of an
investigation into possible new
radiopharmaceuticals, used in
medical imaging.
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Following Transient
Structural Changes in
Organic Solids

(torsion) or vibronic coupling as in NH3 (inversion)
characterise the photo-physical behaviour of DMABN.

With common optical pump-probe techniques it is possible
to follow structural relaxation processes provided they
coincide with spectral changes. However, experimental
results obtained with these techniques can only be
interpreted when the potential energy surface (PES) of the
(transient) species is well known and understood. For
this, time-dependent classical and quantum-chemical
calculations are carried out and the results are compared
with experimental data. Since time-resolved X-ray
diffraction directly probes the structural changes (via
reciprocal space), no information about the PES is needed.
This method gives detailed information about the structural
rearrangements without prior knowledge of the strongly
perturbed PES, especially in systems where the photophysical relaxation pathway is dominated by largeamplitude motions.
In the following, systems will be discussed where the
photo-physical behaviour is strongly coupled and
influenced by large-amplitude motions. The time
dependence of the structural changes is studied by optical
pump X-ray probe schemes at ID9-TR. With this technique
it is possible to follow the structure factors of a system as
a function of time. After photo-initiation of the reaction by a
300 fs optical laser pulse, the excited state is probed with
a 150 ps X-ray pulse [1]. By varying the delay between
pump and probe, a series of snapshots of the moving
structure can be taken, where each shot probes the
average structure (non-excited and excited, including the
dispersion of the latter) at a given time. Since the typical
lifetime of the systems reported here is in the nanosecond
range, this is equivalent to following the structural
relaxation pathways during the lifetime of the excited state
– on the excited-state PES.
We have studied the time-resolved (TR) powder diffraction
of N,N-dimethylaminobenzonitrile (DMABN, C9H10N2,
Figure 10), a compound widely discussed in the literature
with emphasis on its relaxation mechanisms during photoexcitation [2], and a special case of a molecular chargetransfer compound. Our aim was to measure the structural
relaxation following photo-excitation and to test the
feasibility of using this method to determine displacements
at atomic resolution on a picosecond timescale. One of the
main questions was whether structural relaxation takes
place in a crystal and, if so, what is the amplitude and
timescale (Figure 10). With TR X-ray diffraction, it should
be possible to distinguish between the inversion motion of
the CH3-groups around the N-atom and the torsional
motions of the CH3-groups as relaxation processes on the
excited state PES. Depending on the kind of motions,
electronic-coupling effects between the π electrons
HIGHLIGHTS 2000 ESRF

14

Fig. 10: The intramolecular degrees of freedom, which
contribute to the relaxation process (inversion ϑinv and
torsion φtors). C-atoms of the phenyl moiety are given as open,
N-atoms as black and the amino-C as grey circles.

Fig. 11: Relaxation pathway of light-excited DMABN as a
function of time: a) Change of inversion and torsion of an
asymmetric unit as a function of time; b) Time-dependence of
the averaged torsional angle <φ> as a function of time.

Chemistry
The results obtained from monochromatic TR X-ray
diffraction are presented in Figure 11. Figure 11a
summarises the complex relaxation behaviour of one
asymmetric DMABN unit with respect to the coupled
motions, torsion and inversion, as a function of time. In
Figure 11b the time decay of the averaged torsional angle
is plotted. Not shown in the picture is the change of the
inversion from 13° to 3° and back, which essentially follows
the same time dependency.

Proof-of-principle experiments were performed at ID9
using iodine in dichloromethane as a test system. The
energy-level surfaces of this system are illustrated in
Figure 12. Following photo-excitation to a repulsive energy
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Fig. 12: Schematic illustration of the energy surfaces of
molecular iodine.

Picosecond Photochemistry
in Solution
Femtosecond spectroscopy has now reached a high level
of maturity. However, one intrinsic limitation of the
technique is that when interpreting spectroscopic results
the energy surfaces of the ground state and all excited
species must be known in detail. For this reason, as well as
the influence of thermal effects and impurities, the
interpretation of a spectroscopic signal rapidly becomes
challenging as the system of study increases in complexity.
Since X-rays have a wavelength of the order of atomic
spacings, a diffuse X-ray scattering pump-probe approach
offers the promise of visualising, in real time, rapid
structural changes in photochemical systems [1]. This
potential was recognised by Professor Ahmed Zewail
(1999, Nobel Prize in Chemistry), who has developed a
picosecond pump-probe methodology using electron
diffraction from a molecular beam in a vacuum
environment [2]. A number of technical challenges are
posed by picosecond diffuse X-ray scattering. There is no
crystal lattice with which to amplify the signal above the
background and, at typical concentrations, tens of
millimolar, only one molecule in a thousand is the
photochemical species of interest. Hence the experimental
strategy must contend with challenging signal-to-noise
considerations, making the peak X-ray brilliance available
at the ESRF a prerequisite.

Fig. 13: a) Experimentally measured changes (photon counts
per 100 pixel bin) resulting from the photolysis of 40 mMol I2
in CH2Cl2. The solid line shows the predicted change.
b) Temporal dependence of the difference signal due to the
photolysis of I2 in CH2Cl2. Each data point records the relative
amplitude of the negative peak of Figure 13a sampled from
Q = 0.4 Å-1 to 1.5 Å-1. The response of the system was
predicted (solid line) from the 500 ps lifetime of the A/A’ state
and a constant off-set due to cage break-out.
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surface, the two iodine atoms move apart. Within a few
picoseconds their kinetic energy becomes absorbed by the
surrounding solvent molecules. As such, the iodine atoms
may recombine directly onto the X surface, or recombine
first onto the A/A’ surface, or may escape the solvent cage
altogether. In dichloromethane, the A/A’ state has a lifetime
of 500 ps, suitable for study using the 80 ps synchrotron
X-ray pulse duration. Figure 13a shows the experimentally
measured changes in the diffuse X-ray scattering
intensities following sample photo-excitation by a fs light
pulse. An oscillatory behaviour is observed, illustrating a
decreased scattering intensity at low resolution, and a
corresponding increase at medium deflection angle.
Overlaid on this data is the theoretically expected curve
when the photolysed sample has a population of 25% A/A’
and 5% escapes the solvent cage. An oscillation at higher
deflection angle was not resolved, possibly because of
thermal effects perturbing the solvent atoms in a random
way and washing out this feature. Figure 13b shows the
variations in the signal with time measured using a gasfilled detector coupled to a lock-in amplifier. The expected
temporal response of the system is shown as a solid line.
Because of the small amplitude of the desired signal,
improvements in the experimental approach seek to
maximise the X-ray flux through the sample. As such, a
move to a narrow “pink- Laue” undulator line, or multi-layer
wide-bandwidth X-ray optics, point the way towards the
study of increasingly complex systems.

ask whether metallisation and dissociation are associated?
For iodine, experiments showed that metallisation
precedes dissociation, and for the other halogens (Br2,
Cl2), for which the metallisation pressure has not been
detected, models converge to the same idea.
Nevertheless, strong discrepancies appear between the
proposed metallisation mechanisms. Hence we decided to
perform X-ray absorption (XAS) experiments at very high
pressure in order to study metallisation in the case of
bromine.
Experiments were performed at the ID24 beamline using
diamond-anvil cells as pressure generators. The small
sample size (50 µm in diameter) combined with the X-ray
attenuation of the sample environment made it essential to
exploit the high flux of the undulator with ultrafocusing
dispersive optics. The pressure was measured in situ
through the fluorescence of a ruby chip accompanying the
sample, and a value of 110 GPa was attained, the highest
ever reported in an XAS experiment. This has also been
the first time that XAS at high pressure is used to provide
evidence for a metallisation process.
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Metallisation of Halogens at
High Pressures
Diatomic molecules like H2, I2, Br2 or O2 can be considered
as model systems to investigate the fundamental
interactions in solids. In fact, through the application of
pressure, the intermolecular interactions can be varied
from those of the covalent diatomic molecule to the
metallic ones of a compact three-dimensional solid.
The molecular dissociation process has been observed
in practically all diatomic molecules studied, with
one remarkable exception, solid hydrogen. Thus, one can
HIGHLIGHTS 2000 ESRF
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Fig. 14: (upper) Schematic band model for the metallisation of
halogens; (lower) the evolution with pressure of two layers
where the diatomic molecules form zig-zag chains.
The diatomic molecules of crystalline halogens lie in
layers that interact through a very weak covalent
interaction (pz-pz). During compression, the layers
approach progressively and an enhancement of the pz-pz
interaction widens the associated occupied band
(Figure 14). In our model, metallisation takes place
through progressive band closure when the pz band enters
the empty σ* one (the band that derives from the
broadening of the σ* level of the diatomic molecule). The σ*
band also widens with pressure, but the introduction of the
Fermi level at metallisation leads to a slower rate of
pressure variation of the width of the empty states. Thus,
metallisation can be detected through the evolution of the
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Fig. 15: Measured pressure dependence of the width of the Br
K-edge pre-peak (empty σ* band). The inset shows the spectra
corresponding to the extreme pressures.

The Structural Complexity
of a Polar, Molecular
Material Brought to Light by
Synchrotron Radiation
Crystalline materials are often built less regularly than the
pictures in most textbooks would suggest. Different unit
cells differ in molecular occupation, orientation or position.
In spite of such disorder, or sometimes because of it, such
materials may have interesting properties. Molecular
inclusion compounds of the hydrocarbon host molecule
perhydrotriphenylene (PHTP) with rod-shaped, polar guest
molecules, e.g. nitrophenylpiperazine (NPP), provide an
example [1]. Stacks of host molecules are arranged in a
honeycomb architecture whose tunnels are filled with
chains of guest molecules (Figure 16). Right- and lefthanded host molecules occupy the stacks in a not-quiterandom fashion. The chains of guest molecules register at
different heights in different channels. Remarkably, they
are all parallel, even though the channels are ~ 15 Å apart.
The crystals are polar and show second harmonic
generation.

strong pre-peak of the bromine K-edge X-ray absorption
spectrum (Figure 15) that corresponds to the empty σ*
band. Figure 15 shows that at a pressure of 25±5 GPa the
expected change of slope is observed. Using the pressure
evolution of the structure of bromine determined by X-ray
diffraction, our calculations showed that this change can be
consistently explained by the metallisation process. The
value obtained for the metallisation pressure is well below
some predictions, but in good agreement with the
calculations of H. Miyagi et al. [1], confirming the
metallisation mechanism here described. The phase
transition associated with dissociation was also observed
giving a discontinuous enlargement of the XAS pre-peak at
a pressure of 65 ± 5 GPa.
In conclusion, the mechanism of metallisation of halogens
prior to dissociation has been clarified and an experimental
value of 25 ± 5 GPa has been found for bromine. The
possibility of an analogous sequence for hydrogen has
recently been emphasised [2].
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Fig. 16: The structure of PHTP5.NPP viewed down the polar
stacking axis of PHTP host and NPP guest molecules; z = 0.75
for shadowed PHTP molecules, z = 0.25 otherwise;
z = 0, 1, 2, 3 or 4 for NPP molecules. The wavy shapes of
right- and left-handed, D3-symmetric PHTP molecules are
indicated at the right margin of the unit cell. The long axis of
NPP molecules is perpendicular to the plane of projection.

This material produces an extraordinarily rich diffraction
pattern including Bragg peaks and incommensurate
satellites, as well as diffuse streaks, planes and threedimensional features. Almost complete patterns have been
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measured on beamline BM1A (SNBL) at the centre and at
one tip of a prismatic crystal (298 K and 120 K). Five
gigabytes of accurate, raw data obtained with an area
detector in 16-bunch mode have been processed into 400
layers in reciprocal space [2].
Most of the diffuse and satellite scattering can be assigned
to occupational disorder of the host, positional disorder of
the guest, or to local distortions of the average structure.
Real structures are simulated with a Markov growth model.
Its parameters are optimised with an evolutionary
algorithm on 40 individuals using an R-value based on
diffraction intensities as fitness criterion. The structure
simulations and Fourier transformations are calculated
through a scheme of distributed computing with up to ten
simultaneous processes running on PC’s, SUN and SGI
workstations and progressing at a rate of ~ 15 generations
per day.
Figure 17 shows a particularly interesting feature. It
compares the scattering of 100 µ slabs in the centre and at
a tip of the prismatic crystal. In the centre the diffraction
symmetry is nearly orthorhombic (top), whereas at the tip

it is monoclinic (bottom). This implies that the crystal is not
homogeneous along the stacking direction of the host and
guest molecules. Note that at the crystal tip the satellite
reflections are connected through triangular diffuse
scattering. The former indicate a well defined long-range
ordered, incommensurate modulation of the structure, the
latter some dispersion of this modulation.
Two conclusions emerge: (1) accurate and complete threedimensional diffuse scattering data of a complex
disordered molecular material can be measured with
synchrotron radiation and three-dimensional structure
models developed with a scheme of distributed computing.
The scope of such studies becomes significantly broader if
the computations are parallelised. (2) Diffuse scattering
and thus disorder of the crystal structure along growth
directions may be followed. With an improved focusing
device, spatial resolution could be significantly improved,
thus providing records of the crystallisation history of
disordered materials.
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Uniaxial Negative Thermal
Expansion of
Tryptophylglycine
Monohydrate
Crystal engineering has attracted increasing interest in the
past few years. This subject is concerned with the design
of solids with specific, controlled properties. One such
property is negative thermal expansion (NTE) in which the
crystal expands along one or more axes as the
temperature is lowered. Several inorganic materials
displaying NTE are known [1], but the number of organic
examples is very limited. Here we present one such
example, tryptophylglycine monohydrate, TrpGly·H2O, a
dipeptide.
Fig. 17: hk2.4 layer from the centre (top) and a tip (bottom) of
a PHTP5.NPP crystal at 120 K. Note that diffuse intensities
form a pseudo-rectangular pattern at the crystal centre, but
are triangularly shaped at its tip.
HIGHLIGHTS 2000 ESRF
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We solved the structure of this compound using single
crystal diffraction data collected at the Swiss-Norwegian
Beamlines (SNBL, BM1A) on a crystal measuring only
20x30x180 µm. Focussing optics and a MAR345 imaging-
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plate detector were used for the experiment. In spite of the
small sample size, very high-quality data could be
collected both at room temperature and 120 K. The
structure refined to very satisfying agreement factors
(R1(all) < 3.3 % at both temperatures), fully competitive
with high-quality laboratory data on normal-sized samples.

method allows for rapid characterisation of phase
transitions and/or thermal expansion [2]. In the present
case, the total measuring time for 25 temperatures was
only 75 minutes. The evolution of the lattice parameters
with temperature is shown in Figure 19. The thermal
expansion along c, the helical axis, is negative below room
temperature and becomes even more negative as the
temperature is lowered. At all temperatures, the thermal
expansion along a and b is positive and of larger amplitude
than that along c, which leads to positive volume thermal
expansion. We speculate that this uniaxial negative
thermal expansion is caused either by large amplitude
motions perpendicular to the helical axis or is due to the
water’s ordering.
In summary we have shown that bending magnet
beamlines are perfectly capable of delivering high quality
data on very small organic crystals and that TrpGly·H2O
displays uniaxial NTE. Future work will probe the detailed
mechanism behind this unusual behaviour.

Fig. 18: Helical columns in the crystal structure of
TrpGly·H2O. The water molecules are shown by ball-and-stick
while the dashed yellow lines denote hydrogen bonds. Note
the columnar structure that is parallel to the c-axis.
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The tetragonal crystal structure displays a helical assembly
of peptide molecules connected through extensive
hydrogen bonding (Figure 18). This peptide helix encloses
a water helix, which is linked to the peptide framework by
hydrogen bonds. The water helix is partially ordered at both
temperatures with one preferred site. The occupancy of
this site increases upon lowering the temperature, but has
not reached full occupation at 120 K.
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Structure and Mobility of
Cu(I) Cations in Cu(I)-Y
Zeolite: a Combined X-ray
Powder Diffraction and
EXAFS Study on the Effect of
Interaction with CO

Fig. 19: Thermal expansion of TrpGly·H2O.
It is negative along c.
We investigated the thermal expansion using powder
diffraction and the same imaging plate detector. This

Zeolites are nanoporous crystalline aluminosilicates
constituted by corner-sharing [TO4] tetrahedra, where T
represents a silicon or an aluminum atom, with chemical
composition described by the general formula
Mn+x/n[(AlO2)x(SiO2)y]x-. The introduction of a trivalent Al(III)
atom in a [TO4] unit (substituting the tetravalent Si(IV)
atom), induces a net negative charge into the zeolitic
framework (x-) which must be compensated by the
presence of charge-balancing extra-framework cations
(Mn+x/n). Such cations can act as active centres in acidcatalysed reactions (M+ = H+) or in redox reactions (Mn+ =
a transition metal ion).
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Cu-exchanged zeolites have recently attracted great
interest as catalysts for the direct conversion of NO into N2
and O2 and for the selective reduction of NO with ammonia
and hydrocarbons. A thorough characterisation of these
catalysts needs (i) the structural localisation of the active
centres, (ii) the study of the reactivity of Cu(I) ions by
the interaction with probe molecules like CO or NO, and
(iii) the monitoring of the complete Cu(I) ⇔ Cu(II)
reduction/oxidation cycle. Point (iii) has been discussed
in [1,2] using EPR, IR, UV-Vis, XPS and XANES
experiments.

Fig. 20: Representation of the
cation location for Cu(I)-Y in
vacuo (top) and their migration
upon adsorption of CO (bottom)
as deduced from the Rietveld
refinement of the XRPD data
collected in situ at 80 K at BM16.

Fig. 21: Simulated EXAFS spectra of the contribution to the
overall signal of Cu(I) located in (from top to bottom) site I*,
II* and II. In the simulation, R and N values have been
obtained from the XRPD data. The sum of the three simulated
spectra has than been fitted using a single shell of oxygen
scatterers. The results coming from this simulation are in full
agreement with the one-shell fit performed on the
experimental EXAFS spectrum collected at the BM8 (GILDA)
beamline.

full agreement with the one-shell fit of the experimental
EXAFS signal [2].

The siting of copper ions in Cu(I)-Y zeolite, prepared by
gas-phase exchange of H-Y with CuCl, has been
investigated employing X-ray powder diffraction (XRPD)
and EXAFS data collected in situ at the beamlines BM16
and BM8 (GILDA), respectively. The Rietveld refinement of
the XRPD data of the zeolite in vacuo shows that 23.4(2)
cuprous ions are located at site I*, 6.1(3) at site II, and
11.5(3) at site II* (see top part of Figure 20). From the
XRPD study we were able to infer the occupancy-weighted
EXAFS signal expected for the three families of Cu(I) sites,
exhibiting 3 equivalent oxygen atoms at 2.00 Å, 2.03 Å and
2.21 Å, respectively, (see the first three spectra from top in
Figure 21). The results obtained from the one-shell fit of
the EXAFS signal obtained by adding the contribution from
the three families (bottom spectrum in Figure 21) were in
HIGHLIGHTS 2000 ESRF
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Coming to point (ii), the results obtained from synchrotron
radiation techniques are supported by parallel
microcalorimetry and FTIR studies of adsorbed CO. From
the combined use of the three techniques we learn that
CO is adsorbed on the Cu(I)-zeolites at ambient
temperature with the formation of Cu(I)(CO) adducts,
which evolve into Cu(I)(CO)2 upon increasing the CO
pressure (PCO) [2,3]. At 80 K, and low PCO, FTIR
indicates that two types of monocarbonyl species are
observed in Cu(I)-Y, corresponding to CO adsorbed on
copper ions located at sites II and II*. On increasing PCO,
and subsequent formation of polycarbonylic species,
cations at site II* move to the more-exposed position II
and only a kind of Cu(I)(CO)3 adduct is observed by
FTIR, in full agreement with the XRPD data (bottom part
of Figure 20).
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The Hydrolysis of
Uranium (VI) Investigated
Using EXAFS and 17O-NMR
The hydrolysis of uranium(VI) has been the subject of
extensive studies for the last 50 years because uranyl
forms strong complexes with OH- in solution. A
comprehensive discussion and review of the
thermodynamic data is published in [1]. We investigated
the structure of UO22+ as a function of pH with the aid
of U LIII-edge EXAFS spectroscopy. The experiments
were carried out at beamline BM20. The equipment
allows excellent XAS measurements up to high k-values,
17.5 Å-1 in our case.
The speciation of uranium(VI) at a total concentration of
0.05 M in slightly acidic solutions (pH 3 to 4) is dominated
by the two polynuclear complexes (UO2)2(OH)22+ and
(UO2)3(OH)5+. Sample A is an example from this pH

region, where (UO2)3(OH)5+ is the dominant species.
Structural investigations of these polymeric cations in
solution at such uranium concentrations are rare. The
formation of polynuclear complexes is clearly confirmed by
the U–U interaction at 3.81 Å (Figure 22). Approximately
five oxygen atoms are coordinated in the equatorial plane
at 2.41 Å.
In the pH region from 6 to 11, the U(VI) speciation is
dominated by the precipitation of schoepite phases,
UO2(OH)2xH2O (sample B). A longer U–U distance of 3.87
Å was measured. Similar U bond lengths of around 3.9 Å
were found in schoepite phases. Their structure consists of
a network of UO2(OH)2 sheets, where the uranyl centres
are connected via a double OH bridge.
In the alkaline pH region (sample C and D), monomeric
uranium species are formed. As compared to our previous
study [2], we were able to extend the k-space region from
15 Å-1 in [2] up to 17.5 Å-1 and thereby to increase the
precision. The EXAFS measurements confirm the
speciation calculations indicating that UO2(OH)42- is the
major species in 0.5 M tetramethylammonium hydroxide
(TMA-OH). There are two trends in the EXAFS data, the
U–Oaxial bond length increases 1.79 Å, 1.81 Å, and 1.83 Å
moving from pH 4.1 to 13.7, while the average U–Oequatorial
bond length decreases, 2.41 Å, 2.34 Å, 2.26 Å,
respectively. This indicates a stronger bonding of
equatorial OH groups with increasing pH. Clark et al. [3]
have presented spectroscopic evidence for the formation
of a pentahydroxide complex at high TMA-OH
concentrations, however with no information about the
equilibrium constant. We have tested the hypothesis of
Clark et al. using 17O-NMR spectroscopy with 17Oenriched “yl” oxygens. The spectrum recorded at 258 K
(Figure 23) shows only one peak for UO2(OH)42- in 1 M
TMA-OH. However, when increasing the hydroxide
concentration to 3 M two peaks were obtained, one with
the same shift as in the 1 M TMA-OH solution, 1132.2 ppm,
the other at 1135.8 ppm presumably due to UO2(OH)53-

Fig. 22: Raw k3-weighted EXAFS spectra for samples A to
D in the binary uranyl hydroxide system including the
best theoretical fits and the FT filtered U–U scatter from
the (UO2)3(OH)5+ complex. The uranium concentration
in solutions A, C, and D was 0.05 M.
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EXAFS Analyses in
Radiopharmaceutical
Research: Stability Studies of
Technetium(I) Carbonyl
Complexes in Solution

Fig. 23: 17O-NMR spectra of a 0.05 M UO22+ solution in
aqueous methanol at different TMA-OH concentrations;
a) 1 M and b) 3 M (at 258 K).

(Figure 23). To conclude, the complex UO2(OH)42- has a
very broad range of existence in strongly alkaline solution.
At very high total concentrations of hydroxide (> 1 M TMAOH), an additional OH- ligand may coordinate in an
associative reaction.
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Nowadays, the majority of radiopharmaceuticals used in
routine nuclear medicine imaging procedures are 99mTc
labelled compounds, and intensive research is in progress
to design new 99mTc radiopharmaceuticals. Investigation of
Tc and Re carbonyl chemistry has led to an organometallic
M(I) aqua ion, [M(CO)3(H2O)3]+ (M = Tc, Re), as a
precursor for the preparation of complexes containing the
small [M(CO)3]+ moiety. Tc(I) and Re(I) tricarbonyl
complexes represent a new and promising approach to
low-valent, non-polar and inert compounds. Complexes
with N-donor or S-donor chelating ligands coordinated to
the M(I) tricarbonyl moiety with high stability in aqueous
solution may serve in the design of radiopharmaceuticals
[1, 2].
The aim of this work was to investigate the stability of a
model Tc(I) dithioether-tricarbonyl complex, Tc1, in
aqueous solution and to estimate structural parameters for
the dissolved compounds. Owing to the extremely small
concentration of the radionuclide present in the
radiopharmaceutical preparation (10-6 – 10-8 M), XAS
studies as well as most other chemical investigations
employ the long-lived isotope 99Tc (K-edge at 21.044 keV).
We found that the complex Tc1 is reversibly transformed
into the complex Tc1a in aqueous solution (Figure 24).

Fig. 24: Reversible transformation of the complex Tc1 in
aqueous solution.
Chemical investigations were performed both at the 99Tc
and 99mTc levels. The change of charge of the complexes
was determined by electrophoresis. Mass-spectrometric
analyses and EXAFS measurements confirmed the
composition of the compounds. EXAFS analyses were
carried out at BM20 (Rossendorf CRG beamline, ROBL)
[3]. 99Tc solutions of Tc1 and Tc1a were prepared by
dissolving solid Tc1 in water/methanol and adding chloride
or Ag+, respectively. With an excess of sodium chloride the
equilibrium (Figure 24) is on the side of the Tc1 complex. If
chloride is removed from the equilibrium by precipitation as
AgCl, Tc1a is the species in solution. To obtain a
satisfactory evaluation of the EXAFS spectra and the

Chemistry
S/Cl coordination shell is lowered by approximately
one. In addition, the detection of 1.2 ± 0.3 oxygen
atoms at 2.19 Å proves the substitution of chlorine
by water. This can be seen in Figure 25 as a
reduction of the magnitude of the second peak in the
Fourier transform since electron back-scattering
from the oxygen atom is weaker than from the
chlorine atom.

Fig. 25: Tc K-edge k3-weighted EXAFS spectra and the corresponding
Fourier transforms of Tc1 and Tc1a (solid line: experimental data, dotted
line: fit), transmission mode, sample concentration ≈ 3.5 x 10–2 M,
sample thickness ≈ 1 cm, room temperature.

Fourier transforms, single-scattering paths including the C,
O and S/Cl coordination shells and multiple-scattering
paths to model the oxygen atom of the carbonyl group
were taken into account (Figure 25). The estimated atomic
distances are 1.92 Å (Tc–C), 2.49 Å (Tc–S or Tc–Cl), 2.19
Å (Tc–Oaq) and 3.06 Å (Tc–OCO). The coordination
numbers agree with the molecular structure represented in
Figure 24. EXAFS analysis of Tc1a shows the same
structural parameters for the C, S/Cl and CO coordination
shells as Tc1 except that the coordination number for the

EXAFS analyses were successfully used to
determine structural parameters of Tc(I) tricarbonyl
complexes in solution. In connection with
chromatographic, electrophoretic and massspectrometric methods, it was found that Tc(I)
tricarbonyl complexes containing a bidentate
thioether ligand are able to react with water by
exchange of chlorine.
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Soft Condensed Matter

Introduction
The term Soft Condensed Matter
applies to polymers, colloids,
emulsions, membranes, liquid
crystals, biological materials and
even liquid metals. The underlying
issues concern not only the
microstructure and dynamics, but
also cooperative phenomena near
phase transitions, hydrodynamic
flow and instabilities.
Soft condensed matter is
investigated principally by wideand small-angle X-ray scattering
techniques (WAXS/SAXS). These
techniques are available at many
beamlines, several of which are
represented by highlights in this
section. For the soft condensed
matter community it is of particular
importance that ID2 has been
dedicated completely to SAXS
during the year 2000. This gives
more flexibility for the development
of high Q-resolution and ultra
small-angle scattering techniques

(e.g. Bonse-Hart camera).
Combined SAXS/WAXS techniques
are now available on BM26 and are
coming into operation on ID2.
The development of microfocus
SAXS techniques has continued in
particular on the beamlines ID13
and ID22 with beam sizes down to
a few micrometres. Micro-SAXS has
also been demonstrated on ID21 at
0.2 nm, which opens interesting
perspectives for SAXS experiments
in the soft spectral range.
In addition to these techniques, the
development of X-ray correlation
spectroscopy techniques (XPCS)
continues on ID10, which is
currently commissioning a SAXS
camera with a coherent, pink
beam. In the field of solid
polymers/biopolymers, scattering
experiments are being
complemented more and more
frequently by imaging experiments
such as tomography (ID19, ID22)
or X-ray microscopy techniques
(ID21). This trend is expected to
accelerate in the future.
This year’s highlights are dominated
by experiments on samples at
interfaces or in confined
geometries. Thus lipid model
membranes have been studied at
solid surfaces by probing the
nonspecular scattering (ID1).
This is also of interest for the
understanding of interfaces
between biological and inorganic
systems. The confinement of DNA
in lipid membranes has led to the
observation of a new liquid
crystalline ordering (ID2). A new
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approach for studying ordering
phenomena in confined fluids is
provided by X-ray waveguide
structures. It is well known that
such devices can be used to
produce completely coherent
radiation, which propagates in
several modes. In an experiment
performed on ID10A, the
waveguide is filled with a fluid and
the influence on the mode
propagation is observed in the far
field regime. XPCS in grazingincidence geometry has allowed the
first study of capillary waves at a
liquid glycerol surface by XPCS
(ID10A). This geometry has also
been used at high energies in order
to observe an evanescent wave
from a thin liquid layer close to a
deeply buried interface. In this way,
evidence for icosahedral fragments
of lead atoms have been observed
for the first time at the solid-liquid
Si-Pb interface (ID15A).
The highlights also include several
SAXS experiments from CRG
beamlines. Thus liquid crystalline
phase transitions in suspensions of
Al(OH)3 platelets and the stability
of a columnar phase were studied
on BM26 down to Q≤2*10–2 nm–1.
USAXS and XPCS experiments on
filled polymers on BM2 remind us
that such experiments are not
reserved only for undulator
beamlines.

Soft Condensed Matter

Lipid Membranes on Solid
Surfaces
As the basic building blocks of biological membranes, the
structure and physical properties of lipid bilayers are of great
interest. Apart from the predominant role in the organisation
of the biological cells, lipid bilayers can be expected to
become a key component of novel biomolecular materials.
In particular, solid-supported lipid bilayers may provide a
way to biofunctionalise solid state and semiconductor
surfaces, providing a compatible interface between the
inorganic and biomolecular world [1]. Importantly, structural
studies by X-ray scattering can be carried out at
physiological conditions of hydration, temperature and ionic
strength.
To investigate the thermal stability and fundamental
fluctuation properties of solid supported lipid bilayers, we
have carried out a series of specular and nonspecular X-ray
reflectivity measurements using 20 keV synchrotron beams
to probe phospholipid samples fully immersed in water, see
Figure 26. Data was collected mainly on dimyristoyl-snglycero-phosphocholine (DMPC) and oleoyl-palmitoyl-snglycero-phosphocholine (POPC). Reproducibly, we could
observe a transition from a discontinuous unbinding
transition from a substrate bound, multilamellar state to a
state of freely dispersed bilayers in water [2]. In the unbound
phase, a single membrane remains on the substrate.

amount of nonspecular (diffuse) scattering in these systems,
a high-resolution mapping of the scattering distribution both
in and out of the plane of incidence was carried out at
beamline ID1, using both a fast scintillation and a multiwire
area detector. A representative data set for DMPC in the fluid
Lα-phase is shown in Figure 27. Apart from pronounced
conformal bilayer fluctuations giving rise to the diffuse
Bragg sheet (BS) scattering, a weak contribution of static
(topological) defects in the lamellar stack appears as a
Debye-Scherrer ring (D), but anneals at higher
temperatures.

Fig. 27: (left) Typical scattering distributions for DMPC in the
fluid Lα-phase with the primary beam blocked and the first
two Bragg sheets observed in reflection. The specular beam
(SB) is located in between the first and second Bragg sheet
(BS); (right) The diffuse scattering in the two respective Bragg
sheets as a function of qII = √(qx2+qy2). The analysis of the
power-low decay (more generally the lineshape in the qII / qz
plane) can give access to elasticity and interaction parameters
of the bilayer stack.

A line scan parallel to the first and second diffuse Bragg
sheet is shown in Figure 27 (right). From this data as well as
complementary neutron scattering data, the membrane
fluctuation spectrum g(r) can be determined, and thereby
also elasticity parameters such as bilayer bending rigidity K
and compressional modulus B as a function of T.

Fig. 26: Fluctuating multilamellar membranes, schematically
shown with incident, reflected and diffracted beams.
The experimental observations are in line with theoretical
predictions, according to which the entropic forces
generated by the fluctuating membranes may lead to an
unbinding of the membranes from each other and/or the
substrate. However, the temperature of the transition was
found to depend not only on sample thickness, but also on
sample history (temporal and thermal), pointing to strong
kinetic effects.
To probe the thermal fluctuation spectrum below and at the
transition and to gain an understanding of the tremendous

The results may be put in perspective to the relevant
microscopic interactions and also be compared to current
theories of membrane fluctuations and defects [3]. In the
future, similar experiments may be applied to more complex
lipid-membrane systems, including lipid/peptide, lipid/protein
or lipid/DNA assemblies. The technique can reveal lateral
structures (height and density correlation functions) on
length scales between a few Å up to several mm at in situ
conditions.
References
[1] T. Salditt, Curr. Op. Coll. & Interf. Sc. 5, 19 (2000).
[2] M. Vogel, C. Münster, W. Fenzl and T. Salditt, Phys. Rev.
Lett. 84, 390 (2000).
[3] T. Salditt, C. Muenster, J. Lu, M. Vogel and W. Fenzl,
Phys. Rev. E 60, 7285 (1999).

