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Abstract
The Condensed Matter Physics and Chemistry Department is concerned with both fundamental and
applied research into the physical and chemical properties of materials. The principal activities in
the year 1997 are presented in this progress report.
The research in physics is concentrated on neutron and x-ray scattering measurements and the
problems studied include two- and three-dimensional structures, magnetic ordering and spin
dynamics, superconductivity, phase transitions and nano-scale structures. The research in chemistry
includes chemical synthesis and physico-chemical investigation of small molecules and polymers,
with emphasis on polymers with new optical properties, block copolymers, surface-modified
polymers, and supramolecular structures. Theoretical work related to these problems is undertaken,
including Monte Carlo simulations, computer simulation of molecules and polymers and methods of
data analysis.
The readers are invited to contact the department or the authors of the individual contributions for
more detailed information than can be given in this report. The postal address is: Condensed Matter
Physics and Chemistry Department, Ris0 National Laboratory. P.O. Box 49, DK-4000 Roskilde,
Denmark. E-mail addresses may be found on the last page of this report.

This report contains unpublished results and should not be quoted without permission from the
authors.
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1.

Introduction and Acknowledgements

In 1996 the research of the Department of Solid State Physics was an integral part of Rise's long
term programme "Material with special physical and chemical properties". Starting January 1, 1997
the name of the department was changed to "Condensed Matter Physics and Chemistry
Department", and the research was performed in the programme area "New functional materials".
This research aims at creating an understanding of the relation between the atomic and molecular
structure of materials and their electrical, optical, chemical or biological properties. The activities in
1997 were organised in three programmes: Macromolecular Materials Chemistry, Magnetism and
Superconductivity, Surfaces and Interfaces. In addition the department was in charge of a special
neutron programme supported by the Commission of the European Community (CEC) Human
Capital and Mobility programme (HCM).

Macromolecular Materials Chemistry
The purpose of this programme is to establish a fundamental knowledge of the chemistry and physics
of macromolecular materials, and to utilise this knowledge to develop and improve industrially
important materials.

• The Danish Polymer Centre
The centre is a collaboration between The Technical University of Denmark, Ris0 National
Laboratory and eight industrial partners, running in its forth year of being funded from the Danish
Materials Development Programme (MUP-2). Significant results have been obtained both in the
academic and industrial projects - in the first three years of existence more than 100 papers have
been published in internationally refereed periodicals. The centre is well recognised for its support
to Danish industry and a recent international evaluation judged the scientific work to be of high
international standard. The partners of the centre hope to be able to continue the collaboration
after the MUP-2 funding expires in 1998.

Some scientific highlights of the programme are
• Materials for Optical Storage
Materials based on azobenzene containing photorefractive macromolecules are expected to have a
large application potential as future materials for optical information storage. In 1997 significant
progress has been made in the understanding of the fundamental processes in the optical
behaviour of these materials. A new model for the understanding of surface corrugated structures
has been developed and has been shown to be in agreement with experimental results.
The class of materials studied has been expanded with acrylate based systems and systems where
the fotoanisotropic groups are present both in the main chain and in the sidechains of the
polyester system.

Riso-R-1014(EN)

Block co-polymer systems
New insights into the complex behaviour of block copolymers has been obtained through an
interdisciplinary effort including synthesis, rheology, chemical analysis and structural analysis by
means of neutron and synchrotron x-ray scattering. The results also provide important knowledge
for the understanding of more commercially relevant polymer systems.
The pressure dependence of the ordering of a number of block copolymer systems has been
shown to be far more complicated and interesting than originally anticipated. Crossover from
negative to positive pressure dependence of the ordering temperature is one of the interesting
phenomena demonstrated.
Coexistence of different ordered states of olefin-siloxane copolymers has been demonstrated at
various temperatures using small angle X-ray scattering.
Block copolymers have been used to stabilise homopolymer blends. Recent results have shown
that there is a compositional window where it is possible to obtain perfect mixtures in the form of
bicontinuous polymeremulsions below the normal order to disorder temperature.

Molecular Recognition for Sensor Applications
Molecular sensors are gaining growing importance for medical, industrial, and environmental
analysis and monitoring. In some of the systems studied calixarenes are used as a bowl shaped
template for creating complex sensor materials exhibiting molecular recognition. In the course of
the project new methods have been developed for selective insertion of functional groups that will
bind to specific target molecules like carbohydrates.
In addition, a new sensor system based on specific metal-ligand and hydrogen bond interactions
has been developed for the optical detection of creatinine. Creatinine is an important metabolite in
monitoring critically ill kidney patients.

Self-organisation and crystal structure of molecular materials
A large number of polycyclic aromatic molecules have been prepared and structurally
characterised. In a new class of molecules with the shape of a flat cone, oriented stacking in the
crystal structure is found. The macroscopic polarisation of these molecules results in a significant
pyroelectric coefficient, which has been determined in a new experimental set-up.

The Structure of Micelles and microemulsions
In microemulsions in the form of homogeneous mixtures of oil and water amphiphilic (soap-like)
molecules are situated at the interface between them. Understanding the phase behaviour and
microscopic structure of microemulsions is important due to their biological and medical
relevance and the numerous technological applications of microemulsions in particular in the food
and pharmaceutical industry. Recent work has been focused on the study of microemulsions based
on ionic molecules using small angle neutron scattering. In mixtures of cationic and anionic
surfactants, formation of vesicles and their aggregation has been investigated.

10
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Surfaces and Interfaces
The purpose of this program is to investigate the relation between atomic/molecular structure and
the properties of surfaces and interfaces. The program is using synchrotron x-ray and neutron
scattering and is participating in the Dansync Centre.
Some scientific highlights are:
• Ordered two-dimensional films of ionophores
In living cells ions are selectively transported across cell membranes by ionophores. These are ring
shaped molecules stacked to form an ion channel through the membrane, which is essentially a
bilayer of lipid molecules. A convenient model system - the same ionophores incorporated in a
lipid monolayer at the air-water interface - has been studied in collaboration with the Weizmann
Institute in Israel, yielding the first structural information on the ionophores in an environment
similar to that of the cell membrane.

Silicon grain boundary interfaces formed by direct bonding
Direct wafer bonding is an important tool for joining materials for micro-electronics and micromechanical applications. The technique relies on the fact that two surfaces will stick together
when brought into contact if they are sufficiently clean, mirror-polished, flat and dust-free. We
have performed x-ray diffraction from giant twist grain boundary interfaces formed by the direct
bonding and annealing of two silicon wafers and have measured interface strain as a function of
misorientation angle by observing the Bragg rods associated with the array of dislocations at the
interface.