25

ESRF 2000 HIGHLIGHTS

Soft Condensed Matter
Principal Publication and Authors
M. Vogel (a,b), C. Münster (a), W. Fenzl (b), D. Thiaudere (c)
and T. Salditt (a,d), Physica B 283, 32 (2000).
(a) Universität München (Germany)
(b) Max-Planck-Institut für Kolloid- und
Grenzflächenforschung Golm (Germany)
(c) ESRF
(d) now at: Universität des Saarlandes (Germany)

membranes are stacked with smectic order in the lamellar
phase (Lα), whereas the sponge phase (L3) is made up of
disordered and multiply-connected membranes [2]. The
additional role of bending elasticity can modify the
microstructure under a shear flow [3]. These effects are
manifested over many different length scales, as a result,
complementary techniques of small-angle X-ray and light
scattering combined with rheo-physical probes become
essential in these studies.

Ribbon Phase in a TwoPhase Shear Flow
Dispersing one fluid into another immiscible one is an
everyday experience that requires stirring to rupture large
drops into small droplets. The interplay between surface
tension, viscosity and shear flow leads to the deformation
and break-up of the drops. If the viscosities of both phases
are similar, the dispersed phase forms droplets of the order
•
of the break-up size Rb ≈ σ / (ηγ),
where σ is the surface
•
tension, η the viscosity and γ the shear rate. In a phaseseparating fluid mixture, the competition between flow and
coarsening results in a very different steady state - the socalled “string phase” [1] consisting of strikingly elongated
cylindrical domains along the flow direction. In this study, we
have investigated the effect of shear flow in a different type
of fluid, a phase-separated lyotropic lamellar-sponge
mixture, where one of the coexisting phases (lamellar)
possesses bending elasticity. As depicted in Figure 28a, the

Fig. 28: a) Schematic views of (1) a lamellar phase formed by
the periodic arrangement of surfactant membranes and (2) a
sponge structure composed of randomly interconnected
membranes. b) Couette flow scattering geometry used for the
SAXS experiments. The sample is contained between the
cylinders and the red arrow indicates the trajectory of the beam.
→
The vorticity direction is parallel to the axis of the cylinders ( Z).
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Fig. 29: Measured SAXS patterns along the two different flow
geometries indicated in Figure 28b. a) In the low shear rate
regime the system is very anisotropic corresponding to the
formation of multi-lamellar ribbons. b) At high shear rates,
these ribbons transform to multi-lamellar vesicles. Insets
depict the small-angle light scattering pattern observed in the
→→
( V, Z) plane in these two shear regimes.
The samples were composed of brine (water + 20 g/l of
NaCl), surfactant (SDS), and co-surfactant (octanol). The
phase diagram of this system exhibits a coexisting region
between Lα and L3 phases that can be made
macroscopically homogeneous by steady shear.
Experiments were performed on the ID2 beamline using a
couette flow geometry as shown schematically in Figure
→
28b. From the SAXS pattern observed along the radial (∇ V)
→
and tangential ( V) directions of the flow, the orientation of
each coexisting phase can be probed independently. The
viscosity of this two-phase mixture exhibits two different
Newtonian regimes separated by a shear thickening
→→
transition. Figure 29 displays the SAXS pattern in ( V, Z) and
→→
(∇ V, Z) planes at these two different shear regimes (a and
b). The orientation of the L3 phase is isotropic whereas the
Lα phase is strongly anisotropic in the low shear regime, with
most of the membranes oriented perpendicular to the
→
vorticity direction ( Z). The proportion of membranes of the
→→
→
Lα phase oriented in the ( V Z) and (∇V, Z) planes is
determined by comparing the intensity of the corresponding
Bragg peaks along the different directions, using the

Soft Condensed Matter
isotropic intensity of the L3 phase as a reference. We found
that IZ / IV ≈ 70 and IZ / I∇V ≈ 9 , where IZ, IV and I∇V are the
intensities of the lamellar Bragg peak along the vorticity, flow
velocity and shear gradient directions, respectively.The Inset
of Figure 29a depicts the small-angle light scattering in the
→→
( V, Z) plane which exhibits a streak pattern in the low shear
regime (a), indicating the presence of very elongated
structures in the flow direction. These results demonstrate
the existence of a new type of instability in which the
coexisting lamellar phase forms elongated multilamellar
structures along the flow velocity.
→→

(2-D) ordered rod-phases. The structure of the DNA
superlattice can be viewed as a 3-D stack of 2-D smectics
separated by lipid interlayers. The strength of the interlayer
coupling determines whether the intercalated layers exhibit
2-D behaviour or lock into a columnar superlattice. An
analysis of the diffuse scattering of powder-averaged data
showed good agreement with decoupled 2-D smectics and
allowed to derive the 2-D compression modulus of the DNA
rod lattice [1]. On the other hand, it was discovered that an
equivalent system freezes into a lattice with rectangular
columnar order, if the unsaturated lipid chains are
exchanged by saturated alkyl chains [2].

The unique orientation of the lamellae along the ( V, Z) and
→→
(∇ V, Z) planes, together with the intensity ratios along
different directions and the streak pattern observed in the
small-angle light scattering establish that these elongated
structures are ribbon-like. The large lamellar droplets
observed at rest result from the fragmentation of these
ribbons via the Rayleigh instability. At high shear rates, these
multilamellar ribbons become unstable and transform into
monodisperse vesicles as indicated by the nearly isotropic
SAXS patterns in Figure 29b and the disappearance of
streak pattern in small-angle light scattering. In summary, we
have shown that a coexisting lyotropic lamellar-sponge
phase mixture becomes unstable to shear flow resulting in
the formation of ribbon-like structures.
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Sliding Columnar Phase in
DNA-Membrane Complexes
In low-dimensional soft matter systems, the conventional
long-range order is often destroyed by thermal fluctuations the so-called "Landau Peierls instability" which can be
observed in smectic liquid crystals and Langmuir
monolayers. X-ray scattering profiles of such systems exhibit
power law diffuse scattering instead of Bragg peak
singularities. A new and rather unique example of reduced
dimensionality can be found in DNA - cationic lipid
complexes [1] as shown in Figure 30. Because of their
electrostatic attraction, DNA helices are forced in planar
galleries of lipid bilayers and form quasi two-dimensional

Fig. 30: Lamellar cationic lipid - DNA complexes showing a
centred rectangular columnar DNA superlattice.

A comprehensive understanding of this problem can be
reached if the diffuse scattering of oriented samples is
probed. Such a study was recently carried out on the
high-brilliance beamline ID2. For a sample-to-detector
distance of 5 m and a beam size of 100 µm, a q-resolution
of 4.10-4 Å-1 (FWHM) can easily be achieved. Hence, highresolution SAXS can be performed without a crystal
analyser setup. Figure 31 shows SAXS data from an
oriented sample in the gel-like chain state (Lß) and in the
fluid-like chain state (Lα), respectively. The former exhibits
sharp lamellar peaks along the a* axis and twelve off axis
diffuse scattering peaks related to the centred rectangular
columnar order of the DNA strands. The shape of these offaxis diffuse peaks yields information on the positional
correlation in-plane and out-of-plane.
Theoretically, a variety of equilibrium phases are expected
depending on the strength of the coupling between the 2-D
smectic lattices [3]. Very strong interlayer correlation can
result in the formation of a 3-D columnar crystal, which
exhibits true long-range order. A nematic lamellar phase
preserves long range orientational order, but exhibits liquidlike positional correlation of the DNA strands. Most
interestingly, the possibility for an intermediate phase
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Fig. 31: Two-dimensional high-resolution small-angle X-ray scattering
patterns of an aligned cationic lipid - DNA complex: a) in the Lβ phase,
and b) in the Lα phase. The (2n,0) lamellar peaks are on the vertical axis
and the DNA
superlattice diffuse
scattering is offaxis. Insets
demonstrate the
thermal fluctuations
in the Lß and the Lα
phases.

characterised by strong orientational correlation but weak
positional correlation between the smectic lattices was
predicted. This new phase is termed a Sliding Columnar
Phase, indicating that smectic layers with quasi long-ranged
positional correlation slide on top of each other [3]. Sliding
fluctuations are probed by the vertical shape of the off-axis
peaks.
The high-resolution SAXS data revealed a Lorentzian
vertical line-shape in the Lß phase which indicates that
thermal fluctuations destroy long-range order and that the
macroscopic shear modulus is missing. In the Lα phase, the
disorder is so large that the DNA-related peaks merge into
two anisotropic diffuse scattering lines on the b * axis - a
characteristic of a two-dimensional system.
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Ordering Phenomena in
Confined Fluids
From everyday experience we know that a fluid film between
two solid surfaces acts as a lubricant. Examples are fluids of
alkanes, solutions of nanoparticles (e.g. MoS2) or granular
systems such as clays. It is well known that the lubricating
properties of the film strongly depend on its thickness, i.e.
the degree of confinement. As the gap between the
confining surfaces decreases to a few molecule or particle
diameters, the confined fluid is generally found to become
stickier. This confinement effect has been attributed to a
solid-like ordering of the constituents of the fluid in layers
parallel to the confining surfaces [1]. However, such layering
has not yet been put into direct experimental evidence.
We have developed a novel coherent X-ray scattering
method for probing ordering phenomena in confined fluids.
The method makes use of the waveguiding properties of the
gap between the confining plates. The principle is illustrated
in Figure 32 for two parallel plates with adjustable gap width,
confining a suspension of colloidal silica particles. The X-ray
beam is directed into the gap along a direction nearly
parallel to the plates. Interference between the incident and
reflected waves at the entrance gives rise to a standing wave
pattern (‘waveguide modes’), which can be made to fit
exactly within the gap by adjustment of the angle of
incidence or the gap width. Within the plate material, the
wavefield decays rapidly to zero. If the fluid were absent, the
waveguide modes would propagate undisturbed through the
gap. In the filled waveguide, however, the spatial variations
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in the electron density of the fluid give rise to scattering into
other waveguide modes (‘mode coupling’). The distribution
of intensity over the different modes is observed in
Fraunhofer diffraction patterns of the wavefield across the
waveguide’s exit plane. From these, the density profile is
determined through a model-dependent analysis.

measured as a function of the incidence angle θi and the exit
angle θe. The intense off-diagonal peaks are evidence of
strong mode coupling. The same measurements for the
waveguide without fluid (not shown) yield only modes along
the diagonal [2]. Calculations of the intensity distributions for
various models of the density profile show agreement with
the data for a filling of the gap with six layers, see the bottom
panels of Figure 33. The measurements strongly suggest
that the confinement induces a crystallisation in a closedpacked arrangement of the particles. Similar results were
obtained for a gap of 310 nm, which confined two
crystallised layers.
Our method can be modified so as to include studies of
(molecular) fluids confined within much smaller gaps. One
should then make use of multi-step index waveguides and
detect both guided and radiative modes.

Fig. 32: Schematic of the waveguiding geometry (not to scale).
The fluid within the gap has ordered into layers parallel to the
plates. The incident wavefield is scattered from the layered
density distribution into several waveguide modes. The
distribution of intensity over these modes gives rise to a
characteristic diffraction pattern in the far field, from which
the density profile of the fluid across the gap can be derived.
Here we show data for a 10 vol.% suspension of colloidal
silica particles (Ø 110 nm) in dimethylformamide, confined
within a gap of 655 nm. The waveguiding experiment was
performed at ID10A, at a wavelength of 0.093 nm. Figure 33
shows a contour plot of the diffracted intensity I(θi,θe),
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Capillary Waves in Slow
Motion

Fig. 33: Contour plot of the diffracted intensity I(θi,θe) for a
waveguide of 4.85 mm length, having a gap of 655 nm filled
with a colloidal suspension of silica spheres (Ø 110 nm).
Upper panel: measured intensity distribution. Lower panels:
intensity distribution calculated for a refractive-index profile
n(x) = 1 – a(x), modelling six layers of confined fluid.

Surfaces of liquids are decorated with thermally activated
capillary waves. Their amplitudes are on the order of
angstroms. Many X-ray scattering experiments, which show
the unambiguous fingerprints of capillary waves on liquid
surfaces, have been performed in the past. These
experiments, however, have tested the static time-averaged
structure rather than the dynamics of the surface
fluctuations. This is due to the major drawback that
conventional X-ray sources are essentially incoherent, which
renders the direct measurement of dynamics impossible.
With high-brilliance third-generation sources it has become
possible to obtain intense X-ray beams possessing a high
degree of coherence. Such beams are produced by
selecting the coherent part of the impinging radiation from
an otherwise incoherent beam using micrometre-sized
pinholes. These coherent beams make photon correlation
spectroscopy with X-rays (XPCS) possible.
The first successful application of XPCS to monitor lateral
motion at surfaces has been performed at ID10A, the Troïka
beamline. The dynamics of capillary waves on the surface of
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the prototype glass former glycerol were measured as a
function of temperature. The glycerol surfaces were
illuminated with 8 keV X-rays under a grazing incident angle
well below the critical angle of total reflection (Figure 34).
Thus, the penetration depth of the radiation was restricted to
the topmost few nanometres of the sample. The electron
density contrast is very large at the surface compared with
the liquid underneath. Hence, for incident angles below the
critical angle, the scattering is dominated by contributions
stemming from the surface rather than from the bulk.

Fig. 35: Time constants as a function of the length of the
capillary wave mode for different temperatures.

term Γ = 1/τ0 is given by τ0 = x0 η(T) / π γ(T) where the
dynamic viscosity η(T) and the surface tension γ(T) are
temperature-dependent quantities.

Fig. 34: Schematic layout of the experimental setup and
example of a correlation function (inset).

The scattered radiation was detected under different exit
angles within the scattering plane. Thereby, the lateral
component qx of the wavevector transfer could be varied.
From the qx-value the respective lateral length scale
x0 = 2π /qx is easily obtained.
Dynamics can be measured in a photon correlation
spectroscopy experiment by evaluating the normalised timecorrelation function g2(τ) = <I(t+τ) I(t)> / <I(t)>2 where I(t) is
the observed intensity in a detector. We found that all of our
data can be perfectly described by the exponential form g2(τ)
= g0 exp(-τ/τ0)+1 with 0 ≤ g0 ≤ 1 and a time constant τ0. The
constant g0 depends on the degree of coherence of the
incident beam and the degree of ensemble averaging for the
incident and scattered beam.The inset in figure 34 shows an
example of a correlation function measured at T = 265.5 K
for a lateral length scale x0 of 90 µm.
The observed time constants τ0 as a function of the lateral
length scale x0 are shown in Figure 35 for different
temperatures T. A linear relationship between τ0 and x0 is
evident for all T. Figure 35 can be understood quantitatively
by the capillary waves theory for viscous liquids [1,2]. For
highly viscous liquids such as glycerol the damping of the
surface waves is so large that all propagating modes
become unstable. Thus, for high viscosities so-called
overdamped capillary waves are expected. Their damping
HIGHLIGHTS 2000 ESRF

30

With our measurements we have covered a large
temperature range in order to monitor in situ the freezing of
the surface waves. Figure 35 directly reflects that the quasi
long-ranged surface motion due to overdamped capillary
waves starts to freeze on a time scale of seconds at
temperatures of 230 K, i.e. far above the calorimetric glass
transition temperature TG = 186 K.
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Inverse Melting in Polymers
Melting is a familiar process which is not expected to show
unusual behaviour except for the cases of ice and bismuth.
The density of ice is lower than water and thus ice expands
during crystallisation - instead of contracting like most
other materials. Ice also shows an inversion in melting
temperature with increasing pressure, this unusual
behaviour being attributed to the loose crystal packing of
water molecules due to hydrogen bonding. It is also
reported that below the glass transition temperature, on
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Fig. 36: A simplified phase diagram of a polymeric system,
poly-4-methyl pentene –1, based on the structural and
calorimetric results [2]. The transition between the tetragonal
and amorphous phases (dashed line) has been detected in
calorimetric experiments by measurements taken under
increasing pressure along two paths 1 and 2, and on heating/
cooling along path 3. (The shaded region represents the
appearence of the hexagonal phase).
P4MP1 is a semi-crystalline polymer, having a crystalline
component of nearly 60%. On crystallisation from the melt
at atmospheric pressure, chains in the 72 helical
conformation pack in the tetragonal phase [2,3]. Below the
glass transition temperature, the crystal density of the
polymer is lower than the amorphous. Similarly to the
observations for ice, on compression along Path 1,
Figure 36, the initially crystalline tetragonal phase loses
order and seemingly becomes “amorphous” above a
threshold value of 2 kbar. This phenomenon of “solid state
amorphisation” is in agreement with the unusual density
relationship below the glass transition temperature of the
polymer. This transformation is exothermic in nature [3],
thus suggesting that the “amorphous” phase has a lower
entropy than the crystalline tetragonal phase.
A normal density relationship exists between the crystal
and the amorphous phases on heating at atmospheric
pressure, above the glass transition temperature, as the
density of the crystal becomes greater than that of the
amorphous phase. With increasing pressure following Path

The underlying thermodynamics in the proposed phase
diagram lead us to the classic work of the great inorganic
chemist Gustav Tammann, reported in the book
Kristallisieren und Schmelzen (1903). In the proposed
universal phase diagram, Figure 37, he suggested the
possibility of inverse melting and re-entry of the two widely
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The observation of inverse melting suggests the possibility
of a re-entrant of the two widely separated “liquid” and
“amorphous” phases in the pressure-temperature phase
diagram. To confirm this, experiments were performed
along Path 3, Figure 36. A disordering on cooling of the
crystalline tetragonal phase, that is inverse melting, and
crystallisation on heating were observed. The structural
changes have also been confirmed by calorimetry.
Unfortunately, at relatively high-pressures, the observation
of the re-entrant of the “liquid” and “amorphous” phases is
hampered because of the appearence of a new crystalline
phase, the hexagonal phase, shown by shaded region in
the phase diagram. However, if one examines the
“amorphous” phase, or amorphous halo, observed in all
the diffraction patterns, it is found to be structurally
continuous with the “liquid” during the appearance of the
hexagonal phase [3].

Vapour

Using time-resolved X-ray diffraction at ID2 and ID11,
ESRF, effects similar to those seen in ice have been
observed upon applying pressure to several polymeric
systems which have a loose chain packing within the
crystals. A brief summary of the unusual phase behaviour
observed in a one-component system, the polymer poly-4methyl pentene-1 (P4MP1), will be reported here.

2, Figure 36, just below the melting point, the anticipated
increase in melting temperature with pressure is observed
initially. But after reaching a maximum value, the melting
temperature decreases with increasing pressure. This
inversion in the melting temperature suggests an inversion
in the density relationship of the crystalline and amorphous
phases, above a maximum value of pressure in the
pressure-temperature phase diagram [2].

Temperature T

compression, the initially crystalline hexagonal phase of
ice transforms into a new high-density amorphous phase
[1].

S=

∆
H=

∆

0

III

Amorphous
phase

Pressure P
Fig. 37: Tammann’s universal pressure and temperature phase
diagram. The main feature, the melting curve (Tm versus P),
separates the crystalline phase from the ‘melt’ region, which is
further divided into liquid and amorphous phases. Tammann
noted that d Tm/dP = 0 when ∆V = 0, and that d Tm/dP = ∞
when ∆H = ∆S = 0 (where V is specific volume, H is enthalpy
and S is entropy). Melting as usually observed occurs in
regions I and II, whereas ‘inverse melting’ as observed in
Figure 36 occurs in region III. Also shown is the critical point
at which the liquid and vapour states become
indistinguishable.
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separated “liquid” and “amorphous” phases. Our work on
P4MP1 is the first example that shows features similar to
that anticipated by Tammann.
References
[1] O. Mishima, L.D. Calvert, E. Whalley, Nature 310, 393395 (1984); Nature 314, 76-78 (1985).
[2] S. Rastogi, M. Newman, A. Keller, Nature 55, 353-355
(1991); J. Polym. Sci. B Polym. Phys. 31, 125-139 (1993).
[3] S. Rastogi, G.W.H. Höhne, A. Keller, Macromolecules
32, 8897-8909 (1999).

total internal reflection occurs at a deeply buried interface
exhibiting a sizeable electron density difference across the
interface. Applying this geometry with high-energy photons
at beamline ID15A, an evanescent wave is produced within
a thin liquid layer close to the deeply buried interface which
is subject to scattering at the density inhomogenities within
the liquid (see Figure 38). By this optical trick we have
produced a 50 Å probing beam in a deeply buried interface.
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Local Structure of Liquid Pb
at the Solid-Liquid Interface
Si(001)-Pb(liq.)
The local point symmetry in simple monatomic liquids is one
of the fundamental open questions in the science of
condensed matter. The importance of local liquid
symmetries has long been highlighted by the conjecture that
simple monatomic liquids with centrosymmetric interaction
may be composed of icosahedral building blocks [1,2].
However, these randomly orientated, mobile structures have
remained inaccessible to experiments due to the
unavoidable averaging which allows only a determination of
the isotropic radial distribution function.
At solid-liquid interfaces the crystalline potential acts on the
adjacent liquid in two ways: (a) Normal to the wall a density
oscillation appears within an interfacial layer of thickness ξ*.
(b) In the lateral direction r|| the periodic wall potential V(r||)
imposes its periodicity onto the "contact-liquid". In the
case of incompatible materials the wall exhibits a small
lateral periodic perturbation potential V(r||) which is
incommensurate with the liquid nearest-neighbour distance.
Consequently, there is no wall-induced long-range
translational ordering. Despite this, the substrate potential
may still be strong enough to capture a fraction of the
predicted bulk liquid building blocks in preferred orientations
giving rise to orientational alignment. A properly designed Xray scattering experiment on these aligned liquid fragments
should give access to their local symmetry. For the
experiment we have chosen the combination of liquid lead
which exhibits closed-packed fcc structure (aPb = 4.95 Å in
the solid state) in contact with Si(001) (diamond lattice with
aSi = 5.43 Å).
In order to achieve the extraordinary interface sensitivity
necessary for this experiment, the geometry of grazingangle diffraction (GAD) has been modified in such a way that
HIGHLIGHTS 2000 ESRF

32

Fig. 38: a) A well-defined high-energy X-ray microbeam
(E = 71.5 keV, 8 µm vertical size) penetrates a cylindrical Si
solid (r = 20 mm) from the side and impinges to the Si-Pb
interface. For angles below the critical angle of total internal
reflection (αc = 0.041°) the incident beam is totally reflected.
The angle of incidence αi and the position of the interface in
the X-ray beam are controlled to an accuracy of 4 µrad and
0.1 µm; b) In a UHV in situ diffraction chamber the liquid Pb
and the Si(001) surface are cleaned and brought into contact
at T = Tm(Pb) + 10 K. A 360° Be window gives access to the
interface; c) Top view of the azimuthal rotation Φ at a fixed
momentum transfer q on the liquid scattering ring.

The experimental observation for an azimuthal scan within a
90°-segment of the non-reconstructed 4-fold Si(001) wall is
shown in Figure 39. A modulation of the liquid scattering
intensity is found. We observe five intensity maxima with a
fixed epitaxial relationship to the substrate. We find this
modulation only for momentum transfer values close to the
maximum of the liquid structure factor. The analysis of the
modulation amplitude allows determination of the
orientational part of the interface potential between 50 meV
and 90 meV. The observed peak positions give strong
evidence for the formation of pentagonal correlations
arranged around the 4-fold coordinated Si-sites.
The measurements comprise the first successful direct
observation of the fivefold local symmetry of liquid lead.They
provide an experimental portrait of the icosahedral
fragments predicted for all close-packed monatomic liquids.
This unique information has become possible by exploiting
two experimental features: We capture and align the local
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Liquid Crystal Phase
Transitions in Suspensions of
Plate-like Particles
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Fig. 39: Scattering at the Pb(liq.)-Si(001) interface. (a) Pb
interfacial liquid structure factor measured in arbitrary units.
The evanescent X-ray wave "tunnels" 55 Å deep into the liquid
Pb. (b) Azimuthal distribution of the liquid scattering at the
first diffraction maximum. The line is a fit of a sinusoidal to
the experimental data (circles). The two lower lines show the
projected electron density overlap of the pentagonal
arrangement with the underlying Si substrate versus rotation
for the top site position (full curve) and the hollow site
position (dashed dotted curve). The epitaxial relation to the Si
substrate is indicated by vertical lines.

liquid building blocks at a non-wet Si(001) wall and observe
the local 5-fold point symmetry of the associated liquid
scattering using evanescent X-ray waves.
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Colloidal suspensions that form periodic self-assembling
structures on sub-micrometre scales are of potential
technological interest; for instance, three-dimensional
arrangements of spheres in colloidal crystals might serve as
photonic materials intended to manipulate light [1]. Colloidal
particles with non-spherical shapes (such as rods and
plates) have “in principle” the additional ability to form liquid
crystals. Nematic liquid crystals possess orientational order;
smectic and columnar liquid crystals additionally exhibit
positional order (in one or two dimensions respectively, see
Figure 40).This columnar phase has been observed already
previously in another system than the one investigated here
[2]. Using small-angle X-ray scattering (SAXS) at BM26
(DUBBLE), we investigated the structure of liquid crystal
phases formed in a suspension of plate-like colloids.

Fig. 40: Structure of the three main classes of liquid crystals:
the nematic phase (N), the columnar phase (C), and the
smectic phase (S), schematically depicted here for the case of
plate-like particles.

For hard monodisperse platelets, computer simulations
predict the stability of an isotropic (I), a nematic (N), and a
columnar (C) phase, respectively, upon increasing the
platelet concentration [3]. We studied suspensions of
sterically-stabilised gibbsite (Al(OH)3) platelets, dispersed in
toluene. Like most colloidal systems, these particles are not
monodisperse, i.e. the size of the particles is not strictly
uniform. The relative standard deviation in the platelet
diameter is 17 and 25%, respectively, for two suspensions
considered. Our aim was to discover what liquid crystal
phases will be formed in such polydisperse platelet
suspensions.
The phase behaviour is illustrated in Figure 41. An isotropic
to nematic phase transition is observed around a volume
fraction φ = 0.2. Moreover, around φ = 0.4, a more
concentrated liquid crystal phase appears. SAXS-results
(Figure 42) reveal that this phase is actually a columnar
phase. Upon increasing φ, the fraction of the columnar
phase grows until a fully columnar state is reached around
φ = 0.5. Apparently, columnar ordering, as predicted for
monodisperse platelets, is not inhibited by a diameterpolydispersity as high as 25%. Such a robustness against
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Fig. 41: Tubes containing suspensions at
varying concentrations, photographed
between crossed polarisers. The
suspensions depicted here comprise
platelets with 17% diameterpolydispersity. From left to right, φ =
0.19 (I+N), 0.28 (N), 0.41 (N+C), and
0.47 (C). The tube to the right depicts a
monophasic columnar sample
illuminated by white light. The colours of
its Bragg reflections (visible as small
bright spots) vary from yellow to green;
the angle between the incident light and
viewing direction is in the range 50-70°.
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Fig. 42: SAXS patterns for samples varying in polydispersity σD
and volume fraction φ. (a): σD = 17% at φ = 0.45,
(b-d): σD = 25% at φ = 0.45, 0.5 and 0.6 respectively. Curve a
and b correspond to a columnar phase, curve c to smecticlike ordering at densities above columnar stability, and curve
d pertains to a glassy state.

polydispersity is remarkable in the light of the so-called
terminal polydispersity for the cessation of hard sphere
crystallisation (around 5-10% in diameter) and the formation
of a smectic phase by polydisperse rods (around 18% in rod
length).
However, in the case of 25% diameter-polydispersity, the
columnar structure breaks down rapidly upon increasing the
concentration in fully columnar samples. Interestingly
enough, the breakdown of the columnar structure, which is
demonstrated by a suppression of the columnar (100), (110)
and (210) peaks, is accompanied by the growth of the (001)
and (200) peaks. One may speculate that the sudden
intensification of the structure on the scale of the plate
thickness, points at a crossover to smectic ordering. Unlike
the columnar phase, which will be suppressed by diameterpolydispersity, a smectic phase will be suppressed by
thickness-polydispersity. Hence, the experimental evidence
shows that the platelets have a polydispersity in diameter as
well as in thickness, this must lead to a competition in
stability of a smectic and a columnar phase. This may be an
explanation for the fact that platelets with a diameterpolydispersity as high as 25% are found to exhibit a
columnar phase.
HIGHLIGHTS 2000 ESRF
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Anisotropic USAXS in
Carbon Black-filled
Polymers
Small-angle scattering patterns from swollen networks
depend sensitively on the details of how they are crosslinked. This is because the relevant chemical reactions
connect topologically different regions, thus imprinting many
different length scales on the system. When such a network
is swollen, the random local elastic strains due to these
cross-links give rise to density fluctuations that usually
extend over a spatial range of several nanometres. If they
are now stretched, such swollen networks yield small-angle
scattering patterns whose iso-intensity contours exhibit a
characteristic figure-of-eight (butterfly) pattern [1].
Networks are also formed when fillers are blended with a
polymer. A commonly used filler is carbon black (CB), which
consists of fractal aggregates (fractal dimension D < 2) of
primary particles. When carbon black is blended into a
polymer, a percolating network develops that connects
aggregates in such a way that the resulting material is
electrically conducting (e.g. CB in polyethylene for electrical
components). The filler can also enhance the mechanical
properties (e.g. CB in elastomers for automobile tyres).
Mechanical and electrical properties of CB filled polymers
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depend not only on the volume fraction φ of the filler
particles, but also on their structure and on their distribution,
which lend themselves to investigation by ultra small-angle
X-ray scattering (USAXS).

EPR) loaded with the same CB. At concentrations below the
percolation threshold (Figure 44a,b), no anisotropy is
observed, even under uniaxial stretching. Above the
percolation threshold, however (Figure 44c,d), the results
are highly sensitive to the degree of mutual interpenetration
of the CB aggregates.The role of aggregate interpenetration
(which is allowed because the fractal dimension is smaller
than 2) in the mechanical behaviour of CB-polymer
composites is clearly shown. These features, which are
similar to those observed in swollen polymer networks, are
fully consistent with models of reinforcement of rubber by
fractal aggregates [2].

Fig. 43: USAXS patterns from high-density polyethylene
containing 30% vol carbon black prepared: a) by solution
precipitation; b) by blending in the melt. (Limits of horizontal
scale: - 4x10-2 nm-1 to 4x10-2 nm-1)

With the D2AM camera, as with standard Bonse-Hart
devices, measurements of opaque samples can be made
over the range of visible light scattering. Our observations
with a 2-dimensional CCD detector have the advantage of
being sensitive to anisotropy.

USAXS measurements were carried out at BM2, the French
CRG beamline D2AM. For the CB used (N330), percolation
of aggregates occurs above about 10% by volume of CB.
Depending on the blending method, the resulting scattering
patterns can be inherently anisotropic. Figure 43a shows
the scattering pattern obtained from a high-density
polyethylene sample containing 30% CB by volume. This
sample is isotropic and was prepared by precipitation from
solution followed by moulding. The equivalent pattern from a
similar sample prepared by direct blending in the melt is
shown in Figure 43b; here, the butterfly figure reveals
anisotropy on a length scale of about 100 nm, which persists
after the moulding process. These figures show that a
difference arises between the two carbon black networks in
the degree of interpenetration among the aggregates; this
difference is also reflected in their electrical properties. A
second example (Figure 44) shows the effect of stretching
a non-cross-linked elastomer (ethylene-propylene rubber,
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Correlation Spectroscopy
on Filled Polymers and their
Flocculation
Blending fillers into a rubber increases its mechanical
strength. Such fillers generally consist of small (5-100 nm)
primary particles (carbon black or silica) bonded together in
rigid aggregates. Optimum mechanical results are achieved
when the aggregates percolate throughout the specimen.
Sometimes, however, aggregates migrate inside the rubber
to form coarser, weakly bound clusters called agglomerates,
a process known as flocculation. In an automobile tyre,
flocculation means higher energy losses and greater fuel
consumption.
Fig. 44: USAXS pattern from EPR-CB composite: below
percolation threshold (5% vol) a) before and b) after
stretching; above percolation threshold (20% vol) c) before
and d) after stretching. (Limits of horizontal scale:
- 9.5x10-2 nm-1 to 9.5x10-2 nm-1).

To investigate this process, pyrogenic silica blended into a
molten polymer (polydimethyl siloxane) of low molecular
weight was investigated at the CRG beamline BM2 using
coherent X-ray spectroscopy. Depending on whether or not
hydrophobic surface treatment was previously applied to the
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silica, these mixtures are either viscous liquids (sample 1) or
thixotropic (sample 2). For a given wave vector q, the
correlation function G(q,t) describing the changes in time of
the speckle pattern of photons scattered by the filler is

b
(1)

where ß is an apparatus constant and Γ is governed by the
rate of diffusion D of the particles moving in the sample,
Γ = Dq2
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Fig. 46: Γ(q) in sample 2. a: asymptotic diffusion; (+) SAXS at
t0 = 104 s; (o): SALS at t0 = 7 105 s; (•) SALS at t0 = 106 s.

1.25

1.15
1.1
1.05

10

100
t (s)

1000

Fig. 45: X-ray intensity correlation functions at
q = 1.71 10-2 nm-1 for: (•) dry silica powder; (+) sample 1;
(o) sample 2.
In both suspensions, mechanical stirring disrupts the
agglomerates, but since these recombine at a rate 1/τf,
expression (2) should be replaced by
Γ = Dq2 [1+ a exp(–t0 / τf)],

(3)

where (1+a ) is the ratio of size of the agglomerate to that of
its component fragments and t0 is the time elapsed after
stirring.
Figure 46 shows Γ(q) for sample 2, measured by coherent
SAXS and also by small-angle light scattering (SALS).
For large t0 and q, the data collapse on the asymptotic line
as defined by eq. 2. In each sample, however, the data at
short times t0 or small q lie above the asymptotic line,
showing that mechanical mixing breaks the agglomerates
into smaller units.The thin lines in Figure 46 passing through
the data points b (t0 = 104 s; coherent SAXS) and
c (t0 = 7 105 s; SALS) are fits to eq. 3. Consistency with the
results, however, requires that
1/τf = Dfq2.
HIGHLIGHTS 2000 ESRF
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Figure 45 shows X-ray intensity correlation functions of
three samples at the same value of q. In the dry powder the
particles are stationary and G(q,t) is a constant. For
sample 1, however, G(q,t) relaxes in about a hundred
seconds. In sample 2 the decay rate Γ is slower.
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(4)

where Df is a constant. The unperturbed translational
diffusion coefficients D are 5 10-14 cm2s–1 (sample 1) and
2 10-15 cm2s–1 (sample 2). The flocculation process is even
slower: Df = 2 10-15 cm2s–1 (sample 1) and 9 10-16 cm2s–1
(sample 2). These results demonstrate that flocculation in
this system is governed by a diffusion mechanism. To
measure such effects on a macroscopic scale (e.g. 1 mm)
would require many thousands of years; coherent X-ray
spectroscopy greatly shortens the measurement time.
Principal Publication and Authors
E. Geissler (a), A-M. Hecht (a), C. Rochas (a), F. Bley (b),
F. Livet (b) and M. Sutton (a,c), Phys. Rev. E, 62, 8308
(2000).
(a) LSP, CNRS-HJF, Grenoble (France)
(b) LTPCM, INPG, Grenoble (France)
(c) McGill University, Montreal (Canada)

Surfaces and Interfaces

Introduction
Many surfaces and interfaces
exhibit unique structural, chemical,
and electronic properties, which
have been exploited for many years
(e.g. in catalysis) despite the lack of
a thorough understanding. This has
always required an intense research
effort and special experimental
tools, which were mainly developed
in the second half of the last
century. The availability of
synchrotron radiation, in particular
at a brilliant source such as the
ESRF, has led to the development
and routine exploitation of new,
powerful experimental techniques
for the analysis of surfaces and
interfaces. The techniques available
today permit studies that were
impossible only a few years ago.
Particularly the high penetration
power and/or high momentum
resolution permit the study of
surfaces and interfaces under real
conditions and on a wide range of
length scales. The experimental
studies highlighted in the following
should give a taste of the activities
at the ESRF in the field of surface
and interface science.

While ultra-high vacuum (UHV) is
still an important pre-requisite for
surface science, researchers are
nowadays concentrating
increasingly on the study of “real”
surfaces, i.e. surfaces in contact
with gases or liquids. Two examples
are reported here. The X-ray
investigation of liquid/vapour
interfaces at ID10B gave new
insight into the structure and
surface energy of such common
interfaces. Trying to “observe” the
growth of a crystal in situ, on an
atomic scale has been a long
standing desire. At ID32, X-ray
scattering was used to analyse the
growth from solutions of ADP
(ammonium-dihydrogen phosphate)
crystals, which are important for
laser applications.
Whenever surfaces need to be
studied “undisturbed”, in situ
analysis in UHV is required. This
work is mostly carried out at the
“classical” surface science
beamlines ID3 and ID32, and we
present three examples. The first
case is an example from the steadily
growing field of soft-condensed
matter on surfaces. This study of
methanethiol on a copper surface
also demonstrates the particular
strength of combining the X-ray
standing-wave technique with
photoelectron spectroscopy,
allowing the structural
characterisation of individual
chemical species. In the second
case, illustrated pictorially by X-ray
scattering is the stunning influence
of a surfactant (wetting layer) on
the surface morphology of silver
during its homoepitaxial growth.

The third case documents the
increasing interest in oxides and
their surfaces. This is driven by
scientific curiosity since traditional
analysis tools often cannot be
applied (e.g. to insulators) but also
because of the fascinating
associated phenomena such as
high-temperature superconductivity
and giant magnetoresistance and
applications in sensor technology
and catalysis etc. Both of these
beamlines and BM32 were used to
carry out a diffraction analysis of a
surface reconstruction of the rocksalt oxide NiO.
The final two examples are right on
the borderline between surface and
interface science and applied
materials science. Nanoscience, the
whole field of which is strongly
driven by imminent applications in
information technology, is
nowadays very fashionable and selforganisation has become an
important concept. The X-ray
analysis of such generated quantum
dots, coined “nanotomography” by
the authors, was carried out at
ID15B and yielded a previously
unavailable insight into these tiny
objects. In the final example, the
structural aspects of the industrially
important surface hardening of steel
by the introduction of nitrogen
(“nitriding”) were studied at BM29
by X-ray absorption spectroscopy.
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Liquid-vapour interfaces, particularly those involving water,
are common in both natural and artificial environments.
They were first described, in 1893 by van der Waals, as
regions of continuous variation of density caused by
density fluctuations within the bulk phases (Figure 47). In
contrast, the more recent capillary-wave model (1965)
assumes a step-like density profile across the liquidvapour interface, whose width is the result of the
propagation of thermally excited capillary waves. The
model has been validated for length scales of tens of
micrometres and larger, but the structure of liquid surfaces
on submicrometre length scales, where the capillary
theory is expected to break down, remains poorly
understood. One reason is that, in contrast to solid
surfaces, the absence of relevant experimental information
even for the simplest liquid-vapour interfaces precludes the
assessment of any of the existing theories which
considerably diverge in their conclusions.
Using grazing-incidence X-ray scattering, we have
obtained the first complete determination of the free
surface structure and of the wavevector-dependent surface
energy for water and organic liquids. We observed a large
decrease of the surface energy of sub-micrometer waves,
which cannot be explained by the phenomenological
capillary theories, and which is decisive in the longstanding dispute on structure of liquid interfaces.

it was adjusted to below the critical angle for total external
reflection. We observed the scattering in the horizontal
plane of the surface by using a vertically mounted gas-filled
position sensitive detector. The experiment is analogous to
a small-angle scattering experiment, however, with surface
sensitivity provided by the scattering geometry. The data
can be evaluated within the frame of the so-called
distorted-wave Born approximation (DWBA) [1]. The
Fourier modes of the liquid surface are capillary waves of
wave vector q, which can be viewed as gratings diffracting
the X-ray waves. The modes are thermally excited and
their amplitude is inversely proportional to the effective
surface energy or surface tension for wave vector q, which
can therefore be determined from the scattering
experiment (Figure 48). Compared to the predictions of
phenomenological theories, we observe a lower surface
tension at small wave vectors. This can be seen as a

r0 = 2 nm

r0 = 1 nm

ξ = r0 /2

2

ξ = r0 /3

CH = 0.2

5

γ (q||) / γm

Liquid-Vapour Interfaces at
Short Length Scales

CH = 0.35

Water
Carbon tetrachloride

1
0.5

0.2
0.1

Fig. 47: The van der Waals description of a liquid-vapour
interface (1893) predicts a smooth transition from the liquid
density to the vapour density with a characteristic length
related to the bulk correlation length. In the capillary wave
model, the interface structure is due to the propagation of
thermally excited capillary waves with wave-vector q. Their
amplitude is inversely proportional to the surface tension or
surface energy gamma.

The experiments were carried out at ID10B, the Troika 2
beamline. The liquid was contained in a large trough (330
mm in diameter) mounted on the diffractometer on an antivibration system. The atmosphere consisted of helium, in
order to minimise background, saturated with the vapour of
the liquid. The monochromatic 8 keV X-ray beam (0.3 mm
x 0.2 mm, H x V) was first reflected by two mirrors for
harmonic rejection, and then impinged on the surface with
a grazing angle of incidence. To obtain surface sensitivity,
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Fig. 48: Scale-dependent surface tension obtained from the
diffuse scattering experiments for water and carbon
tetrachloride. The lines are calculated using the theory of Ref.
[1] as described in text.

consequence of the non-locality of attractive intermolecular
(van der Waals forces) as suggested by recent calculations
[2]. Indeed, surface tension essentially arises due to
missing neighbours and thus the lack of compensation for
inter-molecular interactions at the surface. Therefore a
reduction in surface energy or surface tension can be
expected for a corrugated interface for wavelengths within
the range of molecular interactions.
These results should have important implications for our
understanding of all processes involving short-scale
deformations of fluid interfaces and provide a stringent test
for theories attempting to describe the structure of liquid
interfaces.
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Compression Versus
Expansion on Ionic Crystal
Surfaces: ADP{101}
The atomic structure at the solid/liquid interface will in
general control the growth of a crystal in solution. The
technique of surface X-ray diffraction (SXRD) allows us, for
the first time, to ‘look’ in situ at such an interface and thus
to address the role of surface relaxations, reconstructions,
impurities and also to distinguish between various crystal
terminations. Such structural details are typically not taken
into account in the current theories that predict the growth
shape of a crystal [1]. We are particularly interested in
the surface structure of ionic crystals such as ADP
(ammonium- dihydrogen phosphate NH4H2PO4), a crystal
of the KDP family, because of their use in optical switching
and frequency conversion in laser applications and
because of their dominant role in fundamental studies in
the solution growth field.
The Hartman-Perdok theory correctly predicts that the
pyramidal {101} and the prismatic {100} faces of ADP are
present during solution growth. The ADP{101} face can, in
principle, terminate with an [NH4]+ (ammonium) or [PO4]3(phosphate) layer, or both. AFM (atomic force microscopy)
measurements have shown that the height of the steps on
the {101} faces of ADP corresponds to the thickness of
double layers, which means that only one termination is
present.

Fig. 49: Structure factor amplitudes along (10) crystal
truncation rod, for ADP(101). The solid line is the best fit
starting from a [NH4]+ terminated surface with relaxations
included. Dashed line is the calculation for a H2[PO4]terminated one.

as well. We find that ammonium is relaxed inwards by
0.32 ± 0.13 Å and phosphate is relaxed 0.25 ± 0.11 Å
outwards.
It is interesting to compare our results for ADP with the
isomorphous KDP surface [2]. In both cases, the crystal
terminates with the positive layer. However, while for ADP
the top layer moves inward, for KDP it relaxes outwards.
For both systems, the second layer relaxes outwards. A
second difference is that the relaxations are much larger
for ADP than for KDP. It seems likely that in ADP the
hydrogen bonding of the top [NH4+] layer with the liquid
layer plays a role. This mechanism is absent in the case of
KDP. The second layer consists in both cases of [H2PO4]and these show similar behaviour.
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SXRD measurements were performed at the ID32
beamline and the data consist of a set of crystal-truncation
rods. Figure 49 shows measured structure factor
amplitudes along the (10) CTR for ADP{101}. Our data
show that the surface layer of ADP{101} is [NH4]+
terminated in the growth solution. The data is of sufficient
quality to determine the relaxations of the outermost layers
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Fig. 50: Experimental S 1s photoelectron energy spectra (left) from Cu(111)
exposed to a saturation does of CH3SH at 140 K, recorded at different photon
energies through the (111) NIXSW condition. Also shown (right) is the bulk (Cu)
absorption profile through this region showing the relative locations of these four
photon energies (a) to (d).

In XSW an X-ray Bragg reflection is established in the
substrate and the interference of the incident and diffracted
beams produces a standing wavefield, the phase of which
shifts with varying photon energy; this variation of X-ray
absorption at particular atoms is characteristic of their
location relative to the scatterer planes. Normal incidence
to the scatterer planes reduces dependence on substrate
crystal perfection and allows standard metal single crystals
to be used, while the use of (111) and (111) Bragg
reflections provides absorber-substrate spacings sufficient
to triangulate the absorber atom locations. The X-ray
absorption at S atoms in the adsorbates was determined
from the S 1s photoemission spectra, which could be
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The interaction of alkane thiols with
surfaces is of interest both from the point
of view of desulphurisation catalysts and catalyst
poisoning, and because these species form selfassembled monolayers which are of potential interest in
molecular electronics. Methanethiol, CH3SH, is the
simplest such species, and its interaction with Cu(111) has
recently been characterised by high-resolution S 2p
photoelectron spectroscopy [2]. Four distinct S-containing
surface species result, identified as adsorbed intact
methanethiol (temperature ≤ 150 K), two distinct states
both attributed to methyl thiolate (CH3S-) adsorbed in
different geometries, and atomic sulphur, to which all
species transform at high temperature. We label the two
thiolate species low and high temperature (LT and HT);
both thiolates are present at low temperature, but the LT
thiolate transforms to the HT thiolate as the temperature is
raised.
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Practical surface chemical reactions,
such as those in heterogeneous
catalysis, involve several coadsorbed
molecular moieties, including reaction
intermediates, but little progress has
been made so far in determining their
local adsorption geometries. At ID32 we
have achieved this goal by combining
the standard method of normalincidence X-ray standing waves
(NIXSW) [1] with detection of the
photoabsorption
cross-section
at
different sites through the intensities of
the chemically-shifted photoemission
peaks.

Bulk NIXSW profile

Relative intensity (a. u.)

Following Local
Adsorption Sites
through a Surface
Chemical Reaction:
CH3SH on Cu(111)

separated into the individual chemically-shifted
components, providing independent XSW absorption
profiles of the coadsorbed species. Figure 50 shows a
subset of such spectra recorded at six different photon
energies with the surface at 140 K for the (111) reflection;
the relative intensities of the different chemically-shifted S
1s components varies significantly, demonstrating that
different adsorption sites are associated with each state.
The locations of these six photon energies relative to the
substrate XSW absorption wave profile are shown in the
right-hand panel of Figure 50.
Fig. 51: Schematic diagram
showing the local
adsorption geometries
at low temperature
of the coadsorbed
intact thiol (left)
and LT thiolate
on Cu(111); also
shown is the
HT atomic S
species.

By fitting the S chemical-shift XSW absorption profiles
from a far more complete set of data, the local adsorption
structure of each species could be determined. The intact
thiol at low temperature is bonded to the Cu(111) surface
through its S atom which is directly atop an outermost layer

Surfaces and Interfaces
Cu atom with a Cu-S bond length of 2.38 Å. The LT thiolate
species are found to occupy either mixed hollow or
bridging sites, while the RT thiolate induces a
reconstruction of the outermost Cu layer to lower density
and occupies modified hollow sites. The atomic S occupies
‘fcc’ hollow sites, directly above third layer Cu atoms.
Figure 51 shows a schematic of these local geometries on
the unreconstructed surface.
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Effect of a Surfactant in
Homoepitaxial Growth of
Ag (001): Dendritic Versus
Faceted Island Morphologies
Much progress has been made in the recent years in the
understanding of island shapes in epitaxial growth
systems. Depending on fundamental growth parameters
such as surface temperature and deposition rate, the
deposited atoms form aggregates that may have a variety
of shapes such as strongly ramified isotropically (fractal),
anisotropically ramified with branching along some
preferred symmetry directions (dendritic) or polygonal,
compact shapes (faceted).
Fractal and faceted shapes have been repeatedly observed
in a number of metallic systems. In particular, previously
published STM (Scanning Tunneling Microscopy) results on
homoepitaxial growth of Pt(111) surfaces [1] evidence a
fractal growth at low temperatures (~ 200 K) due to
diffusion-limited aggregation of the adsorbed atoms. At
higher temperatures (300 - 600 K), the growth shape is
polygonal in most cases (triangular islands) but dendriticskeletal island shapes were also observed. The occurrence
of faceted versus dendritic morphologies is a consequence
of specific anisotropies of the growth process.
At variance from the growth of (111) surfaces, the
observed morphologies in homoepitaxial growth of (001)

metallic surfaces have been compact square islands,
square pyramidal structures or completely irregular
deposits but, to our knowledge, dendritic morphologies,
which we are reporting here for Ag(001), have never been
reported. Another observation reported here is on the
effect of a surfactant on the shapes of the islands.
Surfactants are used in epitaxial growth to enhance wetting
and reduce the surface roughness of growing films. Mostly,
this is caused by enhancing the interlayer mass transport
across different surface levels, in agreement with our
observations reported below.
The measurements were done at the surface diffraction
beamline ID3. The incoming angle and the exit angle of the
specularly reflected X-rays with the sample surface were
equal and adjusted such that the phase difference
between the scattered amplitudes of two consecutive (001)
planes was precisely π rad. Under these conditions, the
diffracted intensity is largely sensitive to the short-range
correlations at the surface as those arising from the
distribution of surface terraces.
2-D images of the scattered intensity were monitored with
a commercial CCD camera mounted on the arm of the
diffractometer. Images of the scattered X-ray beam were
taken during film growth at a rate of 3.7 s per frame (2.5 s
exposure to the X-rays plus 1.2 s readout). A typical
experiment consisted in setting a sample temperature and
recording successive 2-D images during the growth for film
thickness between 0 and ~ 25 atomic layers (growth rate:
1 atomic layer every 50 seconds).
We recorded many “movies” of the growth process under
different conditions. The interested reader may see one at
http://www.esrf.fr/exp_facilities/ID3/user_guide/science/growth.html

Fig. 52: (Left) X-ray diffuse scattering distribution after the
growth of ~ 20 layers of Ag on Ag (001) at 320 K taken with 5
minutes exposure time to enhance the quality;
(Right) Real space distribution of a multilevel random
distribution of cross-shaped islands. The levels are differentiated
by different grey tones. The inset shows the corresponding
calculated diffraction pattern.
At temperatures around 323 K we observed, after growing
several atomic layers, the diffuse scattering depicted in
Figure 52. The Maltese cross-shaped distribution has
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been interpreted as arising from a distribution of dendritic
islands as the ones depicted in the right panel in the figure.
This morphology appears to be kinetically determined
since it evolves towards the commonly observed
equilibrium shape (polygonal) when growth is interrupted
and the surface temperature is increased.

Fig. 53: (Left) X-ray diffuse scattering distribution after the
growth of ~ 20 layers of Ag on Ag(001) covered with a small
concentration of surfactant atoms prior to growth (Exposure
time: 5 minutes); (Right) Real space distribution of
multileveled square islands with their equilibrium square
shape in contrast with dendritic shapes in Figure 52. The inset
shows the calculated diffraction pattern.

The NiO(111)-p(2x2)
Surface
Since the bulk structure of the electrostatically polar (111)
surfaces of the rock-salt oxides has alternating cationic
and anionic sheets along the [111] direction, the simple
truncated surfaces must have a divergent electrostatic
energy, in theory making them highly unstable. Thus, until
recently, the polar rock-salt surfaces were believed to be
unstable and a mysterious class of surfaces. However,
their technological importance is growing because of their
interesting magnetic properties. In particular, the (111)
plane of NiO may perform exchange coupling for
ferromagnetic films of the newest giant magnetoresistive
sensors. Only recently [1] it was predicted that such
surfaces may be stabilised by a particular p(2x2)
“octopolar” reconstruction (Figure 54), which cancels the
divergence of the electric field in the crystal.

If prior to the growth, the surface was covered with 0.2
atomic layers of In atoms, then under the same growth
conditions as before, the diffuse scattering pattern obtained
after growing several atomic layers was the one depicted in
Figure 53. The real space distribution of islands which
generate that diffuse scattering are shown in the right
panel. The islands are now square, the equilibrium
morphology expected from the Wulff construction.
Interestingly enough, annealing of a film grown without
surfactant (i.e. exhibiting the dendritic island morphology)
causes the diffuse scattering to evolve from the shape in
Figure 52 to that in Figure 53. This means that the dendritic
islands evolve to their equilibrium shape when the
temperature is raised. This result illustrates that the
dendritic island shapes result from kinetic limitations and
that the surfactant enhances surface mass transport to
allow the islands to acquire their equilibrium morphology.
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Fig. 54: Top (a) and side (b) views of two possible octopolar
reconstructions with Ni- or O-terminated terraces (left and
right respectively), separated by a single step (solid line).
Large circles are oxygen atoms, and small circles are nickel.
For either termination, the top two layers are 75% and 25%
vacant compared to the bulk lattice. The possible symmetrycompatible relaxations, δ and ζ, are shown as arrows
indicating a positive relaxation.
We have undertaken a series of grazing incidence X-ray
diffraction experiments on beamlines ID3, ID32 and BM32
to determine the actual structure and preparation
conditions of NiO(111) on both single crystals and thin
NiO(111) films. All experiments were performed under
ultra high-vacuum conditions (UHV) at high photon energy
(17-18 keV).
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For that purpose, a preparation procedure leading to
crystals of high perfection was developed [2]. In the
vacuum chamber after the last air annealing, the surfaces
of the Ni crystal was found to be p(2x2) reconstructed with
mosaicity parallel to the surface of 0.05-0.02° and typical
in-plane domain sizes between 1000 and 1800 Å. The
NiO(111) thin film was prepared in situ on Au(111). The 5
monolayer-thick film showed good epitaxy, good crystalline
quality, was completely relaxed and p(2x2) reconstructed
with 0.106° in-plane mosaicity, 550 Å domain size
producing intense reflections throughout the accessible
region of reciprocal space.
In-plane structure factors of the p(2x2) reconstruction were
measured quantitatively for all accessible reflections
belonging to the reconstruction. For the single crystal, 138
structure factors were recorded. Reproducing all the data
(global χ2 = 1.5, Figure 55) restricted the solution to the Ni-

terminated octopolar reconstruction uniquely with the small
atomic relaxations indicated in Figure 54. For the thin film,
the octopolar reconstruction was unable to reproduce the
32 non equivalent in-plane structure factors, regardless of
the relaxations. The out-of-plane periodicity, seen in 13
diffraction rods with 322 non-zero structure factors,
indicates a 3 layer thick reconstruction. Only a coherent
juxtaposition, with small relaxation, of half Ni- and half Oterminated domains separated by single-steps is in
agreement with the experimental data (provided that the
bases of the two octopoles have the same orientation,
Figure 54) with a global χ2 = 1.4 (Figure 55). Other models
containing the two terminations over bulk-like layers are
also able to reproduce the data, but they appeared
unacceptable with respect to the growth process.
Annealing the single crystal in UHV leads to
decomposition [2]. Under up to 10-4 mbar O2 the annealing
drastically transforms the internal structure of the
reconstruction leaving a spinel like reduced O-terminated
surface [3].
From these studies it has become clear that the
reconstruction mechanism proposed to stabilize polar
rock-salt surfaces is correct but with a more complex
surface chemistry than expected. A general instability due
to the polarity can thus be ruled out.
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Fig. 55: (a) Comparison between the measured in-plane
structure factors (right) and calculated ones (left) for the
octopolar reconstruction of the air-annealed single crystal with
Ni apex (top when the reflection was measured) and the thin
film compared to the two-domain octopolar reconstruction
(bottom and complete circles). (b) Measured 20L (o), 22L (∇)
and 02L (•) NiO(111) crystal truncation rods compared with a
relaxed Ni terminated octopolar reconstruction (straight lines);
(c) Comparison of measured and calculated diffraction rods of
the p(2x2) reconstruction of a 5ML thick NiO(111) film grown
on Au(111). The h and k indexes are expressed in the (2x2)
reciprocal surface lattice units.

“Nano-tomography” on
Self-assembled Quantum
Dots
The spontaneous formation of nanometer-scale islands,
so-called quantum dots, during the epitaxy of
semiconductor heterostructure systems with a certain
lattice mismatch makes the realisation of new optoelectronic devices possible. In such quantum dots, the
electrons are confined in all three directions of space, and
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the opto-electronic properties depend on strain, size and
chemical composition. Hence, the determination of
interdiffusion and strain profiles within quantum dots is of
particular significance for the understanding of the growth
process and for the prediction of device properties. X-ray
diffraction has the potential to assess these structural
parameters; however, since the very small scattering
volumes contain distributions from strain and composition,
a correct spatial assignment is an ambitious task.
We present a technique to identify key features of the X-ray
intensity distribution in reciprocal space, allowing a
transformation of scattering data to nanometer-scale realspace tomographic images of a quantum dot:
(i) If the lattice parameter varies monotonically by a few
percent across the size of the dot (Figure 56a), the
intensity distribution is spread out over a fairly large region
of reciprocal space. The intensity at each point can be
thought of as being attributed to a region of constant lattice
parameter; i.e., to a slice through the quantum dot.
This assignment (pseudo-resolution) decomposes the
scattering from the dot into the contributions from its isostrain areas (Figure 56b).

epitaxy on GaAs (001). The chosen growth conditions lead
to rotationally symmetric quantum dots with a random
lateral arrangement. Measurements in grazing incidence
and exit diffraction set-up have been performed at the
TROÏKA II beamline. In order to determine the 3-D
structure of the dots, geometry and strain fields are
extracted from 3-D intensity maps between the (220)
surface Bragg-reflections of GaAs and InAs, as
schematically shown in Figure 56b. At each radial position
qr, a 2-D reciprocal space map is analysed in four steps
[1,2]. In order to determine the chemical composition
throughout the dots, the intensity distributions from a
strong (400) and a weak reflection (200) along a common
azimuth were compared [2].
Combining all the information, we can finally draw a 3-D
real-space “image” of the dot. The interdependence of
shape and strain is shown in Figure 57a. The lateral lattice
parameter varies from that of pure GaAs at the bottom to
that of pure InAs at the top of the dot. Figure 57b shows the
inter-diffusion profile as a function of the height in the dot.
The Ga content of the InxGa1-xAs alloy ranges from close
to 100% at the dot base to 0% at the top with a remarkable
large fraction of Ga in the dot centre.

Fig. 56: Schematic representation of the method. a) Scattering
processes for a particular region of constant lateral lattice
parameter at height z above the substrate. b) Simulated
intensity distribution close to a surface Bragg-reflection (hk0).
The colour-coding indicates the origin of the scattered
intensity in (a). The dependence of lateral extent on lattice
parameter is reflected by the width of the central maximum.
c) αf-intensity distribution at the selected iso-strain area. Its
height z is calculated from the angle of maximum intensity.
(ii) The height of each iso-strain area within the dot can be
measured due to the presence of the surface/interface at
the foot of the dots, representing a reference level. At very
small angles of incidence and exit, the surface serves as a
beam multiplier, allowing the X-rays to enter the detector
for each of the four different scattering processes shown in
Figure 56a. The coherent sum of these four amplitude
terms causes the distinct shape of the intensity distribution
along the exit angle (αf), from which the mean height
above the substrate can be directly calculated with sub-nm
accuracy (Figure 56c).
Here, we present the results obtained from self-assembled
InAs islands, grown by solid source molecular beam
HIGHLIGHTS 2000 ESRF
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Fig. 57: Experimental results for the InAs/GaAs dot system: a)
Magnitude of the deviation of the lateral lattice parameter
from that of GaAs; b) Deduced Ga-content as a function of
the height.

Hence the new method of “nano-tomography” allows for a
quantitative determination of the composition and strain
profiles of free-standing quantum dots.
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Surface Study of Hardened
Layers in Steels
Surface treatments are one of the main tools used to control
the properties of different kind of materials. One important
example is the case of steels where resistance to corrosion
or hardness are adapted to the required standards by
modifying the outer most atomic layers by processes such
as nitriding [1]. In this process, nitrogen atoms are
introduced into the surface layers to form metal nitrides
which cause a drastic increase in surface hardness.
Experimentally it is intrinsically challenging to obtain
information about the specific details of this process
because nitriding only causes subtle variations in chemical
composition or geometric structures. Moreover, alloyed
steels are rather complex systems where minor components
(< 5% weight) play a fundamental role in the final
mechanical properties. For this reason special surface and
element-sensitive techniques are required to study them.
Here we present the results of an X-ray absorption
spectroscopy study carried out at station BM29 on the
inter-atomic scale effects of nitriding a commercially
available steel. In the first component of this study, the
changes induced by the nitriding treatments in the local
structure of the chemically dilute alloyed elements, V, Cr,
Mn, Mo, were monitored by measuring the fluorescence
signal, IF, of their X-ray absorption spectrum as illustrated
in the scheme showing the sample geometry.

IO

0.40°

of nitrides, which are amongst the hardest compounds
after diamond. Similar changes were recorded in the Cr, V
and Mn K-edge EXAFS spectra. The sensitivity of this
technique and its importance for improving our
understanding of this complex system is clear when one
considers a comparison with X-ray diffraction
measurements. With that technique no evidence for any
crystalline phases containing Mo, or any of the other
alloyed elements, were found in both normal or grazing
incidence investigations.
The fluorescence detection method utilised does not have
the sensitivity to characterise depth dependency and only
provides averaged structural information of the region
modified by the nitriding process over a penetration depth
of microns. For this reason, in a second part of the

IF

45°

IO

Fig. 58: Fourier transform of the Mo K-edge (E=20000 eV)
EXAFS spectrum of a commercial steel (0.3% V; 3% Cr;
0.5% Mn; 0.8% Mo; 0.3% C; rest: Fe) before (green line) and
after (red line) submitting it to a gas nitriding process. The
experimental data (see inset) were recorded using the ESRF 13
element Ge solid state detector to monitor the fluorescence
signal with an energy resolution better than 150 eV.