Real space visualization at the molecular scale
Our recently acquired Atomic Force Microscope (Digital Instruments Dimension 3000) has
proven very useful in investigations of adsorption of organic molecules at solid/liquid and
solid/vacuum interfaces. Diblock copolymers of polystyrene/ polysiloxane react with silicon oxide
surfaces to form evenly distributed clusters of molecules which reorganize into circular structures
upon exposure to light (see front cover). In another work done in collaboration with an industrial
partner, our microscope showed an inverse correlation between the solution concentration of
polymers designed to prevent biofouling, and their surface density of adsorbed polymers.

Magnetic and Superconducting Materials
• Magnetic nanoparticles
Magnetic particles in the nanometer range form single magnetic domains. The magnetic moment
performs fast fluctuations near an easy direction (collective magnetic excitations) and may show
slower fluctuations between the easy directions (superparamagnetic relaxation). The collective
magnetic excitations result in a reduction in the total effective moment of the particle but the
direction of moment is maintained. With superparamagnetic relaxation the directional information
is lost and the particle can not be used for magnetic storage of information. We have observed
and studied both of these effects in nanoparticles of ct-Fe2O3 using inelastic neutron scattering at
the RITA neutron spectrometer.
Riso-R-1014(EN)
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Classical to quantum critical cross-over in a two-dimensional antiferromagnet
The quantum (s = 1/2) 2D Heisenberg antiferromagnet is a model system, from which several
theoretical methods have originated. Recently a connection to the high-Tc superconductors has
been found. At temperatures low compared to the exchange coupling J the strong quantum nature
of this low-dimensional low-spin system is suppressed by the long range magnetic correlation,
which cause a renormalised classical behaviour. As the temperature is raised above T=J/2 the
correlation range become progressively shorter and the system is expected to enter a quantum
critical regime. To date neutron scattering experiments have been limited to temperatures T<J/2,
thus only probing the renormalised classical region.
Using RITA we have studied Cu2(DCO2)2 4D2O, which is a good physical realisation of the
model system. By measuring the short range magnetic correlation up to temperatures greater than
J, we have for the first time directly observed the cross-over from renormalised classical to
quantum critical behaviour.

• Superstructure in
Most rare earth ions may be substituted for yttrium in the high-Tc superconductor
with no detrimental effect on the superconducting properties of fully oxygenated materials, i.e. for
x=\. However, for decreasing x in YBa2CujO6+x an unusual fast depression of the superconducting transition temperature has been observed. Using high energy x-ray synchrotron
diffraction it has been shown that it is the ordering of the variable oxygen in long copper-oxygen
chain fragments which determines the orthorhombic symmetry in NdBa2Cu3O6+x and also give rise
to the suppression of the charge transfer necessary for superconductivity. The superstructure
scattering observed in non-superconducting NdBa2Cu3Oe.5 indicates oxygen ordering of very
short -Cu-O- chain fragments in a tetragonal structure.

• Phase transformation and texturing of BiSCCO high-7*c material in Ag-clad tapes
The strong anisotropy and the ceramic nature of the high-7*c superconductor materials make it
difficult to develop superconducting wires with sufficient critical current density for applications
in high power electric transmission cables operating at liquid nitrogen temperatures. Significant
progress has been obtained by the BiSCCO Powder-In-Tube techniques where Bi2Sr2CaCu2O8
(Bi-2212, Tc = 85 K) is reacted inside a Ag-tube with suitable additives and mechanically
processed to form coherent and well-textured Bi2Sr2Ca2Cu30io (Bi-2223, Tc= 110 K) tapes. The
process of texturing and the phase transformation from Bi2212 to Bi-2223 inside the Ag-clad
have been studied in situ by use of high-energy synchrotron x-ray diffraction as function of time,
temperature and oxygen partial pressure (silver is oxygen permeable at high temperatures). It is
found that the texturing takes place in the Bi-2212 material and it is suggested that the
transformation to the Bi-2223 phase results from an intercalation and growth process based on
the largest and best aligned Bi-2212 crystallites. In air the phase transformation takes place within
a narrow temperature interval of 835 ±10 °C. At lower oxygen partial pressure a lower and
broader temperature range is applicable.

12
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Neutron Programme
• The EC-TMR user-programme

chairmanship of Rise.
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2.

Research Projects in the Department

The work is divided in the following subject categories:
2.1.

Theory

2.2.

Magnetism

2.3.

Superconducting Materials and Phenomena

2.4.

Structures and Defects

2.5.

Structures and Interfaces

2.6.

Langmuir Films

2.7.

Microemulsions, Surfactants and Biological Systems

2.8.

Polymers

2.9.

Organic Chemistry

2.10.

Instrumentation

2.11.

Training and Mobility of Researchers - Access to Large Installations
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2.1.1

Exact diagonalization of s = 1/2 Heisenberg spin clusters

C. Rischel, Laboratoire d'Optique Appliquee - ENSTA, Palaiseau, France, and K. Lefmann,
Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark.
The next-nearest neighbour Heisenberg model, H = Ji 2I nn Sj • s; + J2 Z} nnn s m • s n , for classical
spins on the fee lattice has a rich magnetic structure; one ferromagnetic phase and three different
antiferromagnetic phases can occur at T = 0 depending on the ratio JilJ\} We have studied the
effect of quantum fluctuations in this frustrated system in the extreme quantum limit 5 = 1/2
by exact diagonalization of small spin clusters of N = 32 and 64, with periodic boundary
conditions that retains the fee symmetry.
We work in the basis of eigenvectors to Sj. Since the magnetization, m = Ylj^UN, commutes with H, the ground state can be found separately in each m-subspace. Our investigations
are further restricted to the totally symmetric subspace, in which all the translational and rotational symmetry operations of the lattice have eigenvalue 1, and hence commute with each
other and with H. This subspace was chosen from diagonalization results of fee clusters of
N = 8 and 16 and from analogies with other lattices.
The magnetic structure in the ground state is evaluated from the static structure factor
5(q), where a large value indicates magnetic order with ordering vector q. For N = 32, we
have calculated 5(q) for all values of m, and a few sets of structure factors are shown in Fig. 1.
The phase diagram turns out to be almost identical in all m-subspaces, except for the few
largest ?n-values.
Assuming that independence of m also will hold for N = 64, we have studied that cluster
for m = 25/64 (7 spins down). The resulting 5(q) is shown in Fig. 2, and the resulting phase
boundaries are seen to resemble the classical case quite closely, except for a few details.2 We
expect this results to hold also for the m = 0 subspace
The present calculations are relevant for recent experiments on nuclear magnetic ordering in
Ag and Rh. 3 In later calculations we plan to work with open boundary conditions, which will
make the exact diagonalization relevant for the study of the magnetism of nano-sized particles.