IR
Sample
Sample stage

As shown in Figure 58, it is clear that quite drastic changes
in the local structure around Mo atoms were induced by
the nitriding treatment, which causes the disruption of the
metal phase with bcc structure, and induces the formation

Fig. 59: Reflectivity around Fe K-edge (7112 eV) of the
nitrided steel for two incident grazing angles: (Green line)
below critical angle; (Red line) above critical angle.
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investigation, the depth dependent changes in the
structure around the major elemental constituent, Fe, were
then followed by measuring the REFLEXAFS spectra [2],
IR, at glancing angles above and below the critical angle for
which the condition of total external reflection is reached
(see Figure 59). In this case, the penetration of the
radiation within the solid is of the order of 30-50 Å,
depending on surface roughness, and increases with
glancing angles. Surface nitrided species should appear in
this region. For angles of incidence above the critical angle,
the penetration depth is much higher, >100 Å, and bulk
phases (mainly ferrite) are dominant in this region. Our
preliminary analysis of the absorption component of the
reflected beam has shown that this technique can indeed
provide a tool capable of detecting the extent to which
nitrided phases are formed and how deep nitrogen atoms
penetrate within the metal network.
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Introduction
Inelastic X-ray Scattering (IXS)
techniques have the potential for
studying the dynamical properties
of materials in great detail.
Compton scattering provides
information on the momentum
distribution of the electrons and
from this one can learn about
coulombic and magnetic
correlations in the electron gas. IXS
with high-energy resolution gives
direct access to the electronic
structure, by allowing the direct
determination of the energy and
momentum-resolved dielectric
function. When the energy
resolution is pushed into the millielectron volt regime, it also enables
the determination of the atom
dynamics at wavelengths
comparable to the typical interparticle distances. Moreover,
resonant IXS from nuclei gives the
possibility of determining the
density of states (DOS) of the
vibrational states in the investigated
system (phonon DOS for crystalline
materials). Each one of these
challenging IXS methods received a
tremendous impulse from the
advent of third-generation
synchrotron radiation sources. At
the ESRF in particular, each has a
state-of-the-art setup. Every year we
observe the production of
important new results in
challenging scientific programs, as
well as the demonstration of new
potentials thanks to instrumental
developments and to a better
comprehension of the methods and
of their domain of applications.
In this chapter of the Highlights, we
want to give a flavour of the typical
problems studied on these
beamlines. The small and intense
beams provided at the ESRF give the
possibility of studying matter under
high pressure while making use of

IXS techniques. Specifically on
ID22N and on ID28, extended
studies of iron under high pressure
have allowed the investigation of
the elastic properties of iron at
pressures approaching those at the
Earth's core, and the formulation of
specific new hypotheses on the
chemical composition of iron in the
Earth. Similarly, on ID28, the
phonon dispersion curves have been
determined in GaN single crystals,
which can be produced only in very
small sizes. On ID18, the DOS of
phonons in quasicrystals projected
on the iron atoms have been
successfully determined allowing a
new understanding of the DOS
obtained from neutron data.
Another challenging area of
application of IXS is the
determination of the collective
dynamics in disordered systems,
and, in this growing field, very
detailed studies are now possible on
ID16 and ID28, as demonstrated by
the observation of the onset of the
localisation of the acoustic modes in
liquid ammonia and by the analysis
of Umkalpp-processes in a
disordered system such as liquid
lithium. Finally Compton
spectroscopy and high-energy X-ray
diffraction on ID15 has enabled the
study of electron correlation effects
in beryllium and the discovery of
charge ordering in manganites and
nickelates exhibiting the colossal
magnetoresistance effect.
These highlights give a feeling for
the high degree of maturity of the
IXS methods, and on their
capability to provide valuable
information about the dynamical
properties of electrons and atoms in
a wide variety of materials
exhibiting interesting behaviours
from both a fundamental and an
applied point of view.
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High-Pressure Phonon
Spectroscopy of Oriented
hcp Iron
At ambient pressure and temperature, iron is magnetic and
crystallises in the cubic (bcc) structure (α-Fe). Around
13 GPa, α-Fe transforms to nonmagnetic ε-Fe. This
hexagonal (hcp) high-pressure phase is the most relevant
constituent of the Earth’s inner core. The thermodynamic
and elastic properties of this phase are therefore of actual
geophysical interest.
Using the new technique of Nuclear Inelastic Scattering
(NIS) with the 14.413 keV transition of Fe-57, our group
measured for the first time the phonon density-of-states
(DOS) in ε-Fe up to 42 GPa [1]. These studies benefited
from the fact that the phonon DOS can be measured with
NIS from a polycrystalline sample. This is different to the
conventional method, where single crystals are needed to
measure the dispersion relations, as demonstrated in a
recent study of α-Fe up to 10 GPa [2].
Here we present NIS experiments of α-Fe and ε-Fe at
pressures up to 40 GPa performed with an improved
experimental setup at beamline ID22N. The high-resolution
monochromator employing Si(333) and Si(975) channel-cut
crystals provided an energy resolution of 3.9 meV for the
14.413 keV radiation. We have modified our high-pressure
(h.p.) cells by two additional openings allowing NIS studies
with the synchrotron radiation beam both along and almost
perpendicular to the DAC axis (see Figure 60a). This
modification enabled us to study the impact of a preferred
orientation (texture) on the phonon DOS of ε-Fe. It is known
that during the α−ε transition the c-axis of the hcp phase
orients preferably parallel to the load axis [3].
NIS spectra were recorded for α-Fe (bcc) at ambient
pressure and at 6.9 GPa as well as for ε-Fe (hcp) at
28 GPa and 40 GPa. For each pressure the spectra were

a)

APD
75°

SR
APD

Fig. 60: a) Sketch of the h.p. cell and detectors (APD) at two
different orientations with respect to the synchrotron
radiation (SR) beam. The iron sample is contained in a Be
gasket between the two diamonds. b) Density of phonon
states g(E) of α-Fe and ε-Fe at various pressures and
orientations. Open dots correspond to an angle of 0° between
the SR beam and the load axis, full dots to an angle of 75°.
HIGHLIGHTS 2000 ESRF

48

recorded with the X-ray beam parallel and at an angle of
75° to the DAC axis. The density of phonon states, derived
from these spectra as described in [1], are shown in
Figure 60b. These phonon DOS are different for the α- and
ε-phase and exhibit clear pressure-induced shifts of
their characteristic peaks to higher energy. For α-Fe,
the phonon DOS for the two different orientations
are indistinguishable, as expected for a cubic lattice, but
for ε-Fe systematic differences for the two orientations
were observed, revealing the existence of a preferred
orientation with impact on the phonon DOS.
Thermodynamic and elastic parameters derived from the
phonon DOS as described in [1] agree for α-Fe perfectly
with recent neutron data [2]. The shift of the characteristic
peak in the phonon DOS was from 36 meV to 38.5 meV
(0 to 6.9 GPa) and from the derived Debye temperatures
ΘD we obtain a Grüneisen parameter, γ = –dInΘD/dInV =
2.0(0.2). The present data for ε-Fe are, due to the
enhanced resolution, more precise than those in [1], and
exhibit a systematic shift to lower energies. The Debye
temperatures, ΘD = 511(3) K and 543(3) K at 28 and
40 GPa, yield a Grüneisen parameter of γ = 1.8(2) for ε-Fe,
which compares well with that of γ = 1.68(20) from a recent
Raman study [4] and with γ = 1.78(6) from an XRD study
[3]. The sound velocities vs of ε-Fe were derived in the
energy range 0 - 15 meV as described in [1]. The values,
vs= 4.38(6) and 4.39(6) km/s at 28 GPa and vs = 4.59(6)
and 4.47(6) km/s at 0° and 75°, respectively, are equal
within the error bars for different orientations. Above
25 meV the spectra of ε-Fe show characteristic differences
for the measurements performed at 0° and 75° due to the
preferred orientation of the c-axis. Calculated phonon DOS
of ε-Fe and other hcp metals exhibit sharp features of the
two optical phonon branches at the Γ point of the Brillouin
zone. Their intensity should increase for a preferential
orientation of the c-axis with respect to the synchrotron
radiation beam. In the phonon DOS we attribute the peaks
at 27 (28) meV and 44 (46) meV measured at 28 (40) GPa
to these optical modes – this interpretation is supported by
a recent Raman study of ε-Fe [4].

Electronic States and Lattice Dynamics
The effects of texture on the phonon DOS can be
enhanced by producing difference spectra from the
normalised phonon DOS measured at 0° and 75°. By
choosing the appropriate relative amount of the normalised
0° and 75° spectra, we could produce phonon DOS as
measured from a single-crystalline ε-Fe sample parallel or
perpendicular to the c-axis. Further NIS studies on textured
ε-Fe samples will be extended to higher pressures and will
also be devoted to the question about anisotropic
properties of the thermodynamic and elastic parameters
with respect to the c-axis.
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Sound Velocities in Iron to
Megabar Pressures
Physical properties of iron are of interest to a better
understanding of both the current state of planetary cores
and their formation during the differentiation of planets. The
knowledge of the elastic constants and wave velocities of
the different phases of iron, which makes up 70-90 wt% of
planetary cores, is essential for comparison with global
seismic models of the Earth. Among the different
structures, the hexagonal closed-packed (hcp or ε) highpressure phase of iron might be the stable phase at the
pressure of 360 GPa at the Earth’s centre. However, to
date, direct measurements of sound wave velocities have
been limited in iron to an ultrasonic study to 16.5 GPa and
to Hugoniot dynamic shock wave measurements [1]. At the
ESRF, inelastic X-ray scattering (IXS) with meV energy
resolution has recently been shown to be a technique
suited to study the pressure dependence of phonon
dispersion curves [2].

spherical silicon crystal analysers operating in
backscattering and Rowland circle geometry at the same
reflection order as the high-resolution monochromator.

IXS experiments were carried out at high-pressure on
iron at the inelastic-scattering beamline ID28. The
undulator X-ray beam was monochromatised by a
cryogenically cooled silicon (111) crystal and by a veryhigh-energy resolution monochromator. This beam, with an
energy of 15.618 keV and an energy resolution of 3.9 meV,
was focused with a gold-coated mirror at the sample
location. The scattered photons were collected by 5

The dispersion of longitudinal acoustic phonons have been
measured from 19 to 110 gigapascals at momentum
transfers Q varying from 4 to 12 nm-1 on polycrystalline
iron compressed in a diamond-anvil cell (Figure 61).
These experiments represent the first measurements of
the Longitudinal Acoustic phonon branch of hcp iron at
high pressures, from which acoustic velocities can be
directly derived. The observed increase of the phonon

Fig. 61: Typical inelastic X-ray scattering spectra and
corresponding fits as a function of transfer energy, at a
pressure of 28 GPa. The peak centred at zero energy transfer
corresponds to the elastic contribution to the signal, whereas
peaks visible at higher Q values (Q in nm-1) correspond to the
longitudinal acoustic (LA) phonon excitation from iron (ticks).
The intense excitation observed at high energy at Q = 4 nm-1
corresponds to the transverse acoustic phonon branch of the
diamond anvil cell. Integration time for each point was of the
order of 600-700 s, obtained by summation of 4 to 6 scans in
the range 0-50 meV. The energy position of phonons could be
determined with a relative error of typically 3%.
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frequencies corresponds to an increase of the longitudinal
wave velocity (VP) from 7000 to 8800 ms-1. These results
are very important to geophysics. Plotted along with shock
measurements, we show (Figure 62) that hcp iron follows
Birch’s law for VP, namely a linear dependence between
velocity and density regardless of the particular values of
pressure and temperature, which provides a convenient
relationship for extrapolating our measurements to the
pressures of the Earth’s inner core. Seismic data [3] do not
fit the experimental extrapolation, suggesting that the
Earth’s inner core is 4 to 5 % lighter than hcp iron. This
confirms initial predictions that light elements, which are
thought to be present in the Earth’s core to account for the
excess of density of pure hcp iron when compared to
seismic data [3], may thus be present not only in the liquid
outer core but in the inner core as well [4], unless another
iron phase with higher sound velocities is stable at the
pressure and temperature conditions of the Earth’s inner
core.

Fig. 62: Longitudinal acoustic wave velocities of h.c.p. iron
(open squares, this work) and solid diamonds (shock-wave
measurements [1]) as a function of specific mass. Preliminary
Reference Earth Model seismic data are represented by open
diamonds [3]. As shown by the dashed line, the experimental
points for hcp iron show a linear correlation between velocity
and density, according to Birch’s law, regardless of ambient
temperature (this work) or high temperature measurements
(Hugoniot data).
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Inelastic X-ray Scattering of
Phonons in GaN
The wide-band-gap semiconductor GaN is currently of
great interest for optoelectronic applications at blue and
near-ultraviolet wavelengths, as well as in hightemperature and high-frequency electronics. Since the
behaviour of carriers in devices is affected by their
interaction with phonons, the lattice-dynamical properties
of GaN, i.e., its phonon dispersion and the phonon
eigenvectors, are very important and have been studied
intensively, mainly by Raman scattering and by theory.
Both phenomenological and ab initio approaches have
been published. Unfortunately, tests of these theories have
been limited to the comparison with Raman data and are
thus incomplete even for the mode frequencies at the
Brillouin zone centre.
The main reason for the lack of phonon dispersion
information in GaN is that single crystals large enough for
inelastic neutron scattering do not exist. However, this
limitation can now be overcome with inelastic X-ray
scattering (IXS) [1,2]. With the availability of dedicated
beamlines at third-generation synchrotrons, IXS has
developed into a powerful alternative for studying
dispersion effects of elementary excitations in solids. As
demonstrated here, IXS can even be applied to materials
which contain strongly absorbing elements, such as
gallium. With X-ray spot sizes in the submillimetre range,
IXS is ideal to investigate very small samples. In the
specific case of GaN, moreover, even small crystals often
do not have sufficient structural quality. We have overcome
this obstacle by using small-bulk single crystals obtained
from a unique high-pressure growth technique. The widths
of rocking scans across Bragg reflections in these crystals
were around 0.007 degrees, indicating excellent crystal
quality.
The data were taken at the ESRF beamline ID28 using
excitation energies of 17.79 keV and 15.82 keV with an
instrumental resolution of 3.0 meV and 5.5 meV (FWHM),
respectively. In a wurtzite-structure GaN single crystal
(2 x 3 x 0.2 mm3), we have measured the complete phonon
dispersion of the longitudinal optic and acoustic modes
along the hexagonal Γ -A direction and several transverse
branches along Γ -K-M and Γ -M (Figure 63). As an
example, we have determined the energies of the two
silent B1 modes, which are neither Raman nor infrared
active (zone center frequencies: 40.7 and 85.5 meV). Our
data provide important input for fits and tests of latticedynamical models. The experiments were guided by
calculated scattering intensities and frequencies from our
ab initio calculations, and the results agree very well with
these predictions. However, we find significant deviations
from the predictions of another ab initio theory and
phenomenological models. In Figure 64 we show IXS
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Fig. 63: Phonon dispersion of wurtzite GaN
(filled circles: IXS data; solid lines: ab initio
lattice-dynamical calculation. The theoretical
results have been scaled by a factor of 0.97 in
order to obtain optimum agreement with the
experiment. The open diamonds at q = 0 are
from Raman scattering in the visible.
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Fig. 64: IXS spectra of wurtzite GaN along Γ-A. Values of qz
(in units of Gz = 2π/c) are given next to each spectrum.

spectra of the backfolded longitudinal-optic phonon branch
along Γ -A. The spectra between A1 (Γ) and A were
measured with scattering vectors Q = G + q, where
q = (0, 0, qz) and G = (0, 0, 4); those between A and B1 (Γ)
were measured with G = (0, 0, 5), in agreement with the
selection rules predicted by our ab initio calculations.
As a conclusion, our data show that the high energy
resolution of IXS opens new possibilities for investigations
of phonon dispersion in cases where other techniques
cannot be applied due to the strong neutron absorption
cross section or the small size of the samples, as in the
case of wurtzite-GaN reported here.

Atomic-partial Phonon DOS
of Quasicrystals
After the epoch-making discovery of quasicrystals (QC), a
question that immediately emerged was how would this new
type of long-range order affect dynamical properties such as
lattice vibrations? Mainly inelastic neutron scattering (INS)
had been applied to study the phonon dynamics in QC,
resulting in a neutron-weighted density of states (DOS) from
which it has proved difficult to obtain the element-partial
DOS. This renders a stringent comparison between model
structures and measurements almost impossible. Such INS
experiments for quasicrystals show smooth DOS functions
while simulations indicate much more structure. In order to
obtain such a partial DOS, we have applied nuclear inelastic
scattering of synchrotron radiation in a QC enriched in 57Fe
isotope [1]. The studies were made at the Nuclear

51

ESRF 2000 HIGHLIGHTS

Electronic States and Lattice Dynamics

Fig. 65: Energy spectrum of nuclear inelastic absorption of
synchrotron radiation in i-Al62Cu25.557Fe12.5 quasicrystal at
room temperature and instrumental function of the energy
spectrometer. Solid lines are to guide the eye.
Resonance Beamline ID18 where a high-resolution
monochromator is available with 0.8 meV resolution. The
product of nuclear absorption (atomic fluorescent radiation,
delayed to synchrotron pulse) is counted as a function of the
energy detuning with respect to the much sharper
nuclear resonance. The sample studied was a powder of iAl62Cu25.557Fe12.5, a well characterised stable quasicrystal.
Figure 65 shows the instrumental function (single peak at
zero energy), and the energy spectrum of nuclear inelastic
absorption, which includes phonon creation and annihilation
sidebands. The resulting iron-partial DOS (after correcting
for multi-phonon contributions) is shown in Figure 66

compared with previous INS results [2].The surprising result
is the sharp single maximum in the iron-partial DOS
contrary to the INS result. This is the first such measured
sharp structure in a quasicrystal, and shows that differences
must exist between the three atomic-partial DOS functions
in i-AlCuFe. Furthermore, we have been able to use this
synchrotron result to treat new INS studies of isotopeenriched samples [2], allowing us to deduce for the first time
both the Al- and Cu-partial DOS as well (together with
P.P. Parshin and M.G. Zemlyanov). All three partial-functions
are very different in structure, showing the intricacy of the
lattice dynamics in this quasicrystal. These functions are
currently being compared to model structures of this
archetypical quasicrystal (together with M. Mihalkovic). It is
already clear that the vibrational structure depends
sensitively on the lattice position as well as the atomic
species, making such results invaluable in testing model
structures.
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Determination of the Shortwavelength Propagationthreshold in the Collective
Excitations of Liquid
Ammonia

Fig. 66: Iron-partial density of states in i-Al62Cu25.557Fe12.5
quasicrystal in comparison to the neutron-weighted result
from Ref. [2]. Solid lines are to guide the eye.
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The advent of the Inelastic X-ray Scattering (IXS)
spectroscopy with meV energy resolution has widened the
possibility of studying collective atomic dynamics in
disordered systems, such as liquids and glasses, in the
momentum transfer (Q) region approaching the inverse of
the inter-particle separation, Qo. A common feature in
studies of glasses, glass-forming systems and molecular
liquids is the observation of propagating collective modes
up to a maximum Q-transfer, Qm, which is a relevant
fraction of Qo: Q/Qm = 0.1 ÷ 0.5. At Qm the excitation width,
Γ(Q), becomes equal to the excitation energy, Ω(Q), and
therefore the excitation spectrum becomes a featureless
broad band. At Q larger than Qm, in the systems studied so
far, the increasing elastic component in the S(Q,E) strongly

Electronic States and Lattice Dynamics
hides the presence of an inelastic signal, often already
difficult to detect at Q = Qm. This experimental scenario
prompts differences in opinion on how well one can define
a propagating collective excitation in the considered high
Q-regime. There are in fact different interpretations, which
could depend on the specific model chosen to represent
the S(Q,E) and to derive the spectroscopic parameter.

Fig. 67: Selected examples of IXS spectra of l-NH3 taken at
the indicated Q values. The IXS data (o) are reported together
with their error bars. The dashed lines represent the
experimental resolution functions of the five crystal analysers
working in parallel. The resolution functions have been
aligned and scaled to the quasi-elastic peak. The full line on
the three top spectra is the result of the fit to a visco-elastic
model performed in the low-Q region. Note the presence of
inelastic signal at every Q-value.
In the present work, we studied the S(Q,E) of liquid
ammonia, l-NH3 - a moderately hydrogen-bonded liquid. In
this system, an inelastic signal is observed up to the
highest investigated Q value of 15 nm-1, corresponding to
Q/Qo ≈ 0.75. This is shown in Figure 67. In the low Q
region, the analysis of the spectra has been performed
using the visco-elastic model. This yields results such as
the presence of positive dispersion of the sound velocity,
which are in line with a similar study on liquid water.
Most importantly, the presence of a clear inelastic signal in
the high Q region, in spite of the absence of a well defined
inelastic peak, allows the experimental determination of
the S(Q,E) as a function of Q. This has been done for three
different values of energy transfer E and the results are

reported in Figure 68. The data in Figure 68 show
characteristic features such as: i) negligible intensity at low
Q, ii) a well defined Brillouin line for small values of E,
which gets increasingly broader and then disappears with
increasing E, and iii) a Q- and E-independent plateau at
Q-values above the Brillouin peak position. The importance
of these results is that they provide a qualitative, but modelindependent picture, of the short-wavelength dependence
of the Brillouin line in a disordered system; specifically, it
shows that the observed modes lose their plane-wave
character with increasing energy transfer. This qualitative
analysis confirms similar results previously obtained on
different systems such as simulated glasses. A more
quantitative analysis is obtained using the S(Q,E) vs. E
spectra such as those reported in Figure 67, and putting
them on an absolute scale thus exploiting the general
Moments Sum Rules of the S(Q,E). This allows the
reconstruction of the S(Q,E) vs. Q at selected constant Evalues; this analysis confirms the direct measurements of
Figure 68, and, most importantly, it allows us to observe a
cross-over from a dynamic regime characterised by the
presence of the Brillouin line to one where this feature can
no longer be observed; this transition takes place at a
cross-over momentum, Qc, which turns out to agree
quantitatively with the value, Qm, derived using the viscoelastic model to represent the S(Q,E) of this system.

Fig. 68: IXS spectra, shown with error bars, taken as a
function of Q at the indicated constant energies. The inelastic
data (o) have been normalised imposing similar values at
Q = 15 nm-1. The elastic spectrum (full symbols) has been
normalised to the other spectra in the low Q-region.

This experiment has been carried out at the very highenergy resolution IXS beamline ID16. We acknowledge
B. Gorges for the construction of the ammonia cell.
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Observation of Umklapp
Processes in Non-Crystalline
Materials
Umklapp processes (U-processes) are scattering
processes among elementary excitations in crystals where
momentum conservation is fulfilled by a contribution from
the lattice. Their existence has fundamental consequences
on transport properties such as the finite thermal
conductivity, the electrical resistivity via the electronphonon coupling, and the electronic contribution to the
heat capacity. These U-processes are understood for
crystals, where they are associated with the lattice
periodicity. Their existence in a topologically disordered
system is a matter of debate. They are unexpected
because of the absence of long-range order, but, one could
also imagine that just the local order could support them,
at least for those phonon-like excitations observed in
disordered systems at wavelengths comparable to the
inter-particle separation.

Fig. 70: IXS spectra of liquid lithium at T = 475 K (full circles)
taken at the indicated constant energy as a function of Q. The
blue arrows mark the position of the main spectral features
(Brillouin peaks at low Q and Umklapp peaks around the
FSDP). The red line in each panels is the S(Q) reported on an
arbitrary intensity scale.

Fig. 69: Sketch of the dispersion relation E(Q) (dashed lines)
and of the static structure factor S(Q) (red lines) of a one
dimensional system: a) reports the case of an ordered chain;
b) that of a disordered chain.
In Figure 69a we report the one-dimensional case of an
acoustic phonon dispersion relation E(Q) in a perfect chain
with lattice constant a (dashed line). In such a system the
dispersion relation repeats itself with a period G = 2π/a,
while the static structure factor S(Q) corresponds to Bragg
peaks at Q-values Gn = 2πn/a (full vertical line). If we now
perform a scattering experiment at the fixed energy E0, we
would observe a sharp Brillouin peak, at Q = Q0 ≈ -hE0/ν
where ν is the sound velocity. This peak will also be
observed at Q = G ± Q0, where G is any of the reciprocal
HIGHLIGHTS 2000 ESRF
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lattice vectors; naively, one can say that the phonon of
momentum Q0 is "reflected" by the lattice (or by the Bragg
peak at Q = G). In Figure 69b, we report an attempt to
translate one such scattering experiment from a periodic
array into a disordered chain. In this case, the sharp Bragg
peak is replaced by a feature, the so-called First Sharp
Diffraction Peak (FSDP), centered at Q = GFSDP ≅ 2π/a (a
is the average near neighbour distance). This feature has a
finite width, ∆GFSDP, determined by the distribution of
nearest-neighbour distances that typically is an important
fraction of GFSDP. In analogy to the crystal case, one may
expect that this FSDP is also capable of "reflecting" the
phonons. However, with respect to the peak at Q0, the
peaks at Q0 = GFSDP ± Q0 will have a width increased by
∆GFSDP.
IXS spectra of liquid lithium, measured as a function of Q
on the horizontal spectrometer of the ID16 beamline at the
indicated constant E values, are reported in Figure 70
(full circles). In the same figure the static structure S(Q) is
also shown as a red line, and the FSDP is found at
GFSDP ≈ 25 nm-1 with a width of ∆GFSDP ≈ 4 nm-1.

Electronic States and Lattice Dynamics
In the small Q region, a Brillouin peak that increases its Q
position and width with increasing energy is observed. More
importantly, the spectra also show other inelastic peaks at
higher Q values (marked by the arrows). This ensemble of
inelastic features can be interpreted within the same
framework as the one sketched in Figure 69b. In fact, one
observes, at low energy transfer E, not only the Brillouin
peak at Q0(E), but also a second peak at approximately
GFSDP - Q0(E). Moreover, one clearly observes that, with
increasing E, the peaks at Q0(E) and GFSDP - Q0(E) get
closer and, at the energy E ≈ 40 meV, they merge together
at a Q value corresponding to GFSDP / 2.
In conclusion, we have shown that in a system without any
periodic order such as a monoatomic liquid, one observes
inelastic excitations that can be interpreted as the noncrystalline counterpart of Umklapp peaks. These peaks are
no longer sustained by the periodicity of the lattice –as in
crystals– but are due to the “reflection” of the wave-like
(Brillouin) excitations from the short-range order that still
exists in the disordered material.
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Inhomogeneous Electron
Gas: a Compton
Scattering Study
on Beryllium

questions one can address are, typically among others, the
electron-electron and the electron-ion interactions.
Practically, most of the methods for calculating valenceelectron wave functions in solids are based on the oneelectron picture neglecting the so-called correlation effects
[1,2]. In the Compton scattering theory, the correlation
effects are usually taken into account by the Lam-Platzman
correction (LPC) [2], which is usually considered adequate
in the case of a homogeneous electron gas. The only
nearly homogeneous electron gas systems in solids are
the metals with one valence electron per primitive unit cell,
that is the alkali metals like Li, Na, K, and Rb. In other
metals the validity of the LPC has not yet been extensively
studied.
We have studied the incident energy dependence of the
Compton scattering cross-section and the momentum
density of Be single crystals at ID15B and ID16. We
measured the Compton scattering cross-section using
incident photon energies of 10 (ID16), 29 and 56 keV
(ID15B). The momentum space resolution in the
experiments was 0.02, 0.08 and 0.16 atomic units,
respectively. The measured Compton profiles are
compared to an accurate local density approximation
(LDA) based calculation of the momentum density in Be,
the correlation effects being incorporated using the LPC.
An example of the measured and calculated Compton
profiles is presented in Figure 71. The left panel shows the
Compton profile taken with the scattering vector along the
reciprocal lattice vector [110], and with the incident photon
energy of 29 keV. The right panel shows the corresponding
first derivative. Together are plotted the calculated profile
and the corresponding derivative, both broadened to
reflect the finite experimental resolution. The fine structure
in the derivative arises directly from the complicated Fermi
surface structure of Be, consisting of well-known "cigars"

Compton scattering experiments aim
to determine the three-dimensional
electron momentum density distribution
of the system under study. In solids, the
electrons of interest are the valence
electrons, and the fundamental

Fig. 71: Left panel: the measured (circles)
and theoretical (solid line) Compton profiles
of Be with the scattering vector along the
[110] reciprocal lattice vector. Right panel:
the corresponding first derivative.
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and "coronets". The overall agreement between the
experiment and the theory is very good, although one can
notice that some subtle discrepancies still exist. The sharp
structures seen in the derivative of the computed profile
are substantially broader in the experimental profile, more
than can be explained by the experimental resolution.
Figure 72 shows difference spectra obtained by
subtracting the experimental Compton profiles taken with
incident photon energy of 56 keV from the calculated ones
where the LPC has already been taken into account. For
comparison, the LPC is also plotted in the same figure. The
similarity between the residual difference and the LPC
clearly shows that the calculation underestimates the LPC
by approximately a factor of two. Besides this large effect,
one also notices that some sharp structures are still
present in the differences. The discrepancies observed in
both figures seem to indicate that the isotropic LPC is not
completely adequate for a description of the correlation
effects in an inhomogeneous electron gas like Be, and that
a better treatment of the correlation effects is needed to
account for the data.
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High-Resolution X-ray
Diffraction Studies of
Charge Ordering in the
CMR Manganites and
Nickelates
The strontium doped La2NiO4 system is iso structural with
the high TC superconducting cuprate La2CuO4 and is a
prototypical system for the understanding of strong
electron-phonon coupling, and the resultant effects on
material properties. Whereas the doped cuprates show
superconductivity above a certain doping level, doped
La2NiO4 shows no such effect over the whole phase
diagram. However La2NiO4 undergoes a transition into a
charge-ordered regime upon cooling whereby the dopant
holes migrate to form hole rich regions or ‘stripes’ behaving
as anti-phase domain boundaries surrounded by hole
deficient antiferromagnetic regions [1]. X-ray diffraction
provides an ideal tool for the study of such charge
modulations, but at traditional energies it is only sensitive
to such charge ordering in the near surface region. We
present results taken on the high-energy X-ray scattering
beamline ID15A. In using an incident X-ray energy of
130 keV there is a dramatic increase in penetration depth,
even for such highly-absorbing samples, which increases
the scattering volume and allows for bulk sensitive
measurements.
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Fig. 72: The differences between the experimental and
theoretical Compton profiles in the measured three scattering
vector directions (circles), together with the utilised LPC (solid
line).
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Fig. 73: Temperature dependence of the integrated intensity
and inverse correlation length of the (4.667 0 5) CO peak.
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Measurements were made on a single crystal sample
of La1.667Sr1.333NiO4 grown at Bell Labs., measuring
approximately 2 mm x 2 mm x 1 mm, and mounted on the
cold finger of a closed-cycle refrigeration on the 4-circle
triple-axis diffractometer at ID15A. Charge-Ordered (CO)
satellite reflections were studied at previously determined
locations [2] with a modulation wavevector GCO = (2ε, 0, 1)
with ε = 0.333. The integrated intensity and inverse
correlation length of the CO satellite (4.667, 0, 5) are
shown in Figure 74.
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Fig. 74: Comparison of near surface and bulk correlation
lengths in La1.667Sr0.333NiO4.

In our previous measurements at 8 keV, the CO satellites
were very sharp with a long-range correlation length of
~ 2400 Å. However with 130 keV X-rays, the CO satellites
are broad and hence only short-range ordered with a
correlation length of ~ 300 Å (see Figure 74). In addition,

the integrated intensity of the CO satellites was
considerably less than found by us in previous 8 keV
studies suggesting that the number of stripes, or the
charge amplitude may be sample dependent. The shorter
correlation lenghts are consistent with previous neutron
measurements [2]. We postulate that in such a high-quality
crystal, charge stripes are semi-disordered and hence only
correlated over a short distance. However in the near
surface region the charge stripes are “pinned” to the lattice,
causing a much higher degree of correlation.
Measurements were also taken on the Colossal MagnetoResistant (CMR) manganite Nd0.5Sr0.5MnO3 using highenergy diffraction. In contrast to our results on the
nickelate, we found that in the bulk the charge ordering is
long-range in order, with the correlation length being
almost the same value of the Bragg peak correlation
lengths. Due to the large sample volume probed, the
intensity of the satellites is far greater than that of previous
8 keV measurements, and we have also been able to
locate the satellites corresponding to the spin-ordering
satellites.
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Introduction
In this chapter, we present a few
selected results from a very large
body of work in the general area of
magnetism. X-rays can provide
unique and complementary
information to other techniques
such as neutrons. The study of
magnetism is extremely important
from both a fundamental and an
applied point of view. An example
of its application is for computer
hard drives, where a basic
understanding of nano-structure
magnetism is essential to the
development of faster and higherdensity disks.
The study of the fluctuations of
magnetic domains using coherent
X-ray scattering is a new
development in the study of
dynamics in magnetic systems.
It has allowed, probably for the first
time, the observation of magnetic
domain fluctuations at a first-order
phase transition. This opens a new
and exciting field of investigation.
X-ray magnetic scattering has also
been applied to study the exotic
behaviour of intermediate valence
Ce alloys. These materials cannot be
thought of as fully localised or
band-like and represent a
considerable challenge for
understanding the complex
magnetic structure and electronic
properties. The new results show
that valuable insight can be
gained from X-ray scattering
measurements, which complement
neutron studies.
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The determination of orbital
magnetic moments in
antiferromagnetic systems is mostly
the domain of X-ray magnetic
scattering; however, a new way of
determining such moments has
recently been demonstrated for
CoO. The orbital moment was
determined from spin-resolved
photoemission measurements and
opens up many new possibilities.
In ferromagnetic materials, X-ray
magnetic circular dichroism
(XMCD) has become an important
tool in studying the relationship
between magnetic anisotropy and
orbital moments. A particularly
striking example is presented for
Nd2Fe14B at the spin-reorientation
transition.
Significant progress has also been
made in studying the magnetic
properties of a new class of
materials, magnetic multilayers.
These materials have novel
properties and are important for
both basic and applied science.
Using X-ray magnetic dichroism
studies at both the Ni and Pt edges,
it has been possible to provide a
magnetic profile for these materials
that can also be compared with
theory.
X-ray magnetic dichroism is now an
established field, however the
general area of X-ray dichroism is
much richer, with the possibility of
observing a variety of different
phenomena. One such example,
related to optical activity, is the
recent first observation of
nonreciprocal X-ray gyrotropy.

Magnetism

Magnetic Ordering in
Intermediate-valence Ce
Alloys
In the standard model of rare-earth magnetism an integral
number of 4f electrons are localised on each ion, and the
moments interact with the crystalline electric field and
indirectly with each other via the conduction electrons.
However, for Ce-based systems, hybridisation of the 4f
electron with the conduction band leads to more exotic
intermediate-valence and heavy-fermion behaviour. There
are several reasons why it is now possible to contribute
towards a greater understanding of the magnetism of Ce.
First, single-crystal samples suitable for magnetic diffraction
experiments may be produced using molecular-beam
epitaxy. Secondly, the technique of X-ray magnetic resonant
scattering (XMRS) provides key information on the
electronic state of the magnetically ordered species in these
antiferromagnetic systems.
In an XMRS study of a DHCP (double hexagonal closepacked) Ce-Ho alloy, using the magnetic scattering
beamline ID20, it was possible to isolate the magnetic
response of the two constituents. Three resonant peaks are
observed in scans of X-ray energy at the Ce L edges
(Figure 75a).

Fig. 75: X-ray intensity in the π−σ channel at the Ce LII edge at
T = 1.6 K in scans of X-ray energy with Q fixed at magnetic
Bragg reflections.
Figure 76 shows the Q dependence of the integrated
intensities of these peaks, which is identical for peaks B and
C. A different Q dependence is found for peak A and,
therefore, this resonance is due to a different type of
transition.

Fig. 76: Q dependence of the integrated intensities of the
three resonances shown in Figure 75a compared with those
calculated using the model described in the text.

A self-consistent magnetic structure is proposed in
which the basal plane components on all sites form
commensurable longitudinal waves with the propagation
vector [0.5 0 0] and, additionally, there are
antiferromagnetically coupled c-axis components on the
cubic sites. Other magnetic structures are consistent with
neutron diffraction data from this system, but all of the
physically realistic alternative structures can be eliminated
by consideration of these X-ray data. The lowest energy
peak is attributed to a quadrupolar transition, and this gives
information on the ordering of the localised Ce 4f moments.
The higher energy peaks are found to be due to dipolar
transitions, providing complementary information on the
polarisation of the Ce 5d band.
The ratio of the intensities of peaks C and B in Figure 75a
allows an empirical spectroscopic valence of the Ce to be
estimated, and the value obtained is 3.27(5), indicating that
Ce-Ho is an intermediate-valence realisation of DHCP Ce.
The origin of this unusual behaviour was investigated further
on ID20 in XMRS studies of DHCP Ce-Y and Ce-Lu alloys.
Figure 75b shows the resonance at the Ce LII edge for a
dilute Ce-Y alloy, which exhibits peaks A and B but not C.
This represents an ideal case where Ce has an integer
number of 4f electrons like the other lanthanides. However,
the behaviour of Ce-Lu closely resembles that of Ce-Ho,
which has similar lattice parameters, suggesting that the
intermediate-valence behaviour in these alloys is due to
chemical pressure.
Thus, Ce alloys are found to display intermediate-valence
behaviour in DHCP phases that exhibit long-range magnetic
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order. The dipolar and quadrupolar X-ray cross sections
provide valuable additional information to neutron diffraction
in the determination of a complex magnetic structure.
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Magnetic Domains
Investigated by Coherent
X-ray Scattering
Coherent X-ray scattering is a fast developing technique
with inherent imaging and time-structured information on
disordered materials. It evolved from the laser-related field
to the hard X-ray range when highly collimated and intense
third generation synchrotron sources became available.
A disordered material may be viewed as a distribution of
coherently scattering volumes introducing random phaseshifts that result in a strongly modulated diffraction or
“speckle” pattern, when illuminated by a coherent incident
radiation. Each pattern is uniquely related to the
instantaneous spatial distribution of the disorder. If this
spatial arrangement changes with time, the corresponding
speckle pattern also changes. Information on the dynamics
of the disordered system can thus be retrieved from the
time correlation analysis of a single speckle, while the
spatial information is contained in the inverse Fourier
transform of the diffraction pattern. This coherent scattering
technique with hard X-rays has proven successful mainly in
the field of soft condensed matter [1] by giving access to a
higher q-range than dynamic light scattering, and to
phenomena slower than neutron scattering. However,
condensed matter problems have also been successfully
addressed in the 8 keV energy range, where a high flux of
coherent X-rays can “easily” be obtained [2].
The study of antiferromagnetic domains is a new and
exciting area of application for such a combination of
imaging and dynamic techniques. Domain formation is
inherent to most types of magnetic ordering because of
crystal symmetry. However, to date little is known about the
size of the domains and their arrangement in
antiferromagnetic materials. The extreme weakness of the
magnetic scattering signal makes it a challenging
experiment. UAs was chosen as a test system for which
advantage can be taken from the huge enhancement of
the magnetic intensity through a resonant process at the
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MIV uranium absorption edge (3.728 keV).
In a preliminary experiment, we observed for the first time
a static speckle pattern from magnetic domains in the typeI antiferromagnetic phase of UAs, at T = 100 K. UAs
crystallises in the cubic NaCl structure. At TN ~ 123 K the
system undergoes a first order phase transition to a
magnetically ordered phase.
In a recent experiment at beamline ID20, the speckle
patterns of both the (001) magnetic and the (002) charge
reflections were followed throughout the magnetic transition
while varying the temperature. The evolution of both the
integrated intensity and the mean apparent coherence (or
contrast) of the magnetic speckle pattern is shown in
Figure 77. The data were recorded with a CCD camera as
a series of acquisition frames while continuously varying
the temperature. Within 0.1 Kelvin the intensity drops and
reaches the background value. The apparent coherence
decreases at the same time indicating that the domain
configuration (disorder) evolves on a time scale shorter
than the measuring time, and hence smears out the
speckle pattern (Figure 78). An average magnetic domain
size of ~ 4 µm could be retrieved from the inverse width of
the diffraction spot. Moreover, the reproducibility of the
speckle pattern, while using a procedure cycling through
the magnetic transition, indicates that a similar domain
configuration is established each time and that the
magnetic domains are probably pinned by crystal defects.

Fig. 77: The apparent coherence (contrast) and intensity of the
magnetic (001) reflection through the magnetic transition. The
contrast is a measure of the modulation of the average static
diffraction pattern, and is zero for an incoherent beam and/or
for a time or space averaged system.

These promising results strongly suggest that this is the
first observation of magnetic domain fluctuations at a first
order phase transition. Real space imaging through the
inverse Fourier transform of the 2-D diffraction pattern

Magnetism
often plays an important role, for example, in determining the
orientation of the magnetic moments relative to the crystal
axes. The measurement of the separate spin and orbital
contributions to the magnetic moments is, however, far from
trivial. Besides the sum rules for magnetic soft X-ray
absorption dichroism (for ferromagnetic materials) and
magnetic X-ray scattering (for magnetically ordered
antiferromagnetic systems like NiO [1]), we have explored
the feasibility of another spectroscopic technique, potentially
applicable to antiferromagnets and ferromagnets. Spinresolved photoemission using circularly-polarised soft Xrays can provide quantitative information on the magnetic
moments both in ordered and disordered systems.

Fig. 78: Horizontal cuts through the 2-D magnetic speckle
pattern at temperatures below and above the transition
temperature. The speckles appear smeared out by a timeaveraging of the fluctuating magnetic domain configuration.

By measuring the spin-resolved spectra of the valence
states, and by integrating over the whole valence states we
can determine the total difference between photoelectrons
having parallel and antiparallel alignment of their spin with
the photon angular momentum. We call Π the ratio between
this integrated difference and the integrated valence band
photoemission intensity. We take advantage of the sum rule
derived by van der Laan and Thole [2], which relates Π to
the expectation value of a spin-orbit operator of the system
in the initial state. If the measurement is made on a single
magnetic domain (ferromagnetic or antiferromagnetic) the

remains to be done. However, the feasibility of coherent
scattering experiments on magnetic systems at large
diffraction angles has been established and this opens the
way to new exciting fields of investigation.
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Determination of the Orbital
Moment of CoO using Spinresolved Photoemission
Transition metal materials exhibit a wide range of fascinating
magnetic and electronic properties.The spin-orbit interaction

Fig. 79: Spin polarised photoemission spectrum of CoO
measured with circularly polarised light (hν = 600 eV).
The solid line in Panel a) shows the sum and panel b) the
difference of two spectra, one taken with parallel and the
other with anti-parallel alignment of photon angular
momentum and electron spin. Panel c) shows the ratio of the
integrated spectra of panels a) and b) as explained in the text.
The ratio converges to Π at 16 eV binding energy.

61

ESRF 2000 HIGHLIGHTS

Magnetism
sum rule can be used to estimate directly the orbital
magnetic moment (under some assumptions): <Lz> ≈ C•Π,
where the value of C is known. If the sample can be
considered as magnetically isotropic (multi-domain, or in a
paramagnetic phase) then the measured quantity Π can be
related (having satisfied the appropriate conditions) to the
ratio <Lz>/<Sz>.
As shown in Figure 79 we have tested the technique for
CoO at beamline ID12B. CoO is an antiferromagnetic
insulator with an intriguing magnetic structure. The sample
was a single crystal kept at T = 390 K, above TNéel. Panel a)
shows the sum of the two spin polarised spectra (one with
parallel and one with antiparallel orientation of the photon
angular momentum and photoelectron spin). Panel b) shows
their difference and panel c) gives the ratio of the integrals of
the curves shown in panels a) and b). The curve in panel c)
converges (going from the Fermi level EF towards higher
binding energies) to the quantity Π = 0.045 ± 0.005. Applying
the above mentioned sum rule for the isotropic cases we can
thus get a rough estimate of <Lz>/<Sz> ≈ 0.84 at 390 K,
directly from the measurements.
In order to extract further numbers, as far as local properties
are concerned, we have performed model calculations using
a CoO6 cluster in Oh symmetry [3]. By fine tuning the 10Dq
crystal field value we were able to accurately reproduce
the experimental value at T = 390 K. By combining the
calculations results with the known total magnetic moment
of 3.81 µB (at 0 K) we can easily derive <Lz> = 1.31-h and
<Sz> = 1.25-h.
In conclusion, we have used spin-resolved photoemission to
evaluate the orbital and spin moments of the
antiferromagnetic compound CoO. The derivation of these
quantities, in the case of transition metal magnetic
insulators, can be made directly with an approximate
procedure, or through the cluster model calculations
simulating the photoemission experiment. The possible
extension of the technique to metallic systems requires
further studies.

Orbital Magnetic Moment
Instability at the Spin
Reorientation Transition of
Nd2Fe14B
One of the most interesting problems in magnetism that is
still outstanding is the origin of magnetic anisotropy. We do
not yet know how the details of the electronic orbitals result
in differences in magnetic properties, for instance between
the soft iron in a transformer yoke and the hard magnetic
materials like Nd2Fe14B that are used in motors and
synchrotron undulators. Recent theories for transition
metals like iron and cobalt [1] have proposed a close-tolinear relationship between the electron orbital moment,
the magneto-crystalline anisotropy and the lattice
distortion parameter. It might thus be said that the orbital
moment links the microscopic lattice structure with the
macroscopic magnetic behaviour.
X-ray Magnetic Circular Dichroism (XMCD) allows one to
probe orbital moments directly, and indeed strong
dependencies of the orbital magnetic moment of transition
metals on the dimension of the structure (surfaces,
multilayers, clusters) have been measured. Here we show
the power of XMCD in a study of the orbital moment in
Nd2Fe14B.
Nd2Fe14B has been characterised structurally and
magnetically in a very detailed way, because of its
technological importance. Specifically, it shows a Spin
Reorientation Transition (SRT), in which the magnetisation,
lying along the c-axis at high temperature, begins to rotate,
upon cooling, below 135 K towards the [110] axis, reaching
a tilting angle of θ = 30° at 4.2 K (see inset Figure 80).
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Fig. 80: Temperature dependence of the projected orbital-,
spin- and total Fe magnetic moment compared with the
modulus obtained from Mössbauer spectroscopy.

Magnetism
This magnetic transition is accompanied by strong
magnetoelastic effects [2].
In our work we performed temperature dependent XMCD
measurements at the Fe L2,3 edges at ID12B, on a
Nd2Fe14B single crystal mounted with its c-axis parallel to
the light and field directions. Application of the sum rules on
the dichroic spectra yielded the c-axis projected orbital (mL),
spin (mS) and total (mXMCD = mL + mS) Fe magnetic
moments (Figure 80). Above TSRT the XMCD derived total
moment agrees quantitatively with that derived from
Mössbauer spectroscopy. Below TSRT the ratio of the
XMCD and Mössbauer moments give, in an elegant way,
the average tilting angle θFe(T) of the Fe moments
(Figure 81a), which has finally solved a long controversy
about the low temperature magnetic structure of Nd2Fe14B.

The remaining question is the origin of the sharp anomaly in
mL(T) below the SRT. First we note in Figure 81b that it is
nearly proportional to the rate of change of the order
parameter d θFe(T)/dT, which implies that it is intrinsically
associated to the critical dynamics of the phase transition.
Can this peak be related to the similar behaviour of K1Fe
and/or a tetragonal distortion? For the former there are no
data because the reference compound (Y2Fe14B) has no
SRT. For the latter, magnetostriction data [2] show a clear
divergence in the tetragonal distortion, also just below the
SRT. Its origin remained unclear in the original work but now
can be interpreted as critical behaviour.
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Monolayer-resolved
Magnetic Moment Profile in
Ni/Pt Multilayers
Fig. 81: a) Temperature dependence of the canting angle of
the magnetisation; b) Fe orbital moments from Figure 80
compared with the scaled derivative of the order parameter
(dashed line) and the macroscopic anisotropy of Y2Fe14B
(dotted line), all plotted versus reduced temperature T/Tc.

Furthermore, the most striking aspect of the data is the
behaviour of the orbital moment, which shows an
anomalous increase with temperature to a broad maximum
at 230 K, on which a sharp peak centred around 120 K is
superimposed.
In Figure 81b this curve is compared with the macroscopic
anisotropy parameter of the Fe sublattice, K1Fe of the
isomorphous compound Y2Fe14B (dotted line), showing
convincingly the proportionality of the two data sets, except
for the peak below TSRT. Since the temperature dependence
of K1Fe had been correlated previously with the tetragonal
lattice distortion of Nd2Fe14B, we conclude that the
relationship between K1Fe, mL and the tetragonal distortion
is experimentally confirmed to a good first order
approximation.

Magnetic multilayers constitute a new class of materials
exhibiting novel phenomena for basic and applied science.
Usually, they are produced by a periodic repetition in one
dimension of a unit cell consisting of a small number of
monolayers (ML) of a ferromagnetic and a nonferromagnetic element (Figure 82). Hybridisation effects,
strain and reduced coordination numbers at the interfaces of
multilayers modify the magnetic behaviour with respect to
the bulk. In addition, remarkably, the non-ferromagnetic
element acquires an induced magnetic moment. The
magnetic properties of multilayers depend essentially on the
layer-dependent distribution of the magnetic moments of
both elements. Progress in experimental techniques with
Fig. 82: Schematic
representation of a
Ni/Pt multilayer
consisting of N
repetitions of a unit
cell. The unit cell is
also indicated.
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element specificity and theory has only recently allowed us
to study interface magnetism at the ML limit.Through its high
sensitivity and high photon flux, the ESRF is a unique facility
for this purpose.
Here, we have selected Ni/Pt multilayers because: (i) they
have sharp interfaces at the ML limit and (ii) are of
technological importance as candidates for magneto-optic
recording. X-ray Magnetic Circular Dichroism (XMCD)
experiments on a set of Nin/Ptm multilayers with n and m
between 2 and 13 ML were performed at 10 K under an
applied field of 2-5 T. The Pt L2,3-edges were recorded at the
hard X-ray regime at beamline ID12A by using the
fluorescence detection scheme. The Ni L2,3-edges were
recorded at the soft X-rays at beamline ID12B by using the
total electron yield detection mode. Intense dichroic signals
were recorded for all multilayers demonstrating the
exceptional quality of both beamlines. In Figure 83a and 83b
we show XMCD and XANES signals at the Pt and Ni edges
for a Ni2/Pt2 multilayer, respectively. The determination of Ni
and Pt magnetic moments was done by application of the
sum-rules. In addition to the determination of magnetic
moments, XMCD allows for the separation into spin and
orbital contributions [1]. We found a strong anisotropy in the
orbital moment of Ni of about 25% for the Ni2/Pt2 multilayer
to be the source of perpendicular anisotropy [2].

The XMCD data allowed us to construct a monolayerresolved magnetic moment profile for both Pt and Ni. Such
a profile for a Ni6/Pt5 multilayer is shown in Figure 84a. At
the Ni/Pt interface, Pt acquires a large induced magnetic
moment ≈ 0.29 µB/atom. The moment profile on the Pt-side
decays sharply from the interface. The Ni interface magnetic
moment ≈ 0.32 µB/atom is strongly reduced compared to
bulk Ni. The second Ni layer from the interface possesses
practically the bulk moment. Figure 84b shows ab initio
theoretical calculations using the Tight Binding Linearised
Muffin-Tin Orbital (TB-LMTO) method. Qualitatively, for both
elements, theory shows the same trends with the
experiment: Hybridisation effects are mostly localised at the
interface [3].

Fig. 84: a) Experimental and b) theoretical magnetic moment
profile for the unit cell in a Ni6/Pt5 multilayer [3].

In conclusion, a complete monolayer-resolved magnetic
moment profile is presented for the first time for both
constituents of a magnetic multilayer in one experiment and
in theory. It gives a new insight in the fundamental
understanding of interface magnetism.
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Fig. 83: XMCD and XANES spectra recorded at the L2,3-edges
of (a) Pt and (b) Ni in a Ni2/Pt2 multilayer. The measurements
have been performed at normal incidence, T = 10 K and
H = 2T. Spectra were corrected for the circular
polarisation degree.
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First Observation of
Nonreciprocal X-ray
Gyrotropy
In optics, gyrotropy and optical activity are closely related
tensor properties, which describe spatial dispersion effects,
i.e. the breakdown of the usual electric dipole approximation
in radiation-matter interactions. Typically, the time-reversal
even, imaginary part of the complex gyrotropy tensor ζ* is
responsible for reciprocal effects such as natural circular
dichroism or optical rotation. X-ray natural circular dichroism
(XNCD), i.e. a differential absorption of left- and righthanded circularly polarised X-rays, has long been sought in
compounds which lack inversion symmetry but was
measured only recently at the ESRF [1]. Here, we are
concerned with a nonreciprocal X-ray linear dichroism
(XLD), i.e. a differential absorption of the (σ, π) components
of linearly polarised X-rays: this new effect refers to the timereversal odd, real part of ζ* and can only be observed in
magnetic media in which inversion symmetry is still
broken, but now as a consequence of antiferromagnetic
order. X-rays offer the remarkable peculiarity that ζ* is
fully dominated by the electric dipole (E1) and electric
quadrupole (E2) interference terms: this is not true in the UVvisible energy range where ζ* is mostly controlled by electric
dipole (E1), magnetic dipole (M1) interferences. One may
therefore anticipate that the information contents of
gyrotropy effects detected using X-rays or at optical
wavelengths should be complementary.
We succeeded in measuring a nonreciprocal transverse
anisotropy in the low temperature, antiferromagnetic,
insulating (AFI) phase of a Cr doped V2O3 crystal in which
one single antiferromagnetic domain was grown by
magnetoelectric annealing. In this phase, the magnetic
moments (1.2 µB per V atom) are rotated by 71° with
respect to the hexagonal c axis aligned along the direction
of propagation of the X-rays. The space-time group A2
reflects a low symmetry due to induced magnetic moments
on oxygen atoms: space-time inversion is broken and
the crystal is magnetoelectric. Our experiments were
performed at beamline ID12A: a 1/4 wave plate was used
to convert circularly polarised X-rays into linearly polarised
rays with the capability to flip the polarisation vector rapidly
in the orthogonal directions. XLD spectra recorded at the V
K-edge after magnetoelectric annealing are reproduced in
Figure 85: the amplitude of the nonreciprocal XLD signal
(ca. ± 1%) is much bigger than what could be measured at
optical wavelengths. As expected for a time-reversal odd

effect, the sign of the dichroism is inverted when the electric
and magnetic fields are either parallel or antiparallel.
This is the unambiguous proof that nonreciprocal XLD is
inherently different from conventional X-ray magnetic linear
dichroism experiments in which the magnetic anisotropy is
proportional to [M2] and remains unchanged when the
direction of the magnetic field is inverted. Although the
local point group (C3) at each metal centre is chiral, note
that there is no detectable average XNCD signal because
the space group I2/a belongs to a centrosymmetric crystal
class: this is further evidence that inversion symmetry is
broken here only as a consequence of antiferromagnetic
order.

Fig. 85: Nonreciprocal XLD spectra recorded in the AFI phase
of a single crystal of (V1-xCrx)2O3. Magnetoelectric annealing
was performed with parallel (+) and antiparallel (-) electric
and magnetic fields. The XNCD spectrum plotted on the same
scale is hardly visible.

Recall that the observation of E1E2 gyrotropy signals
implies a substantial parity mixing between the 3d - 4p
metal orbitals. One may hope to learn more about orbital
occupancy using the new sum rules established by Carra
and Benoist [2]. An interesting outcome of their theory is
that [L] is no longer a suitable operator for describing the
electronic and magnetic properties of noncentrosymmetric
antiferromagnets.
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Introduction
Materials research is the underlying
goal for many of the investigations
at the ESRF. Contributions to this
topic are thus covered in almost all
of the chapters. Here we present a
few examples of structural studies
of materials, which do not easily fit
into other sections.
In most cases, the highlights of this
year deal with time-resolved
studies, non-ambient conditions
such as extreme temperatures or
high pressures, or high-resolution
mapping of stresses or strains even
for in situ situations such as
deformation. All of these studies
illustrate the use of the unique Xray features of the ESRF such as
high flux, high energies and
excellent focussing capabilities, of
importance for materials science.
The exploration of new synthetic
methods is presented by the
ordered growth of nanotubes in a
framework of (ALPO4-5) single
crystals as monitored by X-ray
diffraction. Another example is the
growth at high temperatures and
high pressures of large
superconducting mercury cuprate
single crystals in a large volume
press.
High pressure and high
temperatures also feature
prominently in a study of the MgOFeO systems at pressures and
temperatures mimicking the
conditions at the earth’s mantle.
These studies give information
about the dynamics in this part of
the earth. Lithium metal, in one
study, is subjected to high pressure
showing that lithium undergoes a
sequence of structural phase
transitions and even becomes a
semiconductor at high pressures.
Valuable information concerning
the physics and chemistry of dense
sp-band metals was obtained.
Diffraction methods were employed
in both cases.
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Local structure rearrangements
have been studied in several
experiments. Time-resolved studies
of undercooled liquid Ge give new
information on liquid structures
and metastable phases. Grain
growth in nanocrystalline Fe, of
importance for nanofabrication, has
been studied as a function of
temperatures and annealing time.
Temperature and composition
variation studies of the Co-Cu
system have given interesting
information of the mechanisms of
giant magnetoresistance. It was
concluded that the growth of a
magnetic particle embedded in a
non-magnetic phase with sharp
boundaries is ideal for large
magnetoresistance.
Two studies illustrate strain/stress
investigations. Stress and strain
fields play a fundamental role in
processing of materials. One
contribution presents the use of
high-energy X-rays to perform
complete strain mapping in bulk
materials with measuring gauges
down to ~100 µm3. High
acquisition rates were achieved
enabling in situ profiling of
complete strain tensors, separation
of macro- and intergranular strains
and texture. The novel technique of
friction stir-welding, by which
“difficult” metals can be welded
using extreme heat, is of interest to
the aeronautical and automotive
industries. Detailed residual-stress
profiles over a friction stir weld in a
6 mm-thick aluminum alloy plate
are presented.
Quasicrystals of AlPdMn were
studied by hard X-ray holography.
The surroundings of the Mn atom in
this compound could be imaged
holographically. This method may
well help in the understanding of
quasicrystals. Mapping of average
3-D decorations in these
compounds may also be possible.

Materials

0.4 nm-sized Nanotubes
Aligned in the Channels of
AlPO4-5 Single Crystals
The interesting physical properties of single-walled carbon
nanotubes (SWCNT) are strongly related to their structure,
which makes structural analyses on nanotubes particularly
desirable. However, up to now, X-ray scattering studies have
been severely hampered by the poor quality of the available
samples, where nanotubes with mixed diameters and
helicities are more or less disorientated. In this respect, new
samples [1] of SWCNTs synthesised in the parallel channels
of AlPO4-5 zeolite single crystals (typical sizes ~ 10-2 mm3)
appear very promising (Figure 86).

environment of the beam path. The in-plane localisation of
the scattering shows that the nanotubes are very well
aligned. The analysis of the scattered intensity enabled us to
determine the nanotube diameter which is about 0.4 nm.
This value has been confirmed independently by
transmission electron microscopy experiments [2]. Such a
diameter is exceptionally small; it is attributed to the
interactions with the zeolite host during the synthesis.
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Fast Strain Scanning with
High Spatial Resolution
Fig. 86: a) Structure of AlPO4-5 showing the open channels;
b) and c) carbon nanotube viewed perpendicular to its long
axis and in projection along this axis. Nanotubes are
synthesised inside the AlPO4-5 channels.
A diffraction pattern obtained on the ID1 beamline is shown
in Figure 87. The SWNTs produce diffuse scattering in the
equatorial plane perpendicular to the channel axis, at low
wave-vectors (Q ≤ 0.2 Å-1 in 1/d units). Very small
background levels can be reached thanks to the vacuum

Fig. 87: Diffraction pattern (crystal and detector fixed)
obtained on the ID1 beamline, under vacuum. The axis of the
zeolite channels is vertical. A 2-D gas detector was placed at
618 mm from the sample, radiation wavelength was 1.044 Å.
The horizontal diffuse scattering streak is characteristic of the
nanotubes.

Local strain/stress fields play a central role in the processing
of polycrystalline bulk materials. They impact on the
performance of components by superposition with load
stresses, but also influence the microstructural development
during processing. Gauge volumes down to micrometre
dimension become achievable using microfocussed highenergy synchrotron radiation [1]. The thus accessible length
scale includes gradients of grain averaged strain/stress
fields of engineering interest in fine grained materials, e.g. in
coatings or at buried interfaces, but also enables the
isolation of individual grains and therefore the study of the
underlying physical principles. Furthermore, in situ
investigations become feasible by fast data acquisition.
The experimental technique consists of positioning a
narrow slit behind the sample and observing the resulting
diffraction pattern on a 2-D detector. The slit defines the
spatial resolution parallel to the incoming beam and should
be placed closely behind the sample. The scattering angles
are measured by the 2-D detector. The strain is extracted
from the central position of the diffraction peak. For the
applications presented below, the slit was placed 10 cm
behind the sample providing space for the sample
environment. Due to the finite sample to slit distance, a
coupling arises between the location of the gauge volume
within the sample and the observed scattering angle. In an
actual measurement, the sample is translated along the
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beam and images are taken at each sample position.
Strains cannot be extracted directly from single images but
the diffraction peak belonging to a certain gauge position
must first be reconstructed from the recorded series of
images.
The method was validated by measuring the in-plane strain
profile across the surfaces of a shot-peened Al calibration
sample. In this case, the same component could also be
measured by the conventional crystal analyser technique.
Figure 88 shows the good agreement of the
measurements, the poorer resolution of the slit scan is due
to the parallel orientation of the strain gradient to the
elongated gauge volume.

Fig. 89: 3-D strain mapping in a torsion sample using a
conical slit cell.
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Fig. 88: In-plane strain profile of a test sample consisting of
two shot-peened Al pieces. The sample geometry is shown in
the insets.

Fast data acquisition has been achieved by the development
of conical slit cells that enable the simultaneous observation
of up to six complete diffraction rings. A biaxial strain state
can be extracted from the distortion of the rings and the
azimuthal intensity variation permits a texture analysis.
Evaluation of the complete strain tensor and texture requires
only sample rotation around one axis.
Torsion deformation is a complicated test case as the actual
stress state is truly triaxial and depends strongly on the
radial position within the sample. Figure 89 shows the
sample geometry and the experimental setup. The strain
profiles show a steep gradient at the sample centre and the
presence of intergranular strains [2].
It was demonstrated that strain profiles can be measured by
a slit imaging technique. In combination with a conical slit
cell, extremely high data acquisition rates have been
achieved which enable in situ profiling of the complete strain
tensor, separation of macro- and intergranular strains, and
texture determination. The above experimental work was
performed at the ID11 beamline.
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Friction Stir-welding
It would be very beneficial, particularly for the aerospace
and other transport industries, if high-performance alloys
that are currently classed as ‘not recommended for welding’
could be safely and economically welded. Welding is
generally preferred to mechanical fastening techniques such
as bolting and riveting for permanently joining metallic
structural components because it tends to produce lighter
and cheaper joints. However, some metals are very difficult
to weld and the high temperatures and thermal gradients
associated with most fusion welding techniques can
produce distortions and steep residual stress fields.
Distortions must be kept within specified limits and residual
stresses can be detrimental and lead to fatigue cracking.
Friction stir welding has been developed over the last few
years mostly to join ‘difficult to weld’ aluminium alloys [1]. It is
a process that employs a hard welding tool, comprising a
proprietary-shaped pin, set in a larger diameter cylinder,
rather like a short rounded drill bit held in a large flat-ended
chuck. The tool is rotated at high speed and translated along
the weld line with the pin forced between the two parts to be
joined and the shoulder of the larger diameter cylinder
pressing on the workpiece. Heat is generated at the
shoulder-workpiece interface and the pin plasticises and
shears the adjacent material to form a solid-state weld

Materials
behind the tool. Critical welding parameters are tool design,
pressure, rotation and translation speeds. Welding speeds
vary with alloy type in the range 0.3-3 m/min for hard and
soft alloys respectively. Friction stir welds typically have low
distortion, high mechanical strength and good fatigue
performance. They generally have a good appearance and
the process, being solid state, is relatively low risk. Research
and development is being undertaken to produce better
quality welds at higher speeds.
BM16 was used, at an energy of 35 keV in its strain imaging
mode, successfully to map, non-destructively, the internal
residual strain distributions over the cross-section of a
friction stir weld in a 6 mm thick extruded aluminium alloy
plate. Details of the different weld and plate textures were
also revealed. Destructive mechanical and traditional X-ray
diffraction techniques had previously been tried but with very
limited success.

Fig. 90: Photomontage of the anodised cross-section of the
friction stir weld.
Figure 90 is a photomontage of the anodised cross-section
of the weld. It shows the outline of the pin-shaped ‘nugget’
region where the texture is fine recovered and the unstirred
region where the texture is fibre-like as a result of the plate
extrusion process. Figure 91 is a detailed map of the
apparent residual stress profile in the weld direction.
The dominant features are the central tensile band, in which

detailed variations related to temperature and stirring are
seen, and the steep drop down to the adjacent balancing
compressive region. The tensile region corresponds closely
with the friction band (shown shaded) where the
temperatures would have been highest.The steepest stress
gradient occurs where the temperature gradient would have
been steepest. This indicates that it is the thermal, rather
than the mechanical, processing history that principally
determines the residual stress-state. Mechanical stirring
changes the microstructure considerably but has only a
secondary effect on the stress field.
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Hard X-ray Holography on
Quasicrystals
Beside crystalline and amorphous solids, quasicrystals are
a new type of space filling form of matter. These
compounds exhibit a specific long-range order together
with an orientational order associated with symmetry
properties, which are forbidden in periodic crystals. Among
quasicrystals the icosahedral AlPdMn is considered as a
model system.
A striking feature of quasicrystals is that in spite of the fact
that they are non-periodic in 3-D space, their structure can
still be characterised by a minimal set of parameters in
a six-dimensional superspace. This periodic 6-D structure
can be projected on 3-D space to obtain an idealised
quasicrystalline structure. Starting from these models, one
obtains not only long-range order but also evidences for a
high local order with respect to distances and orientations.
In particular, this description implies a finite set of local
atomic structures around the Mn atoms.

Fig. 91: Residual stress contours for the friction stir weld
along the welding direction. (The shading indicates the
location of the 20 mm wide friction heated band).

Hard X-ray holography using an inside reference point is a
method capable of imaging the local environment of
selected atoms in 3-D without resorting to any a priori
model [1]. In the last few years the technique has been
developed to a level, which makes its application practical.
The real space resolution has reached the diffraction limit
(see ESRF highlights 1999) and the imaging of light atoms
has also been demonstrated [2].
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An extended analysis by comparing the experimental data
at different energies and at different sites (Pd) with the
average occupation values will further ascertain the validity
of the different models. This will contribute significantly to
the understanding of the quasicrystals. Ultimately the
mapping of average 3-D atomic decorations in various
types of these fascinating materials becomes reality.
References
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Fig. 92: Hologram of a quasicrystal recorded in inverse mode
at 16 keV, using Mn as detector atom.

Fig. 93: Holographic reconstruction, the lines connect the
atomic sites with highest occupancy.
Based on these recent advances of X-ray holography we
applied the technique to quasicrystals on beamline ID22.
We imaged holographically the surroundings of the Mn
atoms in an Al70.4Pd21Mn8.6 quasicrystal. The hologram is
shown in Figure 92 and the real space reconstruction in
Figure 93. The interpretation of this picture is not as trivial
as the interpretation of the results in the case of “normal”
crystals. The expected weight of an atomic site is
proportional to (f/r)2, where f stands for the average
scattering factor of the site considered and r is its distance
to the central atom. Usually the sites giving the highest
intensity are the nearest ones. From considerations on the
chemistry and the material density, the brightest spots
imaged in Figure 93 cannot be the first atomic neighbours.
In order to understand this picture, we turn to models of the
atomic decoration of this quasicrystal. It turns out that the
nearest shells around the Mn have low occupancy so that
they can hardly be seen, while the highest occupancy
arises from a combination of the fifth coordination shell of
Pd, the third of Al and the first of Mn (yellow lines in
Figure 93).
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Local Structural
Rearrangement in Deeply
Undercooled Liquid Ge
Many liquids can be cooled far below their equilibrium
melting temperature Tm without solidification, giving origin to
a metastable undercooled liquid phase. In the absence of
any external driving forces, which trigger the so-called
heterogeneous nucleation process, the equilibrium
crystalline phase is reached through density fluctuations,
leading to the spontaneous formation of a crystalline
nucleus (homogeneous nucleation). The structure of this
metastable phase and the local rearrangements that lead to
the nucleation mechanism represent a fundamental topic in
the understanding of microscopic atomic interactions. It is
still poorly understood whether this metastable liquid phase
can be identified as a frozen version of the equilibrium liquid
above Tm, or if novel atomic configurations appear at very
deep undercooling. In this report we present an investigation
of the local structure of undercooled liquid Ge by means of
time-resolved XAS.
The equilibrium phase of liquid Ge (l) has several
intriguing but poorly understood properties. Upon melting,
Ge undergoes a semiconductor-to-metal transition, as
evidenced by a jump in the conductivity by a factor of 11.

Materials
At the same time, its density increases by ~ 5 % and its
structure goes from an open diamond-like lattice with
coordination number equal to 4 to a more compact liquid
structure characterised by a coordination number between 6
and 7. This is fairly unusual as most liquid metals are more
closely packed with a coordination ~ 12. A very similar
phenomenology is observed for Si.

Fig. 94: XAS spectra recorded during a cooling cycle.
200 spectra (520 ms/spectrum) were collected at intervals of
1.2 s, but only the temperature region around crystallisation is
shown. A continuous trend from very smooth spectra
characteristic of the liquid to the more structured spectra
typical of a crystalline state is clearly visible.