3»/4

Fig. 1. 5(q) for N = 32, and m-values of 0 (filled
symbols) and 3/8 (open symbols). The angle on the
abscissa is given by tan(^) = J2/J1, The values of
S(q) for m = 3/8 have been multiplied by 2.

-ir/8

3*/4

Fig. 2. S(q) for N = 64, and m = 25/64; symbols
and abscissa as in Fig. 1. Labels and dashed lines
indicate the classical phase diagram.

1

D. ter Haar and M. E. Lines, Philos. Transact. Roy. Soc. London 254 (1962) 521 and 255 (1962) 1
see C. Rischel and K. Lefmann, to appear in J. Magn. Magn. Mat., 177-181 (1998)
3
see A. S. Oja, 0. V. Lounasmaa, Rev. Mod. Phys. 69 (1997) 1, and references herein
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2.1.2

Symmetry and Protein Structures

P.-A. Lindgard, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark
Poly-electrolytes or polymers with a varying proportion of water-liking and water-hating
(hydrophilic/hydrophobic) nodes are of increasing technological interest. The theoretical understanding of these is still far from complete. Proteins are prime examples of such heteropolymers. Whereas the structure of long homo-polymers can only be characterised statistically
as a coiling up of the random configuration of the chain, a protein folds up into a unique fold
or structure, every time.
Protein structure and the understanding thereof is important especially because the function
of proteins seems to be intimately related to the particular structure. Experimentally more and
more information from in vitro X-ray measurements and also in vivo NMR-measurements is
accumulated. The basic picture is that, although the structures certainly appear very complex,
only a fairly limited number of significantly different forms of building blocks (called domains)
is actually discovered. Since the structures are supposed to be determined by the linear aminoacid sequence of the backbone, it is an intriguing observation that quite similar structures
may be formed by very different basic sequences. The obvious question is: Is the structure
determined as a minimum energy configuration for the forces between all the involved aminoacids, including the side chains etc.? Or is the structure given by some more general 'symmetry
principles' and thus insensitive to details in the interactions? The protein structures are 'small'
structures and are to be compared with structures of clusters. Even atomic, inorganic clusters
can have many more structures than the infinite single crystal counterparts. Examples are
clusters with fivefold symmetry, icosahedral, bucky-ball structures etc. The protein structure,
and especially the folding, problem is more complicated than the cluster problem because it is
not only a question of how to pack a bunch of beads, but how to pack a string of beads. These
are first structured in secondary structures (a-helices and /3-strands, which one can call 'bones')
are relatively stiff rod-like units. So our problem is vastly reduced from folding a chain of 100
or so interacting beads to one of folding a set of 10 or so tied-together 'bones', which interact
repulsively with water. The basic symmetry is therefore that of water, which is spherical or
'minimal interface'. Hence, the optimum is putting the bones in a spherical bag, or as close to
that as is possible. Here comes the next symmetry principle, which one may call the symmetry
of 'navigating in 3D-space' with unit self-avoiding steps (and without directions as north or
vertical given). The number of equivalent ways the bones can be packed depends strongly on
the number of bones. That leads to the concept of magic number of bones, i.e. of secondary
elements. Also it allows the construction of unique names for the structures. As examples are
lolaburabolaburabolabu
rilifilabu bafirifirabo
the systematic names for two quite different folds, which fill a 2 x 2 x 2-box with 12 secondary
elements. There are 'only' 848 different such names or folds. The names allow defining the
so called Hamming distance between folds, which is a measure for how different two folds are.
Given the simple mnemonic code, the structures can be easily constructed from the name. By
looking at the structure of the name itself, it is clear that in the first example the folding is
made of repeated folding units. More details and the consequences of the method are given in 1 .

^ . - A . Lindgard and H. Bohr, Phys. Rev. E., 56, 4497-4515 (1997).
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2.1.3

The GRIDFOLD Database of Idealized Protein Folds

H. Bohr, K. de Lichtenberg, H. H. Staerfeldt, Institute of Physics and CBS, The Technical
University of Denmark, Lyngby, Denmark and
P.-A. Lindgard, Condensed Matter Physics and Chemistry Department , Ris0 National Laboratory, Denmark
In almost half a century large databases of protein sequences and of protein structures have
been building up at an exponential rate 1 . And, like in the case of for example atomic elements or
isotope tables, it is natural to ask for some classification that can group the proteins into related
families other than those that arise from homology analysis of the sequence of amino acids in
the polypeptide chain. What we here have in mind is a kind of atomistic taxonomy, where
the proteins are grouped according to the number of typical elements. It is a new paradigm to
attempt to classify proteins according to their structure rather than their sequence or function,
as usual. By devising a local projection scheme for systematizing the protein fold on a lattice
we propose an effective cut through the homology problem. The results were briefly discussed
previously2. Such a schematic structure is a kind of symmetry indicator, which is useful in
statistical analysis of the fold problem. It is well known, that a global measure for 'similar'
folds using the root-mean-square measure (RMS) for the coordinates of the backbones is too
strict, and indeed vastly misleading. If just one secondary element is slightly rotated, the
RMS can become very large; this is not expedient. Other measures, for example local distance
measures, have also been proposed and used 1 . In traditional classification in physics, as in
the periodic table or in the crystal groups, a certain capaciousness in the homology concept is
neither needed nor warranted. In the protein folding case, as in botany, it is. Yet, the final
classification criteria must be unique.
The known protein structures are obtained from studies of their crystalline form (many
folded proteins forming a macroscopic lattice). This is a very unnatural environment for proteins, which 'live' in water. The observed structures are strongly 'twisted' and may not resemble
the functional proteins fully. It is therefore difficult to map them strictly selfavoiding onto a
grid using a simple rectification scheme (locally). Yet, the resulting grid projection provides
a unique representation for any protein domain and allows a distance between actual protein
structures to be defined.
We have constructed a computer code which transcribes any protein structure in the Brookhaven Data Bank to the Idealized Structure and the corresponding identifying sequence. A
database of idealized protein structures is made. The system is made available on the Internet.
Below an example of the GRIDFOLD projection for two different proteins haemarythin and
cytochrome, belonging to the same strutural fold-class.