The Ge K-edge XAS measurements were performed on the
dispersive XAS beamline ID24. By collecting full X-ray
absorption spectra in less than a second [1], snapshots of
the electronic and local structure in the metallic phase of Ge
were taken at temperatures much lower than had been
possible with previous static XAS investigations [2]. Upon
ramping the temperature it was possible to follow the
temperature evolution of the complete XAS spectrum
(Figure 94), which provides information about the local
atomic arrangement, through the Fourier Transform of the
EXAFS oscillations and the reconstructed pair correlation
function g(r). Tracking the position of the edge, physically
connected with the density of states at the Fermi level, we
followed the temperature evolution of the electronic
structure, i.e. the appearance of the gap at the onset of the
metal-semiconductor transition (Figure 95).
By an up-to-date data analysis treatment, we find that upon
a rapid freezing of the melt, and prior to the occurrence of
the solidification transition, a sharpening and a slight shift of
g(r) towards smaller distances occur. We interpret this
phenomenon in terms of increased stability of the covalent
bonds, which are continuously formed and destroyed in the
liquid.

Fig. 95: (Upper panel) Measured edge shift values (∆E) of the
spectra shown in the inset, as a function of temperature
during a heating/cooling cycle. The sample melts at T = Tm
and freezes at T ~ Tf. Upon freezing the edge shifts to higher
energies due to the formation of the gap at the metalsemiconductor transition; (Inset) the first (liquid Ge) and last
(crystalline Ge) of a series of 500 spectra (120 ms/spectrum)
collected over the near edge region; (Lower panel) Maximum
amplitude of the first peak in the Fourier Transform as a
function of temperature. The solid line indicates the average
trend above 900 K.

Our observations are therefore compatible with the
possibility that, at high undercooling, tetrahedral
configurations in liquid Ge are more probable, the melt
still being in a metallic phase. This behaviour confirms the
trend suggested by static XAS measurements performed
at lower undercoolings.
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Time-resolved Study of
Grain Growth in
Nanocrystalline Fe
Understanding the influence of the grain size on the kinetics
of grain growth is essential to the technological application of
nanocrystalline materials, in which the average grain size is
several orders of magnitude smaller than in conventional
samples. According to the theory of grain growth at
conventional grain sizes, the rate at which a grain boundary
moves depends only on the boundary curvature, leading to
a parabolic dependence of the grain size on the annealing
time. However, when a specimen's grain size lies in the
nanometre range, another process might replace curvatureinduced migration as the rate-controlling step for grain
growth. Indeed, a recent publication by Estrin, Gottstein and
Shvindlerman [1] predicts that the redistribution of the
excess volume localised in the grain-boundary cores
imposes an upper bound on the growth rate when the grains
are smaller than a critical size, causing the grains to grow
linearly with time. As the critical size is crossed, the growth
kinetics should change smoothly from linear to parabolic,
and the activation energy for boundary migration should
drop by a factor of 2 (as a result of the change in the ratecontrolling mechanism).
We have attempted to test these predictions by measuring
the kinetics of grain growth in a nanocrystalline Fe sample
prepared by ball milling. The grain size of a nanocrystalline
material can be characterised by wide-angle X-ray
diffraction through a Fourier analysis of the size-broadened
Bragg peak profiles. The latter procedure is successful only
when good counting statistics can be achieved under
measurement conditions yielding minimal instrumental
distortion of the peak profiles. These requirements are
fulfilled by the high-resolution powder diffractometer at
BM16, where measurement times as short as two minutes
sufficed for determining the average grain size and strain
level in nanocrystalline Fe through a Warren-Averbach
analysis of the (110)/(220) peak pair. Using a hot-air blower,
we were able to heat the samples (sealed in quartz
capillaries) to constant temperatures as high as 1000°C. In
this manner, we could perform isothermal studies of the
grain-size evolution over a wide range of temperatures with
unprecedented time resolution – a prerequisite for detecting
the predicted change from linear to parabolic kinetics at the
critical grain size.
The initial growth behavior in nanocrystalline Fe is plotted at
several temperatures in Figure 96. Following a mysterious
jump in the grain size as the sample temperature
equilibrated, the grains grow linearly with time, as predicted
in Ref. [1], and above about 150 nm the growth curves
develop a nonlinearity reminiscent of the parabolic growth
found in conventional samples. Figure 97 is an Arrhenius
plot of the growth rate in the linear regime along with the
HIGHLIGHTS 2000 ESRF

72

Fig. 96: Isothermal evolution of grain size in nanocrystalline
Fe at the indicated temperatures. The straight lines illustrate
the nearly linear growth at grain sizes below approximately
150 nm.

–
Fig. 97: Arrhenius plot of the initial growth rate, dR / dt, in
nanocrystalline Fe for the data of Figure 96 and additional
annealing temperatures. The solid curve is the prediction of
the theory developed in Ref. [1].

prediction of the excess-volume-redistribution model. The
surprisingly good agreement between theory and
experiment indicates that the rate-controlling step for grain
growth in Fe at sizes below 150 nm is the redistribution of
excess volume via the transient incorporation of vacancies
in the growing grains; correspondingly, the activation energy
for boundary migration is that of vacancy diffusion rather
than atomic diffusion within and across the grain
boundaries. This finding may provide an explanation for the
unexpectedly sluggish grain growth frequently observed in
nanocrystalline samples and important clues for improving
the thermal stability of such materials.
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Anomalous Co Segregation
and its Influence in the
Magnetoresistance of
CoxCu100-x Granular Alloys
The phenomenon of giant magnetoresistance has attracted
great attention given its promising capabilities for information
storage systems and sensor technology. Granular Co-Cu
systems present giant magnetoresistance (GMR) [1]. At
room temperature, the solubility of Co in Cu is practically
negligible, however special preparation methods, allow the
preparation of a metastable solid solution. After thermal
treatment, a more stable situation is achieved by the
precipitation of small Co clusters in the Cu matrix, which
gives rise to the so-called granular alloys. Developing
theories propose that the GMR arises from the spindependent scattering that takes place mainly at the interface
between the granule and the matrix.
The combination of high resolution XRD and EXAFS
spectroscopy has allowed us to study the evolution of
the microstructure with the annealing temperature, TA, and
its relation with MR in metastable CoxCu100-x (x = 5, 10, 15,
20) granular alloys prepared by a rapid quenching
technique. The behaviour of the MR is very similar for all the
alloys, reaching its maximum value after annealing at 450°C
(Figure 98a) regardless of the composition. High-resolution
XRD data, collected at beamline BM8 revealed the
presence of two fcc phases, even in the as prepared
samples with a Cu rich phase (a1) and a Co rich one (a2).
Only the sample with x = 5 showed a unique Cu-rich phase.
Both phases progress with TA, expulsing the foreign atom
out of the matrix. Accordingly, the lattice parameters evolve
toward the values expected for pure metals: aCu = 3.615 Å
and aCo = 3.544 Å (Figure 98b). As for MR, the separation
process is largely independent of sample composition,
however, it is quite different in Co and Cu rich phases. In the
Co-rich phase, an anomalous feature in the segregation
process is well detected: the tendency of the lattice
parameter to decrease is interrupted abruptly when
annealing at 500°C. At the same temperature the MR starts

Fig. 98: a) Saturation value of magnetoresistance at 10 K,
b) lattice parameter and c) Debye-Waller factor
(∆σ2 = σ2(T) - σ2(0)) for CoxCu1-x samples as a function
of annealing temperature.
to decrease. EXAFS spectroscopy on the Co K-edge
permits a more profound insight into the evolution of the Co
environment. The most relevant result is obtained from the
Debye-Waller factor at 77 K (Figure 98c). For all the
compositions, it presents an overall tendency to decrease,
indicating that the Co atoms evolve towards a more ordered
environment. Again, the decreasing behaviour stops at
500°C, for all the samples.
The following model has been proposed: at lower
temperature (TA ≤ 450°C), the higher Co mobility permits the
formation of Co-rich particles with the expulsion of Cu
atoms. In the Cu rich matrix, this process produces small
Co-rich particles surrounded by a Cu-rich shell. The lower
mobility of Cu prevents the growth and/or coalescence of Co
particles. This produces a magnetic particle embedded into
a non-magnetic phase with a sharp interface, thus creating
ideal conditions for the larger MR [2]. Cu mobility increases
with raising TA, smoothing the interfaces and allowing the Co
particles to coalesce into larger clusters. This suppresses
the MR.
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Study of MgO-FeO Solid
Solution at Conditions of
Earth’s Lower Mantle
Knowledge of the dynamics of the Earth’s mantle is
important for understanding the global changes in the
history of our planet. Ferropericlase (Mg,Fe)O and
(Mg,Fe)SiO3-perovskite are considered the constituents
of the bulk of the Earth’s lower mantle. Therefore,
ferropericlase and magnesiowüstite have been studied
extensively. At ambient condition, the end members of the
MgO-FeO solid solution - periclase (MgO) and wüstite
(FeO) - have the same halite NaCl (B1) structure and they
form a complete solid solution (Figure 99). However, at
pressures above 17 GPa and ambient temperature,
wüstite transforms into a phase with rhombohedral

Fig. 99: Pressure and temperature conditions of the
experiments. Solid symbols correspond to initial (cubic)
magnesiowüstite phase, open symbols to mixture of two cubic
phases in quenched samples. Circles are for (Mg0.6Fe0.4)O,
squares are for (Mg0.5Fe0.5)O, and hexagons are for
(Mg0.8Fe0.2)O. Lines represent phase boundaries between
wüstite phases (1).
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structure (Figure 99). With increasing pressure above
100 GPa at 300 K it transforms to the NiAs (B8) or the antiNiAs (a-B8) structure [1], whereas periclase retains the
NaCl structure at least to 227 GPa [2]. The NaCl structure
is based on cubic close packing of the anions, whereas the
B8 (or the a-B8) structure is formed by hexagonal close
packing of the anions (or cations) (Figure 99). The
topological difference between the B8 and the B1 structure
at high pressure could lead to an immissibility gap in
the region of the MgO-FeO solid solution. To investigate
this hypothesis we conducted an in situ high-P,T study
of ferropericlase with intermediate compositions,
(Mg0.6Fe0.4)O, and quenched (Mg0.5Fe0.5)O and
(Mg0.8Fe0.2)O, respectively.
Experiments were performed on beamline ID30. We
collected the powder diffraction data with a fine incident
X-ray beam (approximately rectangular shape with
dimensions 8*9 mm2 or less) of 0.3738 Å wavelength on
the FastScan imaging plate.
An example of our experiments with ferropericlase
(Mg0.6Fe0.4)O follows: first we increased the pressure to
47 ± 1 GPa at ambient temperature, and then the
temperature to 950-980 K. Due to heating, the pressure
increased to 61 ± 2 GPa. The sample was heated for four
hours during which no changes were observed, except for a
slight asymmetric broadening of the (220) reflection. Then
the pressure was increased to 86 ± 2 GPa at a temperature
of 970 ± 10 K (Figure 99) and after 5 to 6 hours of heating,
all the reflections of ferropericlase became asymmetric and
some showed splitting (Figure 100). A mixture of three
phases (platinum, cubic and rhombohedral ferropericlases
in the proportion 1:22:3 (Figure 100) had to be assumed to
reproduce all features of the XRD pattern. On
decompression, the reflections of ferropericlase remained

Fig. 100: Example of analysed X-ray spectrum collected at
970(10) K and 86(2) GPa after 6 hours of heating. It is
possible to describe the diffraction pattern in terms of a
mixture of three phases - platinum (lower marks), cubic and
rhombohedral (r-Fp) ferropericlases (upper marks) which
perfectly reproduce all features of the pattern. Inset shows
example of images collected with monochromatic 0.3738 Å
radiation with the FastScan imaging plate.
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split. The X-ray data of the quenched
samples at ambient conditions showed the
presence of two cubic phases with lattice
parameters of 4.253(1) and 4.327(1) Å,
respectively. The first corresponds to a
ferropericlase with the composition 35 at.%
FeO and 65 at.% MgO, and the second to an
almost stoichiometric pure wüstite. Within
the limit of error (~3%) no ferric iron was
detected by Mössbauer spectroscopy in the
ferropericlase before and after our
experiments.
The X-ray studies of the externally heated
samples in the diamond-anvil cell show that
magnesiowüstite may dissociate into a
magnesium- and a ferrous-rich oxide
component. We cannot resolve the question
about the size (width) of the immiscibility gap
in the MgO-FeO system at high pressure or
Fig. 101: Diffractograms recorded during the Hg-1201 crystal growth in
whether magnesiowüstite could dissociate
a BaO2 rich flux at 6 GPa.
completely into MgO and FeO after a
sufficiently long time of heating. However, it
allows the synthesis to proceed by solid state reaction of
is clear that magnesiowüstite could at least partially
oxides. In previous experiments [1,2], we had demonstrated
dissociate into a phase with lower density (magnesium rich
the power of in situ synchrotron diffraction for the
phase, ~ 6.1 g/cm3) and a phase with higher density (iron
investigation of the reaction mechanism involved in the HPrich, ~ 7.8 g/cm3) at 85 GPa, corresponding to a depth of
HT synthesis. We present here the results of new
1900-2000 km (PREM). Such dissociation of
experiments devoted to the related Hg2Ba2YCu2O8-δ (Hgmagnesiowüstite may lead to the heterogeneity of the lower
2212) compound, and to the study of single crystal growth
mantle.
using the flux technique for HgBa2CuO4+δ (Hg-1201).
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In situ Study of Mercury
Cuprate Superconductor
Synthesis and Crystal
Growth at High Pressure
and High Temperature

The superconducting mercury cuprates of general formula
HgBa2Can-1CunO2n+2+δ (n = 1 to 6) exhibit the highest critical
temperature (133 K for n = 3) of all high-Tc superconductors.
HP-HT synthesis is used to prevent HgO decomposition and

Due to its high Tc of 97 K and simple structure, Hg-1201
may constitute a model compound to investigate the
structural and physical effects at the origin of high Tc. Key
experiments for these studies, such as neutron diffraction or
NMR, require the use of large, high-quality, single crystals. A
possible way to grow such crystals would be to use the flux
technique at high pressure. However, no information about
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Lithium at High Pressures

Fig. 102: Diffraction image of Hg-1201 growing in a BaO2
rich flux at 990 °C and 6 GPa.

the melting points and phase equilibria in the system Hg-BaCu-O, crucial to control the crystal growth, was available until
now. The in situ diffraction technique developed at ID30 is
very well suited for such investigations, since both melting
and crystallisation processes can be detected on diffraction
images. Figures 101 and 102 illustrate the results of a
typical in situ Hg-1201 crystal growth experiment at 6 GPa,
using a BaO2 rich flux to prevent substitution by cations from
the flux. On figure 101, the flux melting is detected by the
concomitant disappearance of crystalline phases and
growth of a large diffuse bump typical of a liquid. The
remaining Bragg peaks detected at higher temperatures
belong to Hg-1201 and CuO (and gold from the container).
As seen in Figure 102, apart from the broad diffuse signal
from the melt, these phases appear as strong localised
Bragg spots, indicating the growth of a small number of
crystalline grains. These results are now being used for the
preparation of mm-size crystals in a large volume highpressure apparatus in our laboratory.
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Lithium, the first metal in the Periodic Table, is considered a
‘simple metal’. This is because at ambient conditions the
motion of the conduction electrons is only weakly perturbed
by interactions with the atomic cores which are arranged in
a high-symmetry body centered cubic (bcc) lattice. Recently,
Neaton and Ashcroft [1] predicted that dense Li at pressures
below 100 GPa may undergo a sequence of structural
phase transitions, leading to a low-symmetry ‘paired-atom’
phase (space group Cmca) with near-insulating properties.
This is in sharp contrast to the intuitive expectation that
application of hydrostatic pressure favors high-coordination
crystal structures with metallic properties. Other
experimental studies of heavy alkali metals have revealed
the occurrence of high pressure phases with very unusual
structures [2]. Here, the structural changes are believed to
be driven by an electronic s to d transition. Experimental
high-pressure investigations of lithium are of broad interest,
because they are expected to uncover new aspects relevant
for understanding the physics and chemical bonding of
dense sp-band metals, including metallic hydrogen.
We have studied the high-pressure structural properties of
Li in a diamond anvil cell using monochromatic synchrotron
X-ray powder diffraction. The experiments were performed
at the ID9-HP beamline. At ambient temperature and
pressures above 15 GPa, Li diffuses into the diamond anvils
which resulted in their repeated failure. To avoid the breaking
of diamonds, the measurements were performed at low
temperatures (below 200 K) in a specially designed flow
cryostat.
Diffraction patterns measured at 180 K are shown in
Figure 103. Li remains face centered cubic (fcc) to ~ 39 GPa
(a bcc to fcc transition occurs at ~ 7.5 GPa [3]). Above
39 GPa two new phases were observed. The first, which
exists only in a narrow pressure range (~2 GPa), has a
trigonal structure containing one atom per unit cell (hR1 in
Pearson notation). This structure can be regarded as
distorted fcc and is similar to that of alpha-mercury.
The other new phase of lithium, however, adopts a new
structure type so far not found for any other element. All
diffraction lines observed can be indexed assuming a cubic
unit cell (a = 5.198 Å at 44 GPa) containing 16 atoms. The
only space group consistent with the systematic extinctions
is I-43d. The atoms occupy the Wyckoff 16c site which has
fractional coordinates (x, x, x). Rietveld refinements show
that the value of x is close to 0.055 at 44 GPa, with a clear
tendency to increase with increasing pressure. The new
structure (cI16), which is shown in Figure 104, is stable to
at least 55 GPa.
The crystal structure of Li-cI16 is closely related to a simple
bcc lattice. The latter can be regarded as a packing of nonintersecting cylinders running parallel to the body diagonals.

Materials

Fig. 103: Diffraction patterns of high-pressure phases of Li at
180 K: fcc (blue line) at 38 GPa, hR1 (pink line) with a small
admixture of cI16 (red marks) at 40 GPa, cI16 measured (red
dots) and calculated (black line) at 44 GPa, and hypothetical
bcc pattern (green line) with a = 5.198/2 = 2.599 Å
demonstrating the close relation between bcc and cI16.

Moving these cylinders with respect to each other lowers the
symmetry from space group Im-3m to I-43d and results in
the formation of a 2 x 2 x 2 supercell of the bcc lattice. The
coordination is reduced from 8 + 6 to 3 + 2 + 6. The structure
resembles the cation sublattice of the binary compound
Yb4As3 which is of the anti-Th3P4-type.
The structural sequence observed for lithium up to 50 GPa
follows a route different from that predicted by Neaton and
Ashcroft. Nevertheless, the experiments confirm their
general conclusion that dense Li should become unstable
towards symmetry-breaking structural rearrangements at
pressures near 50 GPa.
To learn more about the stability of the cI16 structure and
about its electronic properties we have performed total
energy calculations using full-potential density functional
theory and the generalised gradient approach. The
calculated enthalpy differences fully reproduce the phase
transition sequence observed experimentally (bcc - fcc hR1 - cI16) and reveal that the cI16 structure is more stable
than the ‘paired-atom’, Cmca phase over a large pressure
range up to 165 GPa. Later calculations suggest that a
phase with a Cs-IV-type structure could interfere at lower
pressures. The calculated real-space valence electron
density distribution for the optimised Li-cI16 structure at 48
GPa (Figure 104) is characterised by pronounced maxima in

Fig. 104: Representation of the cI16 structure of lithium near
44 GPa. The space group is I-43d. The cubic cell contains 16
atoms occupying the Wyckoff 16c site with x ~ 0.055. Thick
lines indicate the shortest interatomic distance (2.10 Å). The
thin red lines connect equidistant atoms along the body
diagonals. The structure can be viewed as two interpenetrating
3-connected nets. An alternative interpretation is in terms of a
framework of distorted Li8 dodecahedra. The calculated charge
density distribution of Li-cI16 at a relative volume V/V0 = 0.4
(theoretical pressure 48.8 GPa) is shown in the background.
The plot is for a (100) plane and covers 4 unit cells. The color
coding is blue to red/magenta for increasing electron density.
The density is higher than the average value in all areas
marked by red/magenta colors.

the interstitial regions, which is typical of multi-center
bonding. Related to this, the calculated electronic density of
states shows a deep minimum near the Fermi level,
indicating semi-metallic behaviour.
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Introduction
X-ray microfocussing and microimaging techniques truly benefit
from all the characteristics of the
X-ray beams produced by both
insertion devices and bending
magnets. Lens-free methods, such
as X-ray topography or
absorption/phase radiographies
(ID19, BM5), can now yield
unprecedented quantitative
information thanks to the high
collimation of monochromatic
beams. Optics-based
microfocussing techniques, such as
microdiffraction and

microspectroscopies, exploit the
small size and high brilliance of the
source. Additionally, following the
successful development of focussing
optics initiated a few years ago (see
previous issues of the Highlights),
X-ray imaging with resolutions
ranging from a few micrometres to
a few hundreds of nanometres is
now possible thanks to the wide
variety of X-ray lenses currently
available at the ESRF. Selected
contributions illustrate the use of
wave-guides for microdiffraction
(ID13), refractive lenses for
microfluorescence (ID22) and
Fresnel zone-plates for full field Xray microscopy (ID21).
Furthermore, all of these
techniques are now used for in situ
observation where the evolution of
the image contrast of a sample – in
an appropriate environment – is
studied as a function of a varying
external parameter (temperature,
stress, current, …).
This chapter gives an overview of
the most representative results
obtained last year with the abovementioned techniques. The
contributions demonstrate the wide
range of disciplines to which
microfocussing techniques are
regularly applied at the ESRF,
including engineering and
semiconductor materials, crystal
growth phenomena, strain
determination and trace-element
detection in biological materials:
Two contributions illustrate some of
the new possibilities offered by
high-resolution X-ray diffraction
topography. The first article
presents X-ray topography with a
coherent beam to obtain structural
information at domain boundaries
in spatially-modulated crystals, the
second deals with the in situ
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observation of the nucleation and
propagation of the very first misfit
dislocations in fully-strained
epitaxial layers. Similarly, a novel
technique based on rocking curve
measurements using a CCD
detector permits the rapid
recording of rocking curves with
high-spatial resolution. This new
diagnostic tool is applied here to
allow a better understanding of the
relationship between the growth
parameters, the distribution and
impurity content and the crystalline
perfection of synthetic-crystal
diamonds. Another use of CCD
detection is described in the article
reporting the in situ 2-D and 3-D Xray radiography of metal foams. The
foaming behaviour of a liquid metal
was observed in real-time.
The remaining articles demonstrate
the effective application of a variety
of microfocussing and imaging
techniques; Micro-SAXS was used
to study the structural
reorganisation in single struts of
elastomeric polyurethane foams as
a function of strain under variable
conditions. Another use of
microdiffraction is reported in the
study of the local-strain induced by
submicrometre stripes of insulating
oxide in a silicon substrate. X-ray
imaging was applied to
semiconductor technology showing
that a full-field X-ray microscope
can be used in transmission mode
to image the electromigration
process occurring into a passivated
interconnect of a microelectronic
device, with a resolution of 90 nm.
Finally microfluorescence, a
valuable technique used to map
trace elements, was used to
determine the intracellular
distribution of iron and iodine
within nuclei of pre-treated freezedried cells.

Microfocussing and Imaging

Use of Bragg Diffraction
Imaging, with a Coherent
Beam, to Determine the
Matching of Ferroelectric
Domains
It is well known that the structural arrangements found in
domains, or twins, are usually related to each other via
symmetry elements lost during the structural phase
transition. However, almost nothing is known about how the
domains are connected across the domain wall and, in
particular, how they are matched at the atomic (structural)
level. In symmetry terms, this is equivalent to locating the
position of the lost symmetry element or the “origin” for the
twinning operation, something that is particularly hard to
do in polar crystals. This is because very few experimental
techniques allow one to access this elusive microstructural
information. The use of Bragg diffraction imaging (X-ray
topography), with a coherent beam, is able to produce this
detailed structural information, even though the spatial
resolution of the images is on the much larger scale of
micrometres.
‘Periodically-poled’ crystals contain periodically-spaced
ferroelectric domains. The switching of the sense of Ps (the
spontaneous polarisation vector) is associated with the
inversion of the non-centrosymmetric crystal structure.
Periodically-poled crystals are important materials for nonlinear optical devices. However, they are generally difficult
to produce, and the physical understanding of the features
of the ferroelectric domain walls (twin boundaries) is
essential for improvement of the processing. The
comparison between the structural matching schemes
found at “naturally-occurring” and “induced” domain walls is
of particular interest.
Phase-sensitive Bragg diffraction imaging, with images
recorded at various sample-to-detector distances, has
already been used to investigate ferroelectric domains
within a periodically poled lithium niobate crystal. Bragg
diffraction introduces a phase-shift between the waves
diffracted in adjacent domains, mainly because of the
intrinsic phase difference ∆ϕ between their structure
factors. Fresnel diffraction determines the resulting
intensity variations after free space propagation, which
allows one to extract ∆ϕ [1].
This approach is applied in the present work to a
periodically poled KTA (KTiOAsO4) crystal to identify,
through the quantitative analysis of the contrast as a
function of propagation distance, the matching scheme for
induced inversion domains. Five possible schemes, in
which the inversion domains are matched through the
atoms As(1), As(2), Ti(1), Ti(2) [2] and Ti(2)para (the

position of the inversion centre in the paraelectric phase),
are considered. Each of these matching schemes
introduces a different phase shift in diffraction from
adjacent domains and thus, it is possible to distinguish
between them. The KTA sample was produced by a lowtemperature poling method [3] at the Tel Aviv University,
using a Z-cut wafer. The domain reversal, with 39 µm
period, was performed across the whole 0.5 mm thickness
of the sample. The domain walls were constrained by the
poling mask to be normal to the [100] crystallographic
direction. The experiments were performed at ID19.

Fig. 105: Section topographs of a KTA sample as a function of
the sample-to-detector distance D using the 1 6 2 reflection,
λ = 0.255 Å. The contrast simulations are presented below the
experimental images considering ∆ϕ = –21.1° (atom As(1)
supposed to be at the origin)

Figure 105 shows white beam transmission section
diffraction images, obtained with an incident beam
restricted in one direction to 20 µm, which were recorded
at various sample-to-detector distances. The simulations,
shown below the experimental images, are generated
taking the origin of the polar structure (space group Pna21)
to be at As(1). The origin chosen corresponds to the best
fit for all investigated reflections. These results clearly
suggest that the As(1) atom is the linking or “pivot” atom for
connecting the inversion domains across the wall. The
corresponding model for the twinning is shown in
Figure 106. It preserves the continuity of the major
structural chains of As(1)O4-Ti(2)O6 polyhedra along [100]
across the domain boundary.
The application of Bragg-diffraction imaging with a highly
coherent beam, of the ESRF, to elucidate previouslyinaccessible structural information at domain boundaries in
a periodically-poled ferroelectric, has been clearly
demonstrated. This opens the way to a wide range of
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diffraction topography (imaging) has been used to observe
in situ, the nucleation and propagation of the very first
misfit dislocations in fully-strained epilayers of
In0.04Ga0.96As on (001) GaAs. As doping bulk crystals
results in pinning of dislocations, analogous experiments
were performed to try to suppress the motion of misfit
dislocations and hence raise the critical thickness at which
strained epitaxial layers relax.
Relaxation is initially anisotropic and this is associated
with the two types of dislocation found in the zincblende

Fig. 106: Schematic view of a domain wall (dotted line)
perpendicular to the a-axis passing through the atom As(1).
studies of domain structures in spatially-modulated
crystals.
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Relaxation in Doped
Strained Layers of
Compound Semiconductors
Strained layers of compound semiconductors such as
InxGa1-xAs grown epitaxially on the (001) surface of GaAs
form the basis of optoelectronics devices on which the
much of the modern communications industry is based.
For such devices to operate reliably over extended periods,
the strained layer must not relax by creation of misfit
dislocations at the interface as these act as local heating
and deformation sites. Using a purpose-built molecular
beam epitaxy reactor (Figure 107), now installed on
beamline BM5 of the ESRF, high-resolution X-ray
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Fig. 107: The in situ molecular beam epitaxy reactor installed
on beamline BM5.

structure. The fast B(g) dislocations, running in the [110]
direction, are nucleated before the slow A(g) set, running
in the orthogonal [110] direction. On doping with Si up to
a maximum concentration of 4 x 1018 atoms/cm3, an
increase in critical thickness was observed for both
dislocation sets. For the highest concentration, no slow
A(g) dislocations were observed up to the greatest
thickness grown.
When a dislocation in the substrate crosses into the
strained layer, there is a lateral force on the segment in the
epilayer as a result of the biaxial strain present. As a
consequence, the segment glides on an inclined slip plane,
leaving behind the misfit dislocation segment at the
interface. The line tension of the misfit segment results in a
retarding force on the threading segment. In equilibrium,
these are equal and this results in the classic MatthewsBlakeslee [1] equation for the critical thickness at which
misfit dislocations are formed. The Matthews-Blakeslee
model has been extended to include an anisotropic Peierls
lattice friction and a further frictional force varying linearly
with the dopant concentration. There is a very satisfactory
agreement between the extended model and experiment
(Figure 108). Substantial lattice friction is present in the
undoped samples for both dislocation sets and the
increase in frictional force with dopant concentration is the
same for both fast and slow dislocations.

Microfocussing and Imaging

Characterisation of
Synthetic Diamond Crystals
by Spatially-Resolved
Rocking Curve
Measurements

Fig. 108: Variation of the critical thickness with
silicon concentration. The curves are fits to the modified
Matthews-Blakeslee model.

A small change was observed in the critical thickness as a
function of growth temperature. Inclusion of a temperature
dependent term in the Matthews-Blakeslee model enabled
an activation energy 0.3 ± 0.2 eV to be determined for the
undoped layers. This value, which is consistent with the
observation of enhanced misfit dislocation mobility, is lower
than measured previously and probably arises from the
improved vacuum conditions and elimination of the long
growth pauses necessary to expose the photographic
plates at the less intense Daresbury SRS.

In the quest for perfect synthetic single crystal diamonds
the novel technique of µm-scale spatially-resolved highresolution X-ray diffractometry was employed. Why are
high quality synthetic diamonds so valuable for X-ray optics
applications and why is the improvement of their crystalline
quality so crucial? Firstly, diamond has the best thermal
properties of all materials known to man, which is of
paramount importance for high heat-load optics [1].
Secondly, the applications of diamond crystals for
synchrotron X-ray optics are numerous; ranging from
single-deflection X-ray monochromators, double-crystal
Bragg and Laue X-ray monochromators and phase plates.
Moreover, with the advent of the so-called fourthgeneration sources (FELs), one can expect a growing
demand for high-quality diamond crystals as X-ray optical
elements, since diamond seems to be one of the very few
materials that will survive the extreme power density of a
free electron laser X-ray beam.

The ESRF experiments not only show that the MatthewsBlakeslee model is capable of being extended successfully
but also show that the critical thickness can be raised
substantially by doping at levels that are consistent with
device requirements.
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Fig. 109: X-ray white beam topograph of an as-cleaved (111)oriented and 1.2 mm thick diamond crystal. Lateral
dimensions: 10 x 12 mm2.

Unfortunately natural diamonds are defect-rich by nature
and each natural diamond is unique. In contrast, the best
presently available synthetic diamonds have a typical
average mosaic spread of one to two arcseconds and can
be locally perfect. The principal problem is the non-uniform
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distribution of defects, which causes inhomogeneous
beam intensities for X-ray optical applications. The main
defects are growth bands and dislocations. Stacking faults,
inclusions and cleavage traces leaving strains are also
observable. These features are visible in the white beam
topograph of a (111)–oriented, 1.2 mm thick crystal shown
in Figure 109. Such defects continue to limit the range of
applications of diamond. To understand better the
relationship between the growth parameters, the
distribution and content of nitrogen (the major impurity)
and the crystalline perfection double-crystal X-ray
diffractometry with a microscopic spatial resolution was
applied.

nitrogen impurities and defects could be demonstrated. It
was confirmed that concentration variations were related
to lattice imperfections, and that tilts were greater than
lattice parameter variations.

Fig. 111: X-ray excited optical luminescence (XEOL) of an ascleaved (111)-oriented sample exposed to white synchrotron
beam. (This sample was adjacent to the one shown in
Figure 109).

Fig. 110: Rocking curve width contour map of a
(111)-oriented diamond after thinning to 0.42 mm recorded
with the FreLoN camera. The colour code for the FWHM is
given in degrees.