1
2
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L. Holm and C. Sanders, Science, 273, 595 (1996).
P.-A. Lindgard and H. Bohr, Phys. Rev. Lett., 77, 779-783 (1996).
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2.1.4

Oxygen Ordering in YBa2Cu3O6+I;,
Extended Monte Carlo Simulation Results

Dan M0nster and T. Fiig, UNI»C, Danish Computing Centre for Research and Education
Arhus, Denmark,
N. H. Andersen and P.-A. Lindgard, Condensed Matter Physics and Chemistry Department,
Ris0 National Laboratory, Denmark
Recent experiments using neutron scattering and high energy X-ray diffraction1 have revealed a number of intriguing features about the oxygen ordering in YBa 2 Cu 3 0 6 +x, which are
unexplained by the ASYNNNI model and other theories: Observation of ortho-Ill and ortho-V
phases, with periodicities of 3a and 5a, at low temperatures, as well as an incommensurate
phase with q = 0.38 at x = 0.67, suppression of the ortho-I to ortho-II transition temperature relative to that of the tetragonal to ortho-I transition, no ortho-II Bragg peaks, but a
switch-over to an approximately Lorentzian-squared line shape for decreasing temperatures.
Consequently, we have improved the Monte Carlo Simulation for studying the low temperature regime and augmented the basic ASYNNNI model by including an extra model parameter
V5 describing the interaction between 0 atoms which are 2a apart and not bridged by a Cu
atom. At a given oxygen concentration the added V5 parameter acts like an effective interaction between oxygen chains. By choosing the strength of V5 relative to the other interaction
parameters it is possible to stabilize the ortho-Ill phase 'by construction', but the introduction of V5 explains more than what was directly expected. In fact it describes all the above
mentioned puzzling observations. Using a screened Coulomb potential for the oxygen-oxygen
interaction we have estimated that V5/V\ should be in the range 0.02-0.04. By the simulations
we have found that V5/V1 = 0.04 gives too strong ortho-Ill correlations, whereas a choice of
V5/V1 = 0.02 gives results in qualitative agreement with the observations.
The Monte Carlo algorithm has been implemented in the C language using the MPI message
passing library for parallelisation. To obtain sufficient statistics it was decided to use a large
number of independent systems in the statistical ensemble. After testing the results with up
to 100 ensemble members, 32 was found as an optimum to balance a sufficient equilibration
time at each temperature step. The simulations have been performed on the 16 processor SGI
PowerChallenge at the University of Aarhus, the 36 (now 64) processor IBM SP2 at UNI»C
in Lyngby and on the 512 processor Cray T3D at the University of Edinburgh. Test runs on
a cluster of workstations at Edinburgh Parallel Computing Centre have also been performed.
Depending on problem size and computing platform the program has been using from 8 to
128 processors during production runs. Below is shown, left, the simulated structure factor
at UBT = 0.05Vi and x = 0.66, revealing clear peaks corresponding to the incommensurate
ordered 'phase'. In the middle a corresponding snapshot. To the right is shown the fitted
'power' of the ortho-II Lorentzian at x = 0.5 and using V5 = 0.02Vi.
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P. Schleger et al., Phys. Rev. Lett. 74, 1446 (1995) and T. Frello et al. to be published.
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2.1.5

Computer Simulation of Heteroepitaxial Structures of
Alkali Halide Thin Films

J. Baker and P.-A. Lindgard,
Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark
The relief of strain at epitaxial interfaces is of scientific and technological interest in many
systems. In some cases, the consequences of strain are to be prevented in other cases, strain
relief can result in desired properties. In a recent review1 Mooney discusses the problem for the
technically relevant semiconductor interfaces with rather large misfits (~ 4%). It is difficult
to study small misfits in atomistic detail using simulation methods, because it requires very
large system sizes. An advantage is therefore to study model systems with very large misfits.
These are found in the interlayers between different kinds of alkali halide salts. Previously we
made a simulation study of KBr/NaCl, which has a 17 % misfit2. The general strain relief
mechanism occured by a "floating" mode rumpling mechanism. After a few rumpled layers
perfect KBr could again be formed. Henzler et a/.3 made the interesting observation that in
the KCl/NaCl, for which the misfit is ~ 10%, both this floating mode and a "discrete" mode
of strain relief could be found. He proposed the latter to be essentially of the type observed in
the semiconductor case.
We have tested the previously used dipole method2 and the presently used box Monte Carlo
calculations against exact Ewald calculations of the long range potential. We found that the
approximate methods are almost exact with respect to the important energy difference, but not
for the total energies as expected. The build-up of strain is presumably in several respects of
similar nature for ionic crystals as for other systems with regard to the hard sphere properties
of the ions. The ions are ideally spherical, contrary to those in more covalently bound crystals,
and there is no screening of the Coulomb field as in metals. Hence, any local unbalance in
charge sets up long ranging dipolar fields, which have the same distance dependence as the
elastic strain fields, without possessing the crystal symmetry. This could be of importance
especially for fractional coverages, since defect stabilized new structures may interact directly
via the Coulomb field. In a previous study, fractional coverage was studied in systems having
van der Waals interactions only, but without the Coulomb interaction4. At full coverage 1, 2
or 3 ML (mono layers) we find the rumpling structure. However for 2.08 ML a "Henzler like"
structure, shown below to the left is found stable (open circles - slightly larger towards the
viewer - are Cl~, bullets cations). At 2.5 ML, which is where Henzler expected this structure,
we find that a regular arrangement of stacking faults is stable, right (here equal size symbols
for anions and cations). It is the beginning of a regularly stepped surface. The plots represent
vertical cuts in the [100] directions including ions ±0.9 TNaCi from the cut-plane. The lower
three layers are the NaCl substrate, the top ~ 2 — 3 layers the KC1 film.

-2

J

P. M. Mooney, Mat. Sci. and Engineering, 17, 105 (1996).
J. Baker and P. -A. Lindgard, Phys. Rev. B. 54, R11137 (1996).
3
M. Henzler, C. Homann, and U. Malaske, Phys. Rev. B 52, 17060 (1995).
4
E. Vives and P. -A. Lindgard, Surf. Sci. Lett. 284, L449 (1993) and
E. Vives and P. -A. Lindgard, Phys. Rev. B 47, 7431 (1993).
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2.1.6 The Direct Monomer-Monomer Correlation Function in Semidilute Polymer
Solutions Determined by Monte Carlo Simulations
Jan Skov Pedersen, Ris0 National Laboratory, Denmark, Peter Schurtenberger, ETH Zurich,
Switzerland
Full system and single chain scattering functions for semidilute solutions of semiflexible polymers have been studied by Monte Carlo simulations. The used Kratky-Porod model1 describes
polystyrene in a good solvent and the contour length L/b investigated corresponds to molecular
weights of 3000 - 250 000. The correlation length £, osmotic compressibility dll/dc and the
radius of gyration Rg of the individual chains were determined and quantitative comparisons
with concentration dependence predicted by renormalization group theory 2 " 4 were done. £ and
dU/dc are in almost perfect agreement with the results of Schafer4. For Rg the agreement
with Schafer's result is quite poor and the results follow much closer the prediction of Nakanishi and Ohta 2 . In the polymer reference interaction site model (PRISM) in the equivalent site
approximation5, the full system scattering function S(q) follows: S(q) = Sac(q)/[l + L>c(q)Sac(q)],
where v is proportional to the polymer concentration, c(q) is the Fourier transform of the direct
monomer-monomer correlation function, and Ssc(q) is the single chain scattering function. As
both S(q) and S3C(q) are determined in the simulation, c(q) can be obtained by a straightforward calculation. c{q) displays a significant concentration dependence (Fig. 1, insert) which
shows that effective long-range monomer-monomer interactions are present at low concentrations. The concentration dependence of the range of the interaction is demonstrated in Fig. 1
by the variation of the correlation length (c^ derived from the c(q) functions.

Fig.
1. £CW for c(q) for the
different chain lengths as a function of the polymer volume fraction 77. From bottom to top L/b =
3.2,10.88,30,90,270, with open circles for 3.2, filled circles for 10.88,
triangles for 30, diamonds for 90 and
stars for 270. The lines are guides to
the eye. The insert shows c(q) functions for L/b = 90 for c = 0.01 and
0.05.
1
2
3
4
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J.S. Pedersen, M. Laso, and P. Schurtenberger, Phys. Rev. E 54, R5917 (1996).
A. Nakanishi and T. Ohta, J. Phys. A 18, 127 (1985).
T. Ohta and Y. Oono, Phys. Lett. 89A, 460 (1982).
L. Schafer, Macromolecules 17, 1357 (1984).
K.S. Schweizer and J.G. Curro, Adv. Polymer Sciences 116, 319 (1994).
Riso-R-1014(EN)

21

2.2.1 Magnetic Phase Diagram of TbRu2Si2
S. Kawano, Research Reactor Institute, Kyoto University, Kumatori, Sennan, Osaka, Japan, B.
Lebech, Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark and T. Shigeoka, Faculty of Science, Yamaguchi University, Japan
The ternary compound TbRu2Si2 having the tetragonal ThCr2Si2 type structure (I4/mmm) shows a
variety of interesting magnetic properties below TN =56 K, due to competition between crystalline
field effects and long range RKKY interactions.1'2 Below 5 K, a multi-step metamagnetic ordering
process with at least six steps takes place, when a magnetic field is applied along the c-axis.3 Susceptibility3 and specific heat4 measurements show that there are three magnetic phases in zero magnetic field: (1) a high temperature phase (7\ ~ 5 K < T< T^), (2) an intermediate temperature phase
(r 2 ~ 4.2 K < T < T\) and (3) a low temperature phase (T < T2). The antiferromagnetic structure may
be described by a fundamental propagation vector q = 3/13, but all odd harmonic magnetic reflections parallel to the reciprocal lattice vectors a* and b* have been observed in all phases. Some
characteristic data are shown in Fig. 1. Several models describing the magnetic structure in terms of
stacking of sequences of ferromagnetic sheet such as for instance 5T444T514T44', with q = 6/26
have been proposed, but none of these preliminary models explain the data satisfactorily.
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Fig. 1. Diffraction pattern obtained
for scans along the A-direction for
h = 1, 1-3/13 and 3/13 (top,
middle and bottom) at 4.2 K
(points) and 7.5 K (solid curves).
The intensity is shown on a
logarithmic scale in order to
enhance the relatively weak higher
order satellites. The bars at the top
of the three patterns indicate the
positions of the nuclear peaks and
all the odd magnetic satellites
originating from the allowed
nuclear peaks. First order satellite
are indicated by fat, long bars.
Note that most of the higher order
satellites have vanished at 7.5 K
for h = 1-3/13 and h = 3/13, whilst
their intensities are almost identical at 4.2 and 7.5 K.
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2.2.2 Magnetic Order in Y 2 Cu 2 0 5
Y. Matsuoka, M. Motokawa, Institute of Materials Research, Tohuku University, Sendai, Japan, B.
Lebech, Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark and K. Kakurai, ISSP University of Tokyo, Japan
The antiferromagnetic compound, Y2C112OJ has unusual magnetic properties with a number of
metamagnetic transitions when an external magnetic field is applied along the easy 6-direction. This
behaviour is quite unexpected because the anisotropy of the Cu2+ spins are supposed to be small. The
field induced magnetisation jumps abruptly to 1/3 of the saturation magnetisation at 3 T, remains
constant between 3 and 5 T and jumps again abruptly to 2/3 of the saturation magnetisation at 5 T.
Above 5 T, the magnetisation increases linearly to reach saturation at 9 T.l The linear part of the
magnetisation does not extrapolate to 0 T.1
With the aim to determine the magnetic structure of this unusual antiferromagnet neutron diffraction
measurements on single crystals of Y2CU2O3 were undertaken at the JAERI reactor in Japan and at
the DR3 reactor at Rise. We used a sample of dimensions 6x5x6 mm3 grown by the TSFZ method.
The sample contained one large crystal grain with an acceptable rocking curve and some smaller
grains which were misoriented with respect to the large main crystal grain. These small grains give
rise to spurious Bragg peak in the diffraction pattern from the main grain. The measurements at
JAERI, using a neutron image plate, showed that the (001) and (003) magnetic peaks, which are
fingerprints of antiferromagnetic order along the c-axis and ferromagnetic order in the <i6-plane,
vanishes between 3 and 5 T and a new reflection appears at (0 1/3 1) and (0 1/3 3). Above 5 T, the
(001) and (003) reappears. The measurements at Risa were done at TAS3 operating in the TILT
mode using a normal detector. The sample was mounted with the 6-axis vertical and along the applied field. Scans in reciprocal space parallel to the [001] direction for h = 0 to 4 and parallel to the
[100] direction for / = 0 to 6 and / = 0.5, 1.5, 2.5, 3.5 were made at 2 K for H = 0, 3.5, 4.5, 4.85. 5.5
and 7 T. Only the (001) and (003) reflections showed magnetic intensities (see Fig. 1) and thus
confirmed the findings at JAERI. We also observed a slight increase in the (002), (004) and (100)
peaks between 5.5 and 7 T. Furthermore, it should be noted that the (001) and (003) reflections,
which are forbidden by symmetry, are observed above the Neel temperature independent of field.
12000

80000

(b)

(a)

Field dependence at 2 K
_ . _ (001) and— °— (003)