The experiment was performed at the BM5 beamline at an
energy of 10 keV. Double-crystal rocking curves of a (220)oriented perfect silicon crystal and (111)-oriented diamond
crystal in almost non-dispersive geometry were recorded
with a FReLoN (Fast-Readout-Low-Noise) 2D-CCD
camera developed at the ESRF. Rocking curves were then
attributed to each pixel so that in one angular scan the
rocking curve parameters such as width, peak reflectivity
and peak position could be mapped across the crystal
surface with a resolution of 10 micrometres. Because the
camera was fixed at a distance of 0.5 m, the scans were
so-called ω-scans and represented lattice tilts rather than
lattice strains or d-spacing variations. The width of the
rocking curves (FWHM) is presented in Figure 110 as a
contour map. An unprecedented tilt resolution even smaller
than the Darwin width could be achieved and maps of the
d-spacing distribution could be obtained by appropriate
binning of the detector pixels, without moving the camera.
Superimposing the micro-defect structure determined by
X-ray diffraction on X-ray excited optical luminescence
(XEOL) images (Figure 111), a clear correlation with
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This new technique enables not only a considerable
enhancement of spatial resolution but also a substantial
time gain of five orders of magnitude with respect to
traditional rocking curve mapping [2]. Serving as a highresolution tool for defect control and limitation in synthetic
diamond crystals and to guide the future engineering
developments, it will have an important impact on the
synthesis of high quality diamonds.
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In situ Real-time
Radiography for Process
Optimisation – Foaming of
Metals
It has been shown that in situ real-time radiography is
extremely useful for the observation of the foaming
process in liquid metals. In addition, ex situ micrometre
computer tomography on pre-foamed samples provides
complementary information about the 3D structure in early
foaming stages.
Solid metal foams have attracted much attention because of
their potential applications, e.g. in automotive and aerospace
industries, where their specific structure makes them useful
for lightweight construction or crash energy absorption.
Several ways of producing metal foams are available. The
method developed at Fraunhofer-IFAM consists of mixing a
metal powder (pure elements such as Zn or alloys such as
AlSi7 and Al6061) with a gas releasing foaming agent [1].
The resulting powder blend is compacted by uniaxial hot
pressing into small tablets. It is possible to join two faces of
this material to face sheets during the compaction process
by roll-cladding. The resulting sandwich structures are
of special technological interest since they allow the
encapsulation of the foam structure under a closed surface
and also show good mechanical properties.
Although metal foams are rapidly becoming industrially
important, surprisingly little is known about the physical
processes governing their formation. In order to improve
further such foams their liquid counterpart has to be
investigated thoroughly, which is difficult to perform owing to
the opacity, reactivity, high temperature and low electrical
resistivity of metal melts. Therefore, observation methods
applicable for studying aqueous foams such as resistance,
fluorescence or light scattering measurements are
unsuitable. In contrast, the use of synchrotron radiography
allows an unprecedented insight into evolving metal foams.
For heating the samples, a high-temperature furnace was
specially designed to permit the X-ray beam transmission.
The photon beam was monochromatised to 33 keV and
used to generate an absorption radiograph of the samples
on the electronic detector system (a scintillator screen
coupled to a FReLoN-camera by light optics). The effective
pixel size was 40 µm and the whole CCD camera array
was read out at frequencies between 2 and 3 Hz.
Foaming of the samples was triggered in the furnace by
heating the tablets to the melting range of the alloy. This
caused partial melting of the alloy, hydrogen release by the
foaming agent and the formation and inflation of bubbles
with a corresponding volume expansion of a factor 5 within
a period of a few minutes.

Fig. 112: Foaming of an aluminium foam sandwich
(a) Al foam sandwich structures for light-weight applications
(b)-(f) real-time radiography with images of different stages
of the development of fissures and pores,
of melting of the covering sheet areas and drainage
up to the collapse of the foam.
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Figure 112 shows some stages of the foaming process of
an AlSi7 sandwich structure [2]. An AlSi7 core is joined to
two face sheets of an alloy of a higher melting point.
Because of the high temperature gradient, the core first
melts near the conductive sheets (a), thus it starts to foam
there first. After this, the entire core layer foams (b)-(c).
In contrast to other metals like zinc, the release of the
hydrogen takes place before the melting point of the alloy is
reached. Therefore, during the first phase the hydrogen
causes the appearance of fissures in the material. Only in a
later stage, after the development of a liquid phase, a
network of bubbles forms which subsequently shows effects
of drainage and partial collapse of the bubble structure
during further evolution, as shown in figure 112 (e)-(f).
From the series of radiographic images, phenomena such
as bubble creation and growth, rupture of films, local
topological rearrangements, collapse and drainage of the
foam can be studied. Furthermore, the great wealth of
detail in the images allows conclusions to be drawn about
the stabilisation and destabilisation mechanisms governing
the foaming process. A more exhaustive discussion is
given in reference [3].
Figure 113 shows rendered 3D-images of reconstructed
volumes of various aluminium foam samples at different
stages of the foaming process. The titanium-containing
foaming agent residues are strongly absorbing, and
indicated by the red regions. At the beginning of the
foaming process, the developing pores have the shape of
micro-fissures (a). Upon development of the liquid phase,

a)

b)

d)

c)

Fig. 113: Rendered 3D images of the CTreconstructed volumes of Al foam samples
corresponding to different stages of the foaming: relative
density (a) 99 %, (b) 70 %, (c) 56 % and (d) 44 % of the
volume material. The regions highlighted in red are strongly
absorbing, titanium-containing residues of the foaming agent.
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the pore morphology is transformed into bubbles (d).
The foaming behaviour could be observed in situ and in
real time by help of this kind of analysis. The method
provides new knowledge, regarding the effect of the
blowing gas hydrogen on the foaming process, the
dynamics of pore formation, the size-related pore
distribution and provides opportunities for optimisation of
the foaming processes. This will be the objective of further
radiographic analysis, in particular with regard to the
temperature-time behaviour of the features of the structure
and the material.
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Micro-SAXS from
Polyurethane Foams
Despite the established significance of elastomeric
polyurethane (PU) foams in automotive and furniture
applications, a microstructural model of the response of
foam structures to strain and environmental conditions is
still being developed. Ideally one would like a direct
correlation of the mechanical properties of the PU
elastomer comprising the foam upon deformation, with the
response of the polymer mesophase structure. While
small-angle X-ray scattering (SAXS) is a classical
technique to characterise such mesophases, its beam size
has to be small enough to investigate a single structural
unit. PU foams contain only 2-5 percent by volume of
polymer, concentrated in small structural units called
struts which are typically 100-300 µm in length with a
triangular cross-section with a side dimension which is
typically 30-80 µm. Thus their individual isolation from
bulk foam and the subsequent characterisation of their
structural properties is not a trivial task.
A collaboration between Keele University, Huntsman
Polyurethanes and staff on the Microfocus Beamline ID13

Microfocussing and Imaging
at the ESRF has addressed these difficulties by developing
micro-surgery and micro-deformation techniques in parallel
with micro-SAXS instrumentation [1,2]. This allowed the
study of structural reorganisation in single struts of foam as
a function of strain under variable conditions. In the ID13
experiments, a purpose-designed piezo-electrically driven
micro-deformation stage was combined with micro-SAXS
optics to simultaneously collect strain, force and microSAXS data in real-time. The SAXS data were collected
down to a lower s-limit of 1.5 x 10-3 Å-1 (s=1/d) using beam
sizes of 5-10 µm diameter. Single struts were deformed
during these experiments to various strains up to a
maximum of about 2.

lamellae of the polymer mesophase structure tend to
orient in the direction of drawing with a spacing which
increases with strain. In addition, at higher elongations,
the scattered intensity reduced suggesting a partial, but
reversible, destruction of the hard-soft lamellae structure.
In experiments where the strain rate exceeded the stress
relaxation rate it was possible to observe increasing hard
block separation simultaneously with decreasing gross
strain during the initial part of the return phase of the
strain cycle (see Figure 115).
The results obtained from this series of experiments
provide a unique insight into the structural properties of PU
foams. With the novel techniques and instrumentation
which have been developed, further experiments are
planned to develop realistic models of the complex
behaviour of foam under deformation.
References
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B37, 587-599 (1998).
[2] C. Riekel, M. Burghammer and M. Müller, J. Appl. Cryst.,
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Fig. 114: Data from an incremental cyclic deformation
experiment. Upper curve: Force data demonstrating stress
relaxation phenomenon in both phases of the strain cycle.
Lower curve: 30-second strain increments. Inset: Anisotropic
micro-SAXS data from the point of maximum strain.
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X-ray Diffraction with
Nanometric Spatial
Resolution

Fig. 115: Variation of the separation of the scattering units as a
function of strain for the experiment illustrated in Figure 114.
The force/strain and stress relaxation data collected
from
elastomeric
PU
foams,
based
on
methylenediphenyleneisocyanate (MDI), displayed
hysteresis characteristics and stress relaxation rates
which are comparable with PU bulk elastomers. Typical
force/strain and micro-SAXS data collected during a
single strain cycle of a single strut are presented in
Figure 114. The SAXS data indicated that the hard-soft

The progression towards the miniaturisation and the
fabrication of nano-structures requires, as an obvious
consequence, the development of diagnostic techniques
with high spatial resolutions. X-ray diffraction is one of the
most powerful tools for the study of materials and
processes, but has for long been limited to modest spatial
resolution. In this study we push the spatial resolution
obtainable with X-ray diffraction to the nanometric range,
using X-ray waveguides (WG) as beam compressing
optical elements. The WG’s are multilayers of alternating
layers with high and low electron density materials
deposited on a flat and smooth substrate. A resonance
phenomenon which strongly enhances the e.m. intensity
takes place in the low density material when a collimated
X-ray beam impinges upon the WG surface at an
appropriate grazing angle [1].
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The X-ray beam exiting the WG is highly coherent in the
direction perpendicular to the WG surface with spatial
dimensions of the order of a few tens of nanometres. The
corresponding divergence is of the order of 1 mrad.
Furthermore, in the resonance condition, a strong flux
density enhancement (output flux density over input flux
density) takes place at the WG exit with recently achieved
values as great as 100. These unique features already
allowed phase contrast microradiography to be performed
in a projection geometry with a record spatial resolution of
about 140 nm [2]. For the microdiffraction experiment,
performed at the ID13 beamline, a microelectronics
structure of industrial interest was chosen, with the goal to
measure, with high spatial resolution, the local strain
induced on a Si substrate by sub-micrometre stripes of
insulating oxide. The test samples were provided by STMicroelectronics. The WG was placed with its surface lying
in the horizontal plane, providing a line-shaped beam. The
beam remains well collimated horizontally with a
divergence of a few microradians, and has a vertical
divergence of the order of 1 mrad. Consequently, high
strain sensitivity can be achieved in the direction normal to
the crystal planes if the incidence plane for Bragg
diffraction is horizontal, as shown in Figure 116. In the
vertical direction the desired spatial resolution could be
obtained using a projection geometry. Applying suitable
measurement and data analysis procedures, with the aid
of phase space mapping, it was possible to measure strain
depth profiles under the oxide stripes with a lateral spatial
resolution of about 100 nm.

Fig. 117: Spatial variation of strain under different oxidised
stripes. The experimental data indicate the position of the
Si(004) reflection peak in reciprocal space as a function of the
lateral position on the sample relative to the unstrained
position. For comparison, the height profiles of the sample as
obtained from AFM images are also included.

Fig. 116: Set-up for X-ray diffraction with nanometre spatial
resolution. The dark blue in the sample indicates the oxidised
zones. The high spatial resolution is obtained in the
vertical direction.

Figure 117 indicates the spatial variation of the integral
strain profile under different oxidised stripes, derived from
the angular positions of the diffraction peaks as measured
in the experimental data. A more complex characterisation,
which required the simulation of the entire set of
experimental diffraction profiles, was obtained using an
analytical model for the strain field description. Figure 118
shows graphically, the resulting strain field derived from the
data collected under a single sub-micrometre Si oxide
structure.
HIGHLIGHTS 2000 ESRF
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Fig. 118: Strain field derived from the data collected under a
single sub-micrometre Si oxide structure (see Figure 117b).
In the colour scale, dark blue and red correspond to lattice
compression and expansion respectively.

The potential applications of this new methodology are not
limited to microelectronics materials, and interesting
applications are foreseen in general in materials science
for the study of the local variation of structural properties.

Microfocussing and Imaging
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In situ X-ray Microscopic
Study of Electromigration
The interconnect structures in modern microelectronic
devices are currently 500 nm wide and operate at very high
current densities of nearly 106 A/cm2 without excessive
Joule heating. At these current densities one of the major
failure mechanisms is electromigration (EM), i.e. the
transport of atoms in a metallic interconnect along the
direction of electron flow. The material transport can result
in voids in the wire leading to open circuit failures as well
as hillocks which extrude from the original interconnect
causing short circuits. EM is one of the principal factors
limiting microprocessor performance.
In a passivated interconnect the mass flow due to EM is
constrained by encapsulation. This leads to a high
mechanical stress in the interconnect which influences the
material transport significantly. Therefore, EM should be
studied in situ using an intact layer system including all
barriers and passivation layers. For this purpose an
imaging technique is required which maintains high spatial
resolution when penetrating through several micrometres
of dielectrics. Due to the high penetration power of X-rays
through matter and the high spatial resolution, X-ray
microscopy overcomes several limitations of conventional
microscopic techniques. It utilises the natural absorption
contrast between the elements of interest; i.e. Cu
interconnects embedded in dielectrics.
Using the full-field transmission X-ray microscope (TXM)
installed at ID21 [1], we performed the first direct X-ray
microscopic observation of an EM process. To visualise the
dynamics of the EM, the sample (NIST test structure,
ASTM standard F 1259M-96, Figure 119c) was stressed
by increasing the current density from 0 up to 2 x 107
A/cm2 during 131 minutes of observation. A sequence of
200 images - each with an exposure time of 30 s - was

Fig. 119: a) A selection of the X-ray micrographs taken at a
photon energy of 4 keV observing the mass transport by
electromigration in a passivated Cu interconnect with 600 nm
linewidth. b) SEM micrograph showing the stressed Cu
interconnect after removal of the passivation layer by dry
etching. c) Cross-section of the passivated Cu interconnect
layer system used for the electromigration studies.

recorded with the TXM, displaying directly the dynamical
transport of matter caused by EM. Selected X-ray
micrographs of the transition region between the wide and
the small part of the test structure at the cathode site are
shown in Figure 119a. Initial damage of the interconnect
was seen after a stress time of 5 minutes. Following this,
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X-ray Microfluorescence
Imaging of Single Cells
Spatial distribution and concentration of trace elements in
tissues are of importance as they are involved in many
biological functions of living organisms such as
metabolism and nutrition. The importance of the
microanalyses of individual cells has been reviewed by
Llabador and Moretto [1] who emphasised the future
importance of microprobe techniques for certain cell
physiology problems, cell pharmacology and for toxicology
of heavy elements.

Fig. 120: X-ray micrograph of an intact integrated circuit
with two AlCu metallisation layers and tungsten plugs
connecting the levels.

self-healing effects (see Figure 119a, A → A´ and B → B´)
and formation of new voids was observed. Very fast and
significant changes of the failure site in the last 10 minutes
of the experiment show the effects of the rapidly increasing
current density which is due to a decreasing cross-section
of the interconnect. For comparison, a SEM micrograph is
presented which shows the failure region of the stressed
interconnect (Figure 119b) after removal of the passivation
layers. Note that the final mass distribution, as detected by
a standard failure analysis, cannot be related to the early
stages of the EM process. In addition, the X-ray
micrograph shown in Figure 120 demonstrates that intact
microprocessor structures can be observed by employing
the natural absorption contrast between elements. Details
of the W plugs down to 70 nm size are resolved. The in situ
observation of the EM and the microprocessor images
reveal the potential of X-ray microscopy as an important
new tool to study mass transport phenomena and to
investigate failure mechanisms in electronic devices.

Further insight into biological processes and cellular
analysis mainly requires high spatial resolution techniques
for intracellular analysis, quantitative data, non-destructive
analyses and chemical information. These requirements
can be obtained by recent improvements that have been
realised in third-generation Synchrotron X-ray sources and
in X-ray focusing optics. Highly collimated quasimonochromatic X-ray beams with tuneable energy and a
highly focussed beam with a submicrometre diameter can
be used for trace element analysis (X-ray fluorescence)
and chemical speciation (XANES) with minimum radiation
damage to the sample, short-time analysis and low limit of
detection (< ppm).
This work was carried out at ID22. A 14 keV polychromatic
“pink”-beam and compound refractive lenses were used,
resulting in a beam size of 1 x 10 µm (vertical x horizontal)
with a flux of ~ 5.1011 photon/s. Freeze-dried cells were
prepared as already published [2].
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Fig. 121: Spectrum from a single human ovarian
adenocarcinoma (IGROV1) cell treated with 5 µM of iododoxorubicin. It was obtained using a focused 14-keV
polychromatic “pink” excitation and 100 sec acquisition time.

In Figure 121, the spectrum shows the X-ray peaks of
intracellular elements P, S, Cl, Ca, K, Mn, Fe, Cu, Zn and I
from drug treatment. Compared to cell observation by light

Microfocussing and Imaging
dried cells surface mass (260 µg/cm2) obtained by RBS
(Rutherford Backscattering Spectroscopy), maximum
concentrations for cells treated with 5 µM IDX were 10340
ppm for potassium, 274 ppm for zinc, 76 ppm for iron and
580 ppm for iodine. These results are in good agreement
with previously published data on IGROV1 cells trace
elements content [2]. It is important to note that such
elemental imaging of cells treated with pharmacological
doses of drug cannot be performed by PIXE (Proton
induced X-ray emission spectroscopy) because of the low
concentration of drug.

Fig. 122: Contour map of a freeze-dried cancer cell treated
with 5 µM of iodo-doxorubicin. Cell was mapped with a 14
keV polychromatic “pink” excitation, step size 1 µm x 3 µm
(V x H) and 2.5 sec acquisition time/step, scan size:
60 x 60 µm2, around 2-hours total acquisition time. The
surface mass values (colour legend) are expressed in µg/cm2.
a) Potassium distribution (Kα X-ray line), b) Zinc (Kα line),
c) Iron (Kα line), d) Iodine (Lß1 line).

microscopy, potassium maps roughly depict the cell
boundaries, particularly the nuclear region. Iodine imaging
of cells treated with 5 µM of IDX could be performed in this
study and the surface concentrations are reported in
Figure 122. SXRF mapping shows an intracellular
distribution of trace elements comparable to previous
results obtained by micro-PIXE for higher doses of IDX
(20 µM) [2]. In particular, the co-localisation of iron and
iodine within the cell nucleus is observed (Figure 122, c
and d). This was also found using monochromatic
excitation (data not shown) but more than 12 hours of
mapping were necessary. Using a mean value of freeze-

This experiment opens a new way toward possibilities
of mapping intracellular distribution of drugs used
at pharmacological doses. SXRF will be highly
complementary to laser confocal microscopy or nuclear
microprobe analysis, and brings information that is not fully
accessible by any other technique. Finally, simultaneous
chemical speciation (X-ray absorption spectroscopy) [3]
and microanalysis of living cells are exciting perspectives
under investigation that will soon be reached with SXRF
microprobes.
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Introduction
Applied and industrial work
carried out at the ESRF consists of
both confidential and nonconfidential research. In general,
the confidential work is directly
carried out by companies, whereas
the non-confidential work is carried
out by public institutions, who are
often working in collaboration with
companies. Beam time allocation
for non-confidential research
follows the same rules as for public
research: it has to be approved by a
review committee, it is free of
charge and the results must be
published. For confidential
research, the beam time is charged
and publication of the results is not
required. This non-reviewed
procedure permits rapid access,
which is a very important factor for
many industrial projects.
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Commercial
activities

Number of shifts purchased

As in previous years, there was a substantial increase
in beam time sold during the year 2000: more than
230 shifts were purchased, which represents an
increase of 50% with respect to 1999 (Figure 123).
Biocrystallography data collection is by far the major
activity (about 2/3). The ESRF beamlines attract
pharmaceutical companies due to their excellent
performances and the efficient organisation which assists
the users both during and after their experiments.
Interestingly, in addition to the dozen large European
pharmaceutical companies, there were several new
start-up companies acting on behalf of these larger
companies, who also made use of the biocrystallography beamlines. One example of a
pharmaceutical project is described in the contribution
“Structure of a Low-Affinity Penicillin-binding Protein
from Enterococcus Faecium” page 7. Activity in Industrial
biocrystallography is expected to increase again during
the year 2001. We are considering the launch of a
dedicated complete service for data collection and data
treatment, thus avoiding time-consuming travel for
industrial bio-crystallographers.
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Fig. 123: Number of purchased shifts (est. for 2001).
The second most significant confidential activity is
microtomography. The demand for imaging the threedimensional structure of industrial objects in fields as
varied as healthcare products, plastics, rocks, or alloys
and composites, has greatly increased. The purpose is
either to detect defects (tiny fractures or voids) in the
bulk, or to study the porosity or architecture of foam-like
materials. This activity is run as a full service carried out
by an engineer, including data collection and data
processing. A spectacular application of time-resolved
tomography is given in the contribution “In situ Real-time
Radiography for Process Optimisation – Foaming of
Metals” page 83.
Another important commercial activity will obtain full
momentum in 2001, the measurement of trace element

contamination on silicon wafers by total X-ray reflection
fluorescence. A dedicated station was built within the
framework of the MEDEA European program. The use of
synchrotron radiation permits microelectronic companies
to measure lower contamination levels than by using
conventional X-ray sources, which is now required by
new technologies in the semiconductor industry. The
reader will find a description of the facility in the
contribution which follows “ID27 – An industrial SR-TXRF
facility opens its doors to the semiconductor community”.

Non-commercial
activities
Applied and industrial non-confidential activities
represent about 20% - 25% of the overall beam allocation
at the ESRF. They concern various industrial domains
such as microelectronics, polymers, metallurgy, and also
fine chemicals, the oil industry, building materials, pulp
or cosmetics. These activities mainly benefit from the
micro-analytical analyses at the micrometre scale
(fluorescence, diffraction) and from the imaging
techniques, and also from absorption spectroscopy,
surface analyses, high-resolution diffraction and
magnetism-related techniques. Several contributions
in the present issue give an idea of the wide variety of
these applied topics which include basic research of
new materials, process development or control:
• X-ray diffraction with nanometric spatial resolution”
(micro-diffraction/microelectronics) page 85
• “In situ X-ray microscopic study of electromigration”
(X-ray microscopy/microelectronics) page 87
• “Relaxation in doped strained layers of compound
semiconductors” (topography/optoelectronics) page 80
• “Anomalous Co segregation and its influence in the
magnetoresistance of CoxCu100-x granular alloys”
(EXAFS-diffraction/microelectronics) page 73
• “Nano-tomography on self-assembled quantum dots”
(surface diffraction/microelectronics) page 43
• “Monolayer-resolved magnetic moment profile in Ni/Pt
multilayers” (XMCD-XANES/magnetic materials)
page 63
• “Micro-SAXS from polyurethane foams”
(micro-diffraction/plastics) page 84
• “Friction stir-welding” (strain/stress analysis/metallurgy)
page 68
• “Surface study of hardened layers in steels”
(EXAFS/metallurgy) page 45.
The scientists involved in these activities originate
frequently from academic institutions that work in very
close collaboration with industry. In many cases,
techniques are explored which can later result in
commercial, confidential activities once the usefulness
of the technique has been established.
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ID27 - An Industrial SRTXRF Facility Opens its
Doors to the Semiconductor
Community
Metallic contaminants at the surface of silicon wafers can
greatly hinder the performance of integrated circuits. The
present IC technology of 0.25 µm feature sizes on 200 mm
wafers can tolerate transition element contaminant
concentrations between 2 and 5 x 1010 atoms/cm2 which
requires minimum surface detection limits between 2 and
5 x 109 atoms/cm2. At this level of detection the existing
non-destructive method for measuring metallic surface
contamination, Total Reflection X-ray Fluorescence
(TXRF) using conventional laboratory X-ray sources, is
approaching its limits.
The use of synchrotron radiation rather than the isotropic
emission of laboratory sources presents numerous
advantages for TXRF, ranging from increased photon
intensity and highly collimated beams, to flexible energy
tunability and a high degree of linear polarisation. The
benefits that can be reaped are improved detection limits,
low Z element detection, reduced measuring time,
mapping capabilities and depth profiling.
The project to construct a dedicated industrial SR-TXRF
instrument at the ESRF on ID27 was launched in July
1997 and was financed by the ESRF, CEA/LETI and
France Télécom/CNET and the European MEDEA
programme (Micro-Electronics Development for European
Applications).
The facility is equipped with an aperiodic undulator, a
fixed-exit silicon (111) channel-cut monochromator, a
multilayer monochromator and a harmonic rejection
mirror. The end-station is in a class 100 laminar flow
enclosure, located in a shielded hutch of about 25 m2. It
encompasses a loading robot that transfers the wafers
from standard cassettes to a load-lock vessel, a high
vacuum handler that transfers the wafers from the
interlock loading chamber to the measuring position in
the main TXRF chamber, two single-element Si(Li)
detectors (which will shortly be replaced by two
definitive multi-element array detectors) for the parallel
acquisition of the fluorescence spectra, and a wafer
chuck/manipulator for positioning the wafer in the X-ray
beam and rotating the wafer in order to perform the
mapping of contamination over the entire wafer surface.
The loading, unloading and pumping down of wafers
is completely automated. The system is designed to
accomodate both 200 and 300 mm wafers.
The beamline was fully constructed by spring 2000 and
started its commissioning phase in collaboration with
HIGHLIGHTS 2000 ESRF
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Fig. 124: Fluorescence spectra recorded from two standard
wafers intentionally contaminated with Al and Na in the 1012
and 1013 atoms/cm2 range. The primary photon energy was
1670 eV; the elastic scattering peak is highly attenuated due
to the detection geometry and the polarisation of the beam.
The measured concentrations and the lower limits of
detection (LLD) are given in the inset table.

industrial partners. The results obtained were extremely
promising. The analyses currently being carried out
have achieved lower limits of detection (LLD) of
around 5.108 atoms/cm2 for transition elements and
5.1010 atoms/cm2 for low Z elements (Al, Mg, Na…) as
shown in Figure 124. The first new six-element linear
array of Si(Li) detectors, optimised for wafer mapping,
was installed in November and a second should be
operational in spring 2001, which will enable us to push
these LLDs even further. The full operation régime will be
reached at the beginning of 2001.
Authors
G. Apostolo, R. Barrett, M. Robichon, M. Navizet and
F. Comin.
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Introduction
During the year 2000, the Machine Division has continued
its efforts to improve some of the beam's characteristics
and has undertaken a number of new developments which
are listed below.

Summary of Machine
Operation
The year 2000 will undoubtedly be one of the best years at
the ESRF with its abundance of records. With 5352 hours
of beam delivered for use, out of 5552 hours scheduled,
the availability of the Machine reached 96.4%, an increase
of 1% compared to last year. It is worth noting that the
availability throughout every run never went below 95.6% !
The other major figure of merit is the Mean Time Between
Failures. This reached 38 hours in 2000, to be compared to
32 hours in 1999. Once again, it should be noted that the
MTBF, taken run by run, was never less than 31 hours and
that the maximum was obtained during the last run with 45
hours. The improvement of these two important figures of
merit reflects a decrease of both repetitive failures and
‘long-term’ failures. The record time of unperturbed beam
delivery was reached during run 2000-03 with 360 hours
(15 days) of delivery, interrupted only by the Machine
Dedicated Time. (See Table 1)

all bunches are filled. As a consequence, the Touschek
lifetime increased in comparison to the 2 x 1/3-filling due to
a smaller current per bunch. The total lifetime increased by
10 hours to a record lifetime of 65 hours at 200 mA. This
operation mode will become the standard filling pattern
whenever there is no time structure required from the
beamlines.
The intensity in the single bunch delivery was raised from
16 mA to 20 mA. This was possible after machine tuning
and following the removal of some vacuum chambers with
high impedance. Even with this higher intensity the lifetime
remained the same as before, at 5 hours (with 1.5%
coupling).
The year 2000 is quite a good reflection of the whole of
1999, with almost 68% of beam time delivered in the ‘highintensity’ modes, i.e., the “2 times 1/3 filling”, the Uniform
mode and the Hybrid mode. (See Figure 125)

Fig. 125: The filling modes during the year 2000.

Development of Filling
Patterns
Continuous development of the different filling patterns is a
long-standing consideration at the ESRF. Moreover, during
the year 2000 significant progress was achieved in this
domain.
For the first time, beam in uniform filling was delivered in
User Service Mode (USM) for one full week. In this mode

RUN NUMBER

TOTAL
1999

Start
End

In 1999, the beam was delivered at 4 GeV in USM in order
to offer smaller horizontal and vertical emittance. The
intensity was limited to 100 mA and the lifetime barely
reached 10 hours. Experience at that time showed,
however, that the energy chosen was too low and that the
photon fluxes were too reduced compared to 6 GeV.
Following this experience a second attempt was made in
2000 – this time at 5 GeV. The beam was delivered over
five shifts to users with an intensity of 190 mA, a 1.7 nm
horizontal emittance and a new record vertical emittance of

2000-01

2000-02

2000-03

2000-04

2000-05

13/01/00

17/03/00

26/05/00

18/08/00

20/10/00
18/12/00

TOTAL
2000

8/03/00

17/05/00

26/07/00

11/10/00

Total number of shifts

864

165

183

183

162

177

870,0

Number of USM shifs

686

126,0

148,9

149,0

129,0

141,1

694,0

Beam available for users (h)

5235,8

986,0

1147,2

1140,1

987,7

1090,7

5351,7

Beam availability

95,4 %

97,8 %

96,3 %

95,6 %

95,7 %

96,6 %

96,4 %

Dead time for failures

3,4 %

1,5 %

2,5 %

3,0 %

3,3 %

1,9 %

2,5 %

Dead time for refills

1,1 %

0,7 %

1,2 %

1,3 %

1,0 %

1,5 %

1,1 %

Average intensity (mA)

142

180

147

138

119

133

143,1

Number of failures

172

25

38

27

31

25

146,0

Mean time between failures (h)

31,9

40,3

31,3

44,1

33,3

45,2

38,0

Mean duration of a failure (h)

1,1

0,6

0,8

1,3

1,1

0,9

0,9
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Table 1: General
figures for 2000,
detailed run by run.
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7 pm. The lifetime at 190 mA was 15 hours. Several
beamlines benefited from this test but it is not clear
whether this mode will find its place in the next schedule.

60 %
20 %

1/n turns
0.10
0.08

In 1999, the horizontal focussing optic was developed which
enables minimising the horizontal beam size on the sample.
In November 2000, one full week of USM was delivered
providing this method of focussing for the ID20 beamline.
This was achieved without any drawbacks on beam
performances and the photon beam sizes were reduced as
expected. The interest of this optic for the experiments on
ID20 has, however, still to be fully assessed.

Non-linear Optics Studies
The energy acceptance of the machine, which stands
around ±3%, is mainly dictated by transverse aperturerelated limitations. A good modelling of the non-linear
behaviour of the optics is essential to improve the
understanding of these limitations. Due to the small
momentum compaction and the large sextupoles required
to correct the chromaticity and enlarge the dynamic
aperture, the linear description of the optics is inadequate
when considering the large excursions in momentum
experienced by Touschek scattered particles. Higher order
terms are required to provide an accurate description of
the change of the orbit path length, the dispersion, the
momentum compaction and the chromaticity. Studies are
being focused in two directions:
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0.04
0.02
–5
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Fig. 127: Decoherence as a function of chromaticity for
betatron oscillations larger than 20% and 60% of the initial
invariant.
decoherence rate (defined as the inverse of the number
of turns over which the betatron invariant remains larger
than a given fraction of the initial invariant) is plotted in
Figure 127 as a function of horizontal chromaticity.
Measured tune shifts with amplitude are systematically
larger than predicted. This could be due to either an
imperfect sextupole calibration or to the contributions from
errors in the real machine.
2. Variation of lattice characteristics with energy deviations.
A very strong non-linear behaviour was observed on the
negative energy side on closed orbit, tunes or synchrotron
frequency. The preliminary comparison of experimental
data with predictions from tracking simulations confirms
that off-momentum tracking is not trivial. Investigations on
the credibility of tracking methods are under way.

Coupling Measurement and
Reduction

Fig. 126: Horizontal centre of charge position as a function of
turn after a horizontal kick, for three sets of sextupoles
producing decreasing tune shifts with amplitude.
1. Measurements of lattice characteristics and detuning
with amplitude using the turn-by-turn BPM system which
allows the measurement of the beam position in both
planes at each BPM station over a large number of turns.
For this kind of study, the main limitation comes from the
beam decoherence. Among the contributions to beam
decoherence, the amplitude-dependent tune shifts play an
important role as illustrated in Figure 126.
The contribution of the chromaticity to the decoherence
also limits the range of possible measurements. The

An attempt was made to measure the betatron coupling
with ‘Mille-Tour’ BPMs (MTBPM). Owing to its capability of
averaging reproducible trajectories, MTBPM provides
highly accurate turn-by-turn data. The scheme developed
makes full use of this, as follows. For each straight section
that has no focusing element between two BPMs: 1)
Construct the phase space (x, x’, z, z’); 2) Fit the phase
space data to extract a 4x4 one turn matrix; 3) Perform
normal mode decomposition to obtain the normal modes
as well as the rotation matrix that transforms the geometric
modes to the former. Step 2 is found to be the most nontrivial, especially as the number of available turns is
severely limited due to the strong decoherence of the
beam. To minimise the decoherence, measurements were
made with a low beam current in 1/3 filling, a small
oscillation amplitude given by an injection kicker, and a
sextupole setting that gives zero chromaticities and
minimal tune shift with amplitude.
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The validity of the results can be readily seen in the
decoupling of the two normal modes (Figure 128), which
worked successfully over a wide range of coupling, down
to 17 pm.rad vertical emittance (~0.5% coupling)
measured with a pinhole camera. Although the ratio of the
two normal mode ellipses closely followed the measured
coupling in most cases, it strictly depends on the initial
condition. The magnitude of elements in the rotation
matrix, instead, represents the local coupling of the
machine, and could therefore be utilised for modelling as
well as correction of the coupling.