10000,
" 60000
8000

6000

40000

4000
20000
Y,Cu,O s -TAS3
Temperature dependence of (001) at H • 0 T
10

20

30

40

"TEMPERATURE (K)

SO

2000,

0

2

4

6

8

MAGNETIC FIELD ALONG (001) (T)

Fig. 1. (a) The temperature dependence of the (001) magnetic Bragg peak in Y 2 Cu 2 0 5 . In (b) is shown the field
dependence of the (001) and (003) magnetic Bragg peaks in Y2C112O5 when a magnetic field is applied along the easy
A-direction. The peak intensities at 4 T corresponds to the (001) and (003) Bragg peak intensities measured at 100 K
without an applied field.
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Y. Matsuoka, Y. Nishimura, S. Misudo, H. Nojiri, H. Komatsu, M. Motokawa.K. Kakurai, K. Nakajima, Y.
Karasawa and N. Niimura, Metamagnetic transition in Y2Q12O5, To be published in the proceedings of the International Conference on Magnetism 1997. Cairns. Australia. July 27- August 1 (1997)
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2.2.3 Magnetic Structures of Mni^Fe^n^Intermetallic Compounds
A. Menshikov, A. Vokhmyanin, A. Teplykh, Institute of Metal Physics, RAS, Ural Division,
Ekaterinburg, Russia, B. Lebech, Condensed Matter Physics and Chemistry Department, Rise
National Laboratory, Denmark and H. Shiraishi, Shibaura Institute of Technology, Oomiya, Soitama, Japan
The magnetic structures of the intermetallic compounds MnSn2 and FeSn2) crystallises in the bet C16
structure. It was found1 that below T^ = 325 K, MnSn2 orders magnetically to a collinear antiferromagnet with alternating spins in [110] sheets (T4TI). This structure changes to a double-sheet
structure ( T T I ^ ) at ~74 K. Below TN = 380 K, FeSn2 also orders antiferromagnetically2' 3 to a
collinear magnetic structure with wave vector k = (100) similarly to FeGe2. This structure becomes
non-collinear at ~93 K. Magnetic susceptibility studies4' 5 of the pseudo binary Mni.xFexSn2 solid
solutions showed that for MnSn2, Op = 200 K decreOases gradually with increasing x, intersects zero
at x ~ 0.6 and increases abruptly to 530 K for x ~ 0.9-0.95, while Op = 200 K for x = 1 (FeSn2). In5 it
was suggested that the real change with concentration of the antiferromagnetic structure occurs at x
- 0 . 8 , but the nature of this transition and the concentration dependence of 0? were not explained.
The aim of the present neutron diffraction studies is to determine the magnetic structures of the
xFexSn2 system, particularly in the transition region. For this we used powdered alloys with the same
concentrations as those used for bulk magnetic studies5 (x = 0.2, 0.7, 0.85 and 0.9). The neutron
diffraction data were measured using diffractometers installed at the Russian research reactor I W 2M in Ekaterinburg and at DR3 (TAS3 operating in the powder mode). The experimental data were
analysed by rietveld refinement using FULLPROF. The analysis of the nuclear intensities shows
random occupancy of the Fe and Mn atoms at the 5</-sublattice sites. The best agreement between
the observed and calculated magnetic intensities is consistent with the concentration dependence of
the model magnetic structures illustrated in Fig. 1 for selected concentrations (see Menshikov et al.6
for details).
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Fig.l. Concentration dependence of the ground
state magnetic structures in Mji,.xFexSn2 solid
solutions. The arrows shows projections of the
magnetic moments on the [001] plane at z=0
(full) and at z=l/2 (dashed), respectively.

t:x=1.0

The Mn-rich compound with x=0.2 has an
antiferromagnetic collinear structure just below
7N, which is similar to the high temperature
phase of MnSn2. Below 7*N, a non-collinear
arrangement of the spins at z=0 and z=l/2
occurs (lb). For x = 0.2, the angle (a) between
the moment components in the [001] plane
decreases with temperature from a = 62° to a
negligible value at ~100 K.
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Dynamics of magnetic nanoparticles

2.2.4

M.F. Hansen, F. Bedker, S. Merup, Department of Physics, Technical University of Denmark,
and K. Lefmann, K.N. Clausen, P.-A. Lindgard, Condensed Matter Physics and Chemistry
Department, Rise National Laboratory, Denmark.
When the size of a magnetic particle is in the nanometer range it consists of a single magnetic
domain and the magnetic moment may perform fast fluctuations near an easy direction
(collective magnetic excitations) and slower fluctuations between the easy directions
(superparamagnetic relaxation). The time scale of the collective magnetic excitations depends
weakly on temperature while the time scale of the superparamagnetic relaxation is given by
T(T) « xoexp(KV/kT), where T0 ~ 10'9-10"12s. The collective magnetic excitations give rise to
two inelastic peaks in neutron scattering. The superparamagnetic relaxation gives rise to a
temperature dependent quasielastic broadening of the peak at zero energy transfer.
Using inelastic neutron scattering (TAS6/RITA) we have studied nanoparticles of aFe2O3 at the (111) antiferromagnetic reflection (q=1.37 A"1). We have studied the inelastic
peaks and the quasielastic broadening as function of temperature (50-325 K) and as function
of applied fields from 0-6 T at 268 K. Some examples of data and fits are given in Figs. 1 and
2. In this study we could for the first time clearly distinguish the inelastic peaks from the
quasielastic peak. The data could be fitted using a Lorentzian for the quasielastic component
and a damped harmonic oscillator model describing the collective magnetic excitations for the
inelastic component. The variation of the resulting parameters could be consistently analysed
assuming simple uniaxial anisotropy and using Boltzmann statistics1. As an example is shown
the variation of the line width of the quasielastic component with temperature in Fig. 3. Further
studies of other antiferromagnetic nanoparticles are currently under way.
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M.F. Hansen. F. Bodker, S. Morup, K. Lefinann, K.N. Clausen. P.-A. Lindgard, Phys. Rev. Lett. 79(24), 4910 (1997)
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2.2.5 The Unusual Magnetic Phase Diagram of Ho-Er Alloys
R.A. Cowley, J.A. Simpson, C. Bryn-Jacobsen, R.C.C. Ward, M.R. Wells, Oxford Physics,
Clarendon Laboratory, Oxford, UK, D.F. McMorrow, Condensed Matter Physics and Chemistry
Department, Ris0 National Laboratory, Denmark
The magnetic phase diagram of Ho-Er random alloys has been investigated using neutron scattering,
and has been found to exhibit several unusual features. The alloys were prepared as single crystal thin
films (10,000 A thick) using the MBE facilities in the Clarendon Laboratory, Oxford. The neutron
scattering measurements were performed using the TAS1 spectrometer.
The main results of this work are summarized in Fig. 1. A variety of magnetic phases are evident
which arise from the competition between the exchange and crystal field interactions, the latter of
which is of opposite sign for Ho and Er. For both the Ho and Er rich ends of the phase diagram the
observed magnetic phases are similar to those found in the bulk elements. The unusual aspects of the
phase diagram are found in the central region. The area labelled tilted helix is associated with a
magnetic structure which has both modulated basal-plane and c-axis components. (Unlike the
cycloidal phase the moments are not confined to lie in the a-c plane.) The tilted helix has been
speculated over for some time, and this is the first firm evidence for its existence. The triangular
region surrounded in the phase diagram by the tilted helix, cone and basal plane helix is also of some
interest. All of these three phases have magnetic long range order, whereas in contrast the phase in
the triangular region has short-range order. For this reason we designate this as the disordered phase,
and similar phases have not been observed in other incommensurate systems with competing
anisotropies. The phase diagram also exhibits a number of multi-critical points, including a pentacritical point, the properties of which have not been explored before.
In addition to the neutron scattering experiments, the general topology of the phase diagram has also
been explored using Landau theory.
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Fig. 1. The magnetic phase diagram of Ho/Er alloys. The solid lines show the phase boundaries
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the penta-critical point. The region enclosed between the open triangles is the region over which the
disordered phase may occur.
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2.2.6 Spin Waves in CePdSb
B.D. Rainford, D.T. Adroja, Department of Physics, University of Southampton, UK, D.F.
McMorrow, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory,
Denmark, T. Suzuki, Physics Department, Tohoku University, Japan, A. Ochiai, Institute for
Materials Science, Tohoku University, Japan
CePdSb crystallises in the hexagonal GaGeLi (P6 3111c) structure, in which the Ce ions form a simple
hexagonal lattice. It is a planar ferromagnet with a high ordering temperature (for cerium
compounds) of 17.5K1. Our analysis of the crystal field2 and subsequent mean field calculations have
shown that the planar anisotropy is very strong in CePdSb, with a ratio of in-plane to out-of-plane g
factors g i /gn = 22.
The critical properties of CePdSb are very strange. The first heat capacity measurements3 showed
no cooperative transition at Tc, but only a broad Schottky-like anomaly which peaked near 9K.
Subsequent measurements on higher quality samples4 show a weak discontinuity at T c , but the broad
Schottky-like peak is still the main feature. Thermal expansion shows similar anomalies to the heat
capacity, the largest being parallel to the c-axis5. The electrical resistivity is very anisotropic, and
Hall effect measurements suggest that CePdSb is a very low carrier concentration material . The
magnetisation, as measured both by conventional magnetometry and by neutron diffraction,
decreases rapidly with temperature, with something close to a mean field exponent, but there is a
cross over to a different behaviour above 12K. This makes it difficult to extract a reliable value for
p. Our earlier time-of flight data, measured with IN6 at ILL on a polycrystalline sample, showed
some signs of a cross-over from spin wave like to diffusive excitations above 6 K6. This appeared to
correlate with an anomalous small angle scattering signal which develops above 6 K and persists up
toTc.
We have recently measured the spin wave dispersion in a large single crystal of CePdSb using RITA
at Ris0 The dispersion relation is linear at small q as expected for a planar magnet with weak
planar anisotropy. The spin wave velocity is higher along the FA direction (parallel to c* ) than
along FM, suggesting that the exchange interaction between nearest neighbour Ce ions separated by
(0,0,c/2) is larger than that between nearest neighbours in the basal plane by about one order of
magnitude. It follows that CePdSb is a truly three dimensional XY system. Subsequent
measurements on the IN 14 triple axis spectrometer allowed us to study the evolution of the spin
wave dispersion relation with temperature. The renormalisation of the spin waves is regular, and
appears to scale with the reduced magnetisation as one would expect for a planar magnet, at least up
to 12K (0.7T.c). However above 6K a pronounced central peak develops, and grows rapidly in
intensity with increasing temperature, finally merging with the critical scattering at Tc. This central
peak is clearly the diffusive response we had previously seen in the IN6 data. The origins of this
central peak are not yet clear, but we note that recent spin dynamics calculations on the two
dimensional XY model7 also show central peaks, though not as pronounced as those presented here,
and not so far below the critical temperature. One would not expect features of the 2D XY model to
carry over into the present situation, since (i) CePdSb is clearly a strongly three dimensional material
and (ii) it is not energetically favourable to have extended vortices in 3D, though vortex loops are
possible.
1