0.03
xy
normal mode
fitted

Angle [mrad]

0.02
0.01
0.00
–0.01
–0.02
–0.03
–0.10

–0.05
0.00
0.05
Displacement [mm]

0.10

Fig. 128: An example of the decomposition, showing the
transformation from the vertical phase space (blue) to normal
mode (red), obtained for the standard operation setting (~30
pm.rad vertical emittance).
To prepare for the 5 GeV operation performed in October
2000 in the low coupling mode, the modelling of the
coupling was made at 5 GeV with a response matrix
measurement. Applying the corrector strengths obtained
from the model gave immediately 9~10 pm.rad on the ID25
pinhole, indicating that the modelling works over a wide
range of machine settings. Further coupling reduction with
the empirical minimisation of the pinhole image depended
greatly on the vertical stability of the beam. Thanks to a
quiet beam achieved at 200 mA in 2x1/3 filling with RF
modulation, free of both resistive-wall and ion instabilities,
values as low as 5 pm.rad were measured on the ID25
pinhole, hitting the resolution limit of the device. Using the
obtained setting, and with the automatic coupling
correction loop, the coupling could be kept around 6~7
pm.rad level during the 5 GeV operation.

Status on Transverse
Instabilities Studies
Studies of transverse single bunch instabilities, which
began in 1997 partly as the thesis work of P. Kernel, in
collaboration with G. Besnier (Univ. of Rennes), were
accomplished during autumn 2000. The mechanism of
instabilities that severely limit the maximum single-bunch
current in the ESRF machine, unless one sets the
chromaticity to a large positive value at the cost of reducing
HIGHLIGHTS 2000 ESRF
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the lifetime, was investigated both experimentally and
theoretically. A systematic investigation starting from the
characterisation of instabilities at low currents, followed by
the modelling of the machine impedance, led to a marked
prediction that growth times of the instability at high
currents may become even shorter than the synchrotron
oscillation period.
The conclusion obtained, however, is not compatible with
the classical head-tail theory. A theory beyond the head-tail
regime was further formulated to describe what is named
as a "post head-tail instability", according to which the
instability develops when the coherent tune shift exceeds
the width of the energy-dependent betatron tune spread in
an electron bunch. The established theory was confirmed
which explains the measured instability thresholds well. An
equally important finding, obtained numerically through
particle tracking (which explains the postponement of the
instability until the post head-tail regime) is the stabilisation
effect brought about by the synchrotron tune spread. It can
therefore be said that high single-bunch currents are
reached due to the presence of longitudinal instabilities.
Multibunch operations at the ESRF are affected by the
resistive-wall (RW) instability. Thresholds are raised with
positive chromaticities and by adopting a partial filling. To
have a better control of the instability, a systematic study
was initiated. In parallel, the effectiveness of a transverse
feedback was investigated. Measurement of instability
thresholds due to a specific coupled-bunch (CB) mode
provided an interesting link to the single-bunch studies,
enabling a separation of the RW contribution from the rest
of the broadband impedance, which was not evident in the
former study.
Measurement of the vertical emittance growth with an
X-ray pinhole camera proved to be excellent way for an
early detection of vertical instabilities which exhibited
several interesting results: 1) Partial fillings have a clear
threshold at around the same chromaticity. 2) A nonuniform continuous filling has an extra stabilising effect
even compared to partial fillings. 3) The uniform filling has
a long tail of instability versus chromaticity and has a
threshold at a larger chromaticity. The large incoherent
tune shift observed in the multibunch filling was identified
to be due to a long-range wake field generated by the RW
of an asymmetric cross section, and its possible link to 2)
is being investigated.
The prototype vertical feedback that makes a mode-bymode suppression of instability on two independent CB
modes successfully suppressed the two strongest RW CB
modes, restoring both the vertical emittance and lifetime, in
the uniform as well as in a partial filling. Through feedback
studies the long tail in 3) revealed it to be due to excitation
of modes that do not belong to the RW instability, which
raised the question of ion trapping. A series of experiments
were performed to pursue the mode evolution against

The X-ray Source
chromaticity, beam current, coupling and particularly, the
vacuum level. The ion-electron instability was observed not
only in the uniform filling, but also in partial filling when the
vacuum level was notably high, such as immediately after
work on the vacuum system. While the former is identified
to be the classical ion trapping, the latter is considered to
be the so-called fast beam-ion blow up, which occurs due
to the interaction within a single passage of the train of
electron bunches. Further analysis of these ion instabilities
is underway.

chamber elements to reduce their spoiling impact on the
beam. Ultimately this will allow an increase of the current
thresholds of various beam instabilities and therefore
improve the performance of the machine.

Evaluation of the
Longitudinal and Transverse
Machine Impedance

Insertion Devices

The installation of more and more devices of irregular
shape in the machine vacuum vessel, in particular
transitions to vessels of small vertical aperture, has
detrimental effects on the beam. The bunch length, the
energy spread, as well as the current thresholds of
longitudinal and transverse instabilities are affected. Their
deterioration can significantly spoil the performance of the
machine operation. The underlying effect is characterised
by a deformation of the self-field of the beam (wake field)
that leads to an inhomogeneous deceleration and
acceleration of the individual bunches in longitudinal as
well as in transverse direction. The effect is formally
expressed in the quantities known as longitudinal and
transverse machine impedance.
During the design phase of the machine, calculations were
already carried out to estimate the machine impedances.
However, to obtain correct results the description of the
input geometry has to be very fine. Furthermore, the
available computing power was very limited and so the
calculations were only made in two dimensions. However,
today, using parallel computing and an adequate
programme (GdfidL) [1,2], the electromagnetic interaction
of the beam with the vacuum chamber geometry can be
studied correctly in detail in three dimensions. This is
essential for the impedance evaluation of devices of
complex geometry such as a scraper.
So, in parallel to the study of the beam transverse motion
described above and to the development of a Machine
impedance model based on measurements, a campaign
was started to compute the contribution of each vacuum
chamber device to the impedance of the machine. The aim
is to merge both models to obtain a common view of the
impact of the machine impedance on the beam, in
particular on the mode detuning and on beam instabilities.
The effect of a number of devices, essentially vacuum
chamber tapers, has already been calculated. It is intended
to cover all devices along the machine circumference. The
results will lead to the improved design of certain vacuum

References
[1] W. Bruns, GdfidL: A Finite Difference Programme with
Reduced Memory and CPU Usage, PAC 97,Vancouver, p.
2651.
[2] W. Bruns, Improvements in GdfidL, PAC 99, NY.

65 segments of Insertion Device are now in operation
around the ring, and can be operated freely from the
beamlines (the acknowledgement by the Machine Control
room has been removed). The prototype in-vacuum
undulator installed in ID11 is now in routine user operation
with a minimum gap down to 5 mm which corresponds to
a maximum lifetime reduction of 15% in all filling modes.
The success of the prototype has resulted in the launching
of the production of four new in-vacuum undulators, each
2 m long. The installation of the first one is scheduled for
July 2001.
A first Apple II undulator with an 88 mm period has been
installed on ID8. Its effect on the beam has been analysed
and corrected. A new quadrupole shimming technique has
allowed the reduction of the horizontal tune shift variation
by a factor 3 when the polarisation is flipped from right
circular to right linear. Two more Apple II undulators were
installed in December 2000 (see Figure 129).

Fig. 129: Apple II Structure.
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Development of NEGCoated Vacuum Chambers

New Purity Measurement
Diagnostic

During the year 2000, the Vacuum Group of the Technical
Services Division carried out research and development in
the field of NEG-coated vacuum chambers, mainly for lowgap, insertion-device chambers. For this R&D, a
collaboration project with CERN has started. The idea
behind it was to take advantage of the low photo-desorption
yield and pumping effect of NEG-coated vacuum chambers.

A new avalanche photodiode arrangement has been
installed in cell 4 to receive X-rays scattered from a beam
absorber. This is similar to the one currently used
operationally in cell 19 to check the purity of the beam
delivery in single and 16 bunch modes. This new device,
however, accepts a much higher count rate with a gated
electronic detection system allowing purity measurements
to be made with a higher dynamic range (parasitic bunches
at a few x 10-10 in single bunch can now be detected.).

NEG, an acronym for Non-Evaporable Getter, is a class of
materials which display peculiar vacuum performances,
such as pumping and low molecular desorption yield under
electron or photon irradiation.
The ESRF has been faced, in the last few years, with the
need to reduce the gap of the insertion devices in order to
improve the spectral properties of the photon beam
delivered to the Users. Vacuum-wise, this has resulted in
designing new vacuum chambers with smaller vertical
dimensions. This spatial limitation has, in turn, posed
severe constraints on the pumping configuration of such
chambers, the most noteworthy being a lack of distributed
pumping. This lack of pumping produces a higher pressure
profile along the chamber, and the 6 GeV electron beam,
interacting with it, generates a higher-than-normal
radiation background in the experimental hutches, thereby
significantly constraining the operation of the beamlines
concerned [1].
At the same time, it has been decided to produce extrudedaluminium vacuum chambers, and to apply the NEGcoating to them. The extruded-aluminium solution, already
tested at other laboratories, was believed to allow a better,
faster and cheaper production of vacuum chambers. As a
result, a prototype vacuum chamber, 5 m long, with an
11 mm inner vertical aperture was installed during the
December 1999 shutdown on ID31. It was thoroughly
tested during the first four runs of 2000, demonstrating,
right from the beginning, that the NEG-coated solution
would work. Two similar chambers have been produced
and installed since then on ID8 and ID13.
At the end of the year, the NEG-coating procedure was
applied to an existing stainless steel chamber (5 m long,
with an 8 mm inner vertical aperture), which in the past had
shown bad vacuum characteristics. It has been installed on
the ID31 test beamline and has again demonstrated the
excellent performances of NEG coating. The installation of
several of these NEG-coated low gap vessels on the
Machine during the year 2001 is now planned.
Reference
[1] R. Kersevan, Proc. EPAC-2000 Conference, Vienna, June
2000, page 2289-2291, available at http://accelconf.
web.cern.ch/accelconf/e00/PAPERS/THP5B11.pdf.
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Damping Devices for
Machine Girders
Damping links, which are damping devices to attenuate the
vibrations of the ESRF machine girders, have been
implemented in half of the storage ring. The installation on
the other half of the storage ring will be accomplished
during the 2000 Winter shutdown and 2001 March
shutdown.

Fig. 130: Girder equipped with damping links.
The damping links are installed between the two extremities
of each girder and the floor as shown in Figure 130 for a
G20 assembly. Enormous efforts have been made for the
installation since the available space for the installation is
very limited. Cooling pipes and some cable trays had to be
moved.
Vibration tests were performed on the quadrupoles both
before and after the damping link installation. Results in
terms of Q-value (peak value in the transfer function at
the fundamental resonant frequency) are shown in
Figure 131. The Q-value of the quadrupole is about 50
before installation of the damping links, and is reduced to
about 10 after installation. It should be noted that in cell 26,
damping plates were installed between the jacks and the
floor in 1997. The jacks were bolted to the floor. Damping
plates were partially shunted, but there is still some
damping effects.
Periodic measurements on two quadrupoles,
• QD4 in cell 8 without damping links : C8QD4noDL

The X-ray Source
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Fig. 131: Vibration tests.
• QF7 in cell 16 with damping links : C16QF7DL
have been being made in real working conditions. RMS
displacements versus time (Figure 132) show higher
vibration levels during weekdays, and lower vibration levels
during nights and week-ends. Vibrations of the quadrupole
with damping links (C16QF7DL) are reduced by a factor
larger than 2 compared to the quadrupole without damping
links (C8QD4noDL). In the working frequency range of the
damping links (4-12 Hz), the attenuation factor reaches 5.

Division for the SOLEIL project have been used for the
design of the gun. The first results look promising: between
10 and 600 mA peak current, 1ms pulse length were
obtained. The measured beam parameters confirmed the
simulations in terms of size (R = 3 mm) and normalised
emittance (20 π mm mrad).
The next step will consist in adding an electrostatic
deflector in order to produce 1 ns short pulses of 600 mA
peak current with an expected initial purity above 106
(intensity ratio between selected and nominally empty
buckets after transfer into the storage ring).

New Survey Technique

Fig. 132: RMS displacement of quadrupoles.
These tests performed both before and after damping link
installation as well as the periodic measurements performed
under real working conditions, have clearly demonstrated
the beneficial effects of the damping links. An even greater
effect is expected once all storage-ring girders are equipped.

A New Electron Gun for the
Linac
A triode electron gun has been developed and built in the
ESRF RF Group. A grid cathode assembly manufactured
by EIMAC (Y646B) has been chosen for its very high
reliability, referring to the experience of SLAC and CLIO.
Beam simulations performed by THOMSON Accelerators

During the year 2000, an investigation into the potential
use of Global Positioning System (GPS) at the ESRF was
made. There are two reasons to use the GPS at the ESRF.
The first is (re)-determine the positions of exterior pillars
and points used in general site activities (e.g. construction
of new buildings etc…) Implicit in this is the avoidance of
problems with lines of site between points associated with
classical measurements (theodolite angles and distances).
These types of measures have already been extensively
used at the ESRF. The second reason to employ the GPS
at the ESRF is to attempt to ameliorate the machine survey
networks. Due to the nature of these networks there is an
envelope of global incertitude in the determination of their
points of approximately ±0.15 mm (maximum ±0.4mm).
Measurements from exterior pillars whose position has
been determined by GPS could decrease the imprecision
of this envelope. However, in order to do so, the GPS
measures must be of the same order of precision.
Great care must be taken to have results of the highest
precision. In order to evaluate the potential of the system,
measurements were taken on three isolated pillars free of
problems associated with masks (objects blocking the
clear view of the satellites - buildings, cars etc…) and
multiple trajectories (confusing signals reflected from walls,
leaves, trees, cars etc…). Results of this test showed a
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difference between measurements made with a precise
distance meter and the GPS to between 0.1 to 0.3 mm!
The method adopted to test the validity of injecting GPS
measures into the Storage Ring network was to determine
the distance between two diametrically opposed exterior
pillars using the GPS and an independent method
(machine co-ordinates and two distances). After treatment,
both the distance calculated using the GPS measurements
and the independent distance were found to be equal
(365.5080 m)! This remarkable performance confirms the
possibility of integrating this type of measure into the
Storage Ring network. Nevertheless, in order to achieve
this level of sub-millimetric precision, a very rigorous
procedure must be respected.

with more bending magnets than operational lattices such
as the Double Bend Achromat or the Triple Bend Achromat
are necessary to fulfil the emittance / number of cells
requirement. An example of structure with 4 dipoles per
achromat is shown in Figure 133. The use of damping
wigglers as a means of reducing the emittance has been
withdrawn since the detrimental effects (unavailable
straight sections, power to be handled, ID technology,…)
exceed by far the added value (a reduction in emittance by
a factor of 2).

Towards the Ultimate
Storage Ring Based Light
Source
The construction and successful operation of the third
generation synchrotron light sources has resulted in a
significant improvement in the characteristics of the X-ray
beams delivered to the Users. Brilliance greater than
1020 photons/s/0.1% BW/mm2/mrad2 is currently achieved
at the ESRF. Even if the trend in brilliance increase
achieved over the last thirty years is over, a brilliance
enhancement by two orders of magnitude can still be
envisaged for an X-ray storage ring based light source. A
study has been launched to investigate how a storage ring
X-ray source could provide the best achievable
performances. The study is deliberately oriented to fulfil the
present and future requirements of the majority of the
ESRF users. The new facility would have to provide, to at
least 40 insertion device beamlines, the maximum
constant and stable flux of photons in the 5 – 50 keV range,
with an optimum power ratio on the optical components.

Fig. 133: Optical functions of a lattice providing a 0.3 nm
emittance at 7 GeV.
• Given the high heat load on absorbers, an initial stored
current of 0.5 A looks a realistic figure. In order to minimise
the multibunch coupled bunch instabilities, the use of
strongly HOM damped cavities is mandatory. A scenario
with 6 SOLEIL-type super-conducting cavities is being
considered.
The expected brilliance is shown in Figure 134. More
detailed studies on lattice optimisation to provide large
energy acceptance, the design of the vacuum vessel to
minimise its impedance to the beam, the layout of the crotch
absorbers and the front-ends which will have to handle the
tremendous beam power, the means to provide the required
beam stability,… will be tackled in the forthcoming months.

The most promising directions to meet these target
specifications have already been defined. The key design
parameters are presented hereafter:
• The selection of the electron energy around 7 GeV
allows the required spectrum range with 11 mm gap
undulators to be covered. Some in-vacuum undulators with
gaps as low as 4 mm will cover the need for undulator
radiation of higher energy.
• To keep within a realistic budget envelope, the
circumference of the ring is constrained not to exceed 2 km.
• Since the undulator radiation has to be collimated by
some slits to minimise the heat load on the optical
components of the beamlines, the horizontal electron
beam emittance is optimised to provide minimum beam
sizes of the radiation on the slits. A value in the 0.1 to 0.3
nm range appears to be a good compromise to minimise
the transmitted power without reducing the flux. Achromats
HIGHLIGHTS 2000 ESRF
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Fig. 134: Undulator brilliance of the new ring compared to
the ESRF best achieved figures.
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Thanks to a decision by the Council in June 2000, the
MAD beamline BM14 will be operated jointly by British
and Spanish CRG teams until the year 2002. By then the
Powder Diffraction beamline will have been transferred
from a bending magnet, BM16, to an insertion device,
ID31. Then BM16 will also be transformed into a MAD
beamline, becoming a Spanish CRG line, while BM14 will
become a British CRG line.

The Beamlines
All thirty of the ESRF’s public beamlines have been
operational since 1999. Two of these possess two endstations, so there are thirty-four end-stations in total,
which can be run independently. An additional fifteen
beamline branches, situated on bending magnets, are
devoted to Collaborating Research Groups (CRG). Ten of
the CRG beamlines are now in operation (including
GRAAL), the others are in the phases of planning,
construction or commissioning. Figure 135 shows the
location of the beamlines in the experimental hall; a list of
the public beamlines is presented in Table 2; and a list of
the CRG beamlines in Table 3.

Additionally, there is an industrial beamline, ID27, which
is used for impurity analysis on silicon wafers. This line
has capacity for further expansion to other fields of
industrial interest.
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SOURCE
POSITION

NUMBER OF
INDEPENDENT
END-STATIONS

BEAMLINE
NAME

STATUS

ID1

1

Anomalous scattering

Operational

since 07/97

ID2

1

High brilliance

Operational

since 09/94

ID3

1

Surface diffraction

Operational

since 09/94

ID8

1

Dragon

Operational

since 02/00

ID9

1

White beam

Operational

since 09/94

ID10A

1

Troika I + III

Operational

since 09/94

ID10B

1

Troika II

Operational

since 04/98

ID11

1

Materials science

Operational

since 09/94

ID12A

1

Circular polarisation

Operational

since 01/95
since 09/94

ID13

1

Microfocus

Operational

ID14A

2

Protein crystallography 1, EH 1

Operational

since 07/99

Protein crystallography 1, EH 2

Operational

since 12/97

ID14B

2

Protein crystallography 2, EH 3

Operational

since 12/98

Protein crystallography 2, EH 4

Operational

since 07/99

Operational

since 09/94

ID15A

1

High energy diffraction

ID15B

1

High energy inelastic scattering

Operational

since 09/94

ID16

1

Inelastic scattering I

Operational

since 09/95

ID17

1

Medical

Operational

since 05/97

ID18

1

Nuclear scattering

Operational

since 01/96

ID19

1

Topography

Operational

since 06/96

ID20

1

Magnetic scattering

Operational

since 05/96

ID21

1

X-ray microscopy

Operational

since 12/97

ID22

1

Microfluorescence

Operational

since 12/97

ID24

1

Dispersive EXAFS

Operational

since 02/96

ID26

1

X-ray absorption on ultra-dilute samples

Operational

since 11/97

ID27

1

Industry

Operational

since 08/00

ID28

1

Inelastic scattering II

Operational

since 12/98

ID29

1

Multiwavelength anomalous diffraction

Operational

since 01/00

ID30

1

High pressure

Operational

since 06/96

ID32

1

SEXAFS

Operational

since 11/95

BM5

1

Optics - Open Bending Magnet

Operational

since 09/95

BM16 / ID31

1

Powder diffraction

Operational

since 05/96

BM29

1

X-ray absorption spectroscopy

Operational

since 12/95

Transfer to ID31,
begin. 2002

Table 2: List of the ESRF public beamlines in operation.

SOURCE
POSITION

NUMBER OF
INDEPENDENT
END-STATIONS

BEAMLINE
NAME

FIELD
OF RESEARCH

STATUS

BM1

2

Swiss-Norwegian BL

X-ray absorption & diffraction

Operational since 01/95

BM2

1

D2AM (French)

Materials science

Operational since 09/94

BM7

1

GRAAL (Italian / French)

Gamma ray spectroscopy

Operational since 06/95

BM8

1

Gilda (Italian)

X-ray absorption & diffraction

Operational since 09/94

BM14

1

MAD CRG 1

MAD

Operational since 01/01

BM16

1

MAD CRG 2

MAD

Design phase

BM20

1

ROBL (German)

Radiochemistry & ion beam physics

Operational since 09/98

BM25

2

SPLINE (Spanish)

X-ray absorption & diffraction

Construction phase

BM26

2

DUBBLE (Dutch/Belgian)

Small-angle scattering & interface diffraction
Protein crystallography + EXAFS

Operational since 12/98
Operational from 06/01

BM28

1

XMAS (British)

Magnetic scattering

Operational since 04/98

BM30

2

FIP (French)
FAME (French)

Protein crystallography
EXAFS

Operational since 02/99
Construction phase

BM32

1

IF (French)

Interfaces

Operational since 09/94

*
*

Table 3: List of the Collaborating Research Group beamlines
in operation, in construction or in design phase.

BM14 = British/Spanish
* BM16
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Facts and Figures

User Operation
During the year 2000 the full complement of 30 public
beamlines, together with 8 additional beamlines operated
by Collaborating Research Groups (CRGs), were open for
user experiments. Requests for beam time and numbers of
users carrying out experiments continued to increase, as
can be seen in Figure 136. This figure shows the number
of applications for beam time and experiments carried out,
together with numbers of scientists’ visits since user
operation began in September 1994.
Proposals submitted
Experiments carried out
Number of Users to end 1999:
total 11 660

3000

2726
2376

2500
2000

1777

1500

1149

1000
500

Requests for beam time, which is scheduled in shifts of 8
hours, totalled 23 216 shifts or 185 728 hours for the year,
of which 12 309 shifts or 98 472 hours (53%) were
allocated; the distribution of shifts by scientific area is
shown in Table 4.

3361

1380

1259

1089

792
271
229
88

518

766

656

339

LS Block allocation scheme

Number of proposals/Users

3500

1470

1394
915

0
1994

1995

1996

1997

1998

1999

2000

Years

Fig. 136: Numbers of applications for beam time, experiments
carried out, and users, September 1994 to December 2000.
N.B. Final numbers of users for 2000 were not available at the
time of going to press.
Proposals for experiments are selected and beam time
allocations are made through peer review. Review
Committees of specialists from European countries, Israel
and the USA have been set up in the following scientific
areas:
• chemistry
• hard condensed matter: electronic and magnetic
properties
• hard condensed matter: structures
• materials engineering and environmental matters
• life sciences
• methods and instrumentation
• soft condensed matter
• surfaces and interfaces
The Review Committees met twice during the past year,
some six weeks after the deadlines for submission of
proposals (1 March and 1 September). They reviewed a
total of 1470 applications for beam time, and selected 783
(53%), which were then scheduled for experiments.
A feature of this period has been the setting up of a new
review committee to assess proposals concerned rather
more with applied than basic research in materials
science, engineering and environmental matters.
Experiments in these areas accounted for 7% of the total
number of experiments carried out in the first half of 2000.
In addition, in the life sciences the number of
HIGHLIGHTS 2000 ESRF
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macromolecular crystallography experiments has risen
notably. This is due to a combination of the availability of
five experimental stations dedicated to macromolecular
crystallography, very rapid data collection times –
frequently less than one shift - and the very successful
operation of the Block Allocation Group (BAG) scheme,
designed to encourage groups of users to block together
their multiple requests for beam time, and the scheduling
of their experiments. As an indication, the number of BAGs,
initially 20 late in 1998, rose to 34 by the second
scheduling period in 2000.

Scientific field

Total shifts
requested

Chemistry
Hard condensed matter:
• Electronic and magnetic prop.
• Structures
Materials Engineering
& Environmental Matters
Life sciences
Methods & instrumentation
Soft condensed matter
Surfaces & interfaces
Totals

Total shifts
allocated

2 444

1 396

4 547
5 161

1 902
2 486

2
3
1
1
2

163
896
364
640
001

984
2 774
701
992
1 074

23 216

12 309

Table 4: Number of shifts of beam time requested and
allocated for user experiments, year 2000.
The first half of 2000 saw 2580 scientists visit the ESRF
under the user programme, to carry out 599 experiments.
This represents an increase of some 40% in the number of
users compared with the corresponding scheduling period
in 1999. The breakdown of experiments carried out, by
scientific area, is shown in Figure 137.
Shifts scheduled for experiments 2000/I:
Total: 7332

Soft Condensed Matter
8%
Methods and
Instrumentation
5%
Other: Training,
feasibility tests,
proprietary
research
3%
Life Sciences
21 %

Surfaces and Interfaces
9%
Chemistry
10 %
Hard Condensed
Matter:
Elect. & Magn.
Properties
16 %

Hard Condensed
Matter:
Structures
21 %
Materials Engineering
& Environmental Matters
7%

Fig. 137: Shifts scheduled for experiments, February to July
2000, by scientific area.

Facts and Figures
The number of users in each experimental team also
increased, from an average of 3.6 to 4.3 persons per
team, and they stayed for some 3 days. Users responding
to questionnaires indicate that they particularly
appreciate the assistance they receive from scientists
and support staff on beamlines, and smooth
administrative arrangements, in addition to the quality
both of the beam and of the experimental stations.
Facilities on site, such as preparation laboratories, a

canteen, and the Guesthouse, to which another wing was
added, also make an important contribution to the quality
of user support.
On the beamlines, beam time losses tended to occur
because of occasional difficulties with the beamline
components, computer programs, or with samples. Such
beam time losses, however, remained below 5% of the
total shifts scheduled for experiments during the period.

Administration and Finance
Expenditure and income 1999
kFF

Expenditure

kFF

Income

Machine
Personnel
Recurrent
Operating costs
Other recurrent costs
Capital
Machine developments
Beamlines, experiments and
in-house research
Personnel
Recurrent
Operating costs
Other Recurrent costs
Capital
Beamline developments
Beamline refurbishment
Technical and administrative supports
Personnel
Recurrent
Capital
Unexpended committed funds
Funds carried forward to 2000

29 778.9
14 953.1
13 012.4
1 940.7
21 530.9
21 530.9

115 318.0
37 564.8
20 572.0
16 992.8

1999 Members’ contributions
Funds carried forward from 1998

400 000.0
420.0

Other income
Scientific Associates
Sale of beam time
Other sales
Scientific collaboration and Special projects
Income covering expenditure in conn. activities
from 3rd parties
Financial discounts
Bank loans
Other

9
2
1
6

430.0
644.0
584.4
599.0

3 660.1
76.9
2 197.9
1 776.9

44 959.3
37 012.5
7 946.8
82 763.9
51 051.1
29 986.5
482.7

Total

428 389.2

Total

428 389.2

Revised expenditure and income budget for 2000
kFF

Expenditure
Machine
Personnel
Recurrent
Operating costs
Other recurrent costs
Capital
Machine developments
Beamlines, instruments, experiments and
in-house research
Personnel
Recurrent
Operating costs
Other Recurrent costs
Capital
Beamline developments
Beamline refurbishment
Technical and administrative supports
Personnel
Recurrent
Capital
Industrial and commercial activity
Personnel
Recurrent
Total

kFF

Income
29 952.0
14 040.0
11 820.0
2 220.0
21 960.0
21 960.0

121 028.0
36 473.0
18 693.0
17 780.0

2000 Members’ contributions
Funds carried forward from 1999

404 000.0
483.0

Other income
Scientific Associates
Sale of beam time
Other sales
Scientific collaboration and Special projects
Income covering expenditure in conn.
activities from 3rd parties
Financial discounts
Bank loans
Other

11
3
1
6

575.0
800.0
520.0
890.0

4 590.0
75.0
750.0
1 339.0

41 760.0
27 840.0
13 920.0
86 349.0
54 612.0
27 048.0
1 355.0
415.0
434 992.0

Total

434 992.0
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Expenditure 1999
by nature of expenditure

Revised budget for 2000
by nature of expenditure
kFF

kFF

PERSONNEL

PERSONNEL

ESRF staff
External temporary staff
Other personnel costs

218 302.5
586.4
8 972.0

ESRF staff
External temporary staff
Other personnel costs

RECURRENT

228 339.0
655.0
9 690.0

RECURRENT

Consumables
Services
Other recurrent costs

36 439.4
55 413.3
11 716.2

Consumables
Services
Other recurrent costs

CAPITAL

38 404.0
55 971.0
11 165.0

CAPITAL

Buildings, infrastructure
Lab. and Workshops
Machine incl. ID’s and Fes
Beamlines, Experiments
Computing Infrastructure
Other Capital costs

9
6
21
43
13
2

Unexpended committed funds
Funds carried forward to 2000

046.0
212.1
530.9
619.4
664.9
403.4

Buildings, infrastructure
Lab. and Workshops
Machine incl. ID’s and Fes
Beamlines, Experiments
Computing Infrastructure
Other Capital costs

428 389.2

Total

2000 manpower
(posts filled on 30/09/00)
Non cadres

PhD students

Total

500

164.1 (48)*

42
70.8

1

66

28

262.9

General technical services

44.5

75.1

119.6

Directorate, administration
and central services

21.1

47.4

68.5

252.7

235.3

Sub-total

29

450
400
350
(in MFF)

23

Beamlines, instruments and
experiments

434 992.0

Financial resources in 1998, 1999, 2000
and 2001, by major programme
(in current prices of the respective years)

Staff on regular positions
Machine

909.0
325.0
960.0
760.0
336.0
478.0

482.7

Total

Cadres

11
4
21
41
9
1

300
250
200
150

517

100
50

Other positions
Short term contracts

1

Scientific collaborators

0.5

21.7

0

22.7

1998

1999

2000

Machine

Staff under “contrats de
qualification” (apprentices)

14

Experiments

14

Technical, Administrative Support
European Union grants

2

Temporary workers

–21.5

271

Recurrent

3

Absences of staff
(equivalent full time posts)

256.2

Personnel

5
3

Total

2001

0.5

29

Capital

Financial resources in 1998, 1999, 2000
and 2001, by major programme
(in current prices of the respective years)

537.7

500
* Figures in brackets are the number of
post-doc scientist posts filled.

450
400
(in MFF)

350
300
250
200
150
100
50
0
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1998

1999

2000

2001

Facts and Figures

Organisation chart of the ESRF
(as of January 2001)

MACHINE

Services related
to DG:
Information
Industrial liaison
Internal auditor
Safety

Machine
Director:
J.M. Filhol

TECHNICAL
SERVICES
Council
Chairman: P.E. Zinsli
3 delegates per
Contracting Party

Director
General
W.G. Stirling

Head:
P. Thiry

COMPUTING
SERVICES

Administrative and
Finance Committee
Chairman: H. Weijma

Head:
W.D. Klotz

Science Advisory Committee
Chairman: H. Fuess

ADMINISTRATION
Director of
Administration:
W.E.A. Davies

Review Committees
Chemistry
Chairwoman: L. McCusker
Hard condensed matter
Electronic and magnetic properties
Chairman: G. van der Laan
Hard condensed matter
Structures
Chairman: M. Schlenker
Materials engineering and
Environmental matters
Chairman: P. Webster
Life sciences
Chairwoman: I. Sinning
Methods and instrumentation
Chairman: J. Hrdy
Soft condensed matter
Chairman: T. Ryan
Surfaces and interfaces
Chairman: R. Johnson

EXPERIMENTS

Theory and application software
Power supplies
Insertion devices
Front-ends
Radio frequency
Diagnostics
Operation
Secretariat/Assistant
Mechanical engineering
Buildings and infrastructure
Survey and alignment
Vacuum
Secretariat

Electronics
Software engineering
MIS
Systems and communication
Secretariat

Joint ILL/ESRF
Medical services

Personnel
Finance
Commercial and
central services

Research Director:
C. Kunz

Beamline groups:
X-ray absorption
Inelastic scattering
Troika
Surface science
Nuclear resonance
Magnetic scattering
X-ray microscopy
X-ray microfluorescence
High energy
Optics

Research Director:
P.F. Lindley

Beamline groups:
Structural biology
Diffraction
Microfocus
Topography and Imaging
Medical research
High pressure
SAXS/WAXS

Joint ILL/ESRF
Library

Technical beamline
support:
Operation
Instrument support
Software support
Labs and services
TXRF beamline
Theory
CRG liaison
User office
Building Manager
Secretariat/Assistant
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