S.K.Malik and D.T.Adroja, Phys. Rev. B 43, 6295 (1991); 2 B.D.Rainford, et al. Physica B
206&207, 209 (1995); 3 O.Tovarelli, et al. B 49, 15179 (1994); 4 K.Katoh et al. Physica B (1997)
5
P.C.Riedi, et al. Physica B 199&200, 558 (1994); 6 A.J.Neville, et al. Physica B 223&224, 271
(1996); 7 H.G.Evcrtz and D.P.Landau, Phys.Rev. B 54, 12302 (1996)
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2.2.7 Geometrical Frustration in a Pyrochlore Ferromagnet
M.J. Harris, ISIS Facility, Rutherford Appleton Laboratory, UK, S.T. Bramwell, Department of
Chemistry, University College London, UK , D.F. McMorrow, Condensed Matter Physics and
Chemistry Department, Ris0 National Laboratory, Denmark, T. Zeiske, Hahn-Meitner Institut,
Germany, K.W. Godfrey, Clarendon Laboratory, Oxford, UK
In the pyrochlore lattice, the magnetic ions sit at the corners of a framework of corner-sharing
tetrahedra. It is well known that this lattice results in a very high degree of geometrical frustration
for antiferromagnetic interactions, but as we have recently discovered, a similar degree of frustration
occurs when the interactions are ferromagnetic, if there is also very strong axial single-ion
anisotropy. The theoretical ground state is disordered down to 0 K, but with frozen dynamics, rather
like a conventional spin glass. The principal result of our experiment was to show that the pyrochlore
Ho2Ti2O7 corresponds to just such a frustrated ferromagnet. This work has been published in full1.
The experiment was performed using TAS7. No magnetic phase transition was observed in zero field
between 0.35 and 300 K. Instead, strong diffuse magnetic scattering was observed, reflecting the
occurrence of short-range ferromagnetic correlations. Upon applying a magnetic field, magnetic
Bragg peaks appeared at the (0,0,2), (1,1,1), and (2,2,0) positions, indicating that a #=0 long-range
ordered phase has formed. In the figure we show the field dependence of the (0,0,2) Bragg peak,
with the abrupt onset of magnetic ordering. Complex history-dependent behaviour was observed at
the X-points of the Brillouin zone. In the figure we show the behaviour observed at the (0,0,1)
position. Upon heating to 1.4 K in a magnetic field of 2 T, a second transition occurs to a q=X
structure with unusual frozen dyamics. These ordered phases represent various ordering schemes of
the ground-state configuration. The interplay between the #=0 and q=X structures shows how
sluggish the ordering dynamics are. This is a consequence of the strong easy-axis anisotropy, which
has an interesting parallel in the behaviour of a number of other oxide pyrochlores which exhibit
spin-glass phases at low temperatures. We believe that a plausible reason for the frozen dynamics in
these materials is strong crystal-field anisotropy.
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Fig. 1. Magnetic field dependence of the neutron scattering from Ho2Ti2O7 at the (0,0,2) and (0,0,1) positions, at a
sample temperature of 0.35 K. The measurements shown by the full circles were made after cooling to 0.35 K in zero
field, while the open circles show the behaviour after an initial field of 0.5 T was applied and then removed before
beginning the measurements. This reveals the history-dependent behaviour of the magnetic order.
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M.J. Harris, S.T. Bramwell, D.F. McMorrow, T. Zeiske and K.W. Godfrey, Phys. Rev. Lett. 79, 2554 (1997)
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2.2.8 Magnetism and Superconductivity in Nd/La Superlattices
J.P. Goff and R.S. Sarthour, Oxford Physics, Clarendon Laboratory, Oxford, UK, D.F. McMorrow,
Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark
A single-crystal [Nd3oLaio]8o superlattice grown using molecular beam epitaxy is found to consist of
alternating antiferromagnetic and superconducting layers at low temperature. The superlattice has the
dhcp crystal structure, and the stacking sequence of close-packed planes is coherent over many
bilayers. Magnetization studies reveal the onset of superconductivity at a temperature Tc ~ 4.5 K,
which is comparable to bulk dhcp La. The aim is to study the interplay between the magnetism and
the superconductivity, and the coupling across intermediate layers.
The magnetic structures were determined by neutron-diffraction techniques using the TAS1
spectrometer at DR3. Magnetic scattering is detected at Q ~ (0.12 0 3) and, by analogy with bulk
Nd, this peak is associated with magnetic ordering on the hexagonal sites of Nd. Scans of Q in the c*
direction through the hexagonal magnetic peak are shown for T ~ 1.7 and 9.5 K in Fig. 1. The width
of these peaks demonstrates that the magnetic order is coherent over several bilayers, and the
presence of the magnetic superlattice peaks shows the contrast between the ordered Nd layers and
the La layers, which have no localized moments. The results are similar above and below Tc, and this
proves that the Nd hexagonal site order remains coupled between different Nd layers even when the
intervening La layers becomesuperconducting.

Fig.l Scan of Q in the c* direction
through a magnetic reflection, showing
that the magnetic order of the Nd
hexagonal site propagates through the
La above and below Tc.
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The superconducting transition temperature is expected to decrease for thin films, and the fact that Tc
is comparable to the bulk value suggests that the superlattice exhibits 3D superconductivity with
coupling across the antiferromagnetic Nd layers. In rare-earth superlattices the propagation of
magnetic order between magnetic regions occurs through the establishment of a conduction-electron
spin-density wave in the intermediate layer. The development of an energy gap below Tc in the La
layers does not significantly affect the magnetic coupling, possibly because different conduction
electrons propagate the antiferromagnetic and superconducting order.
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2.2.9 Diffuse Magnetic Scattering from HoxCei.x Alloys
J.P. Goff and R.S. Sarthour, Oxford Physics, Clarendon Laboratory, Oxford, UK, D.F. McMorrow,
Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark
The magnetic structures and interactions in Ho are well understood. In the standard model an
integral number of 4f electrons are localized on each ion, and the moments interact with the
crystalline electric field and indirectly with each other via the conduction electrons. The magnetic
behaviour of Ce is more complicated, and for some phases the proximity of the 4f energy levels to
the Fermi surface leads to delocalization of the 4/electrons. The aim of this experiment is to study
the magnetic ordering in a range of HOxCei.x alloys.
The single-crystal HoxCei.x films were grown using molecular beam epitaxy and, as the
concentration of Ho decreases, these alloys are found to adopt hep, Sm and dhep crystal structures.
The magnetic ordering was studied by neutron diffraction using the TASl spectrometer. The hep
alloy forms a basal plane spiral similar to bulk Ho, whereas the sample with the Sm crystal structure
forms a magnetic structure with the same modulation as Sm metal. The magnetic structure of dhep
Hoo.3Ce0.7 resembles bulk dhep Ce, but for other compositions the dhep alloys display diffuse
magnetic scattering.
Dhep HoosCeos exhibits long-range magnetic ordering below Tn ~ 20 K and resolution-limited
peaks are observed at Q = (00L) where L is an odd integer. Broad magnetic peaks are also detected
below T ~ 30 K, and these extend from the ordering wave vectors along sharp ridges in the c*
direction, see Fig. 1. A ridge of diffuse magnetic intensity is observed in the a* direction below T ~
20 K. For Ho04Ce06 only diffuse magnetic scattering is detected, and the peaks are found to be
broad in all directions.
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The diffuse magnetic scattering, which is attributed to short-lived spin-spin correlations in the
conduction electrons, provides evidence for delocalization of the 4f electrons. A broad 'central
peak' has been reported for Pr metal, and this is also believed to arise from the magnetic response of
itinerant electrons. The diffuse magnetic scattering is of particular interest since it gives direct
information on the exchangeJ(g).
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2.2.10 The Magnetic Response of Lai.83Sr0.nCuO4 in its Normal and Superconducting States
B. Lake, T.E. Mason, University of Toronto, Canada, G. Aeppli, N.E.C, Princeton, N.J., USA., A.
Schroder, Karlsruhe University, Germany, D.F. McMorrow, K. Lefmann, Ris0 National
Laboratory, Denmark, S.M. Hayden, University of Bristol, UK, M. Isskii, M. Nohara, H. Takagi,
ISSP, University of Tokyo, Tokyo 106, Japan
A detailed survey of the magnetic fluctuations in the high-rc superconductor Lai^Srn.nCuC^ has
been performed above and below its transition temperature. These measurements were carried out on
the newly designed TAS6 (RITA) spectrometer, where the seven blade analyser was used in focusing
mode and the position sensitive detector allowed us to optimise the ratio of signal to noise and also
to obtain a good estimate of the background from the intensity of scattering in the detector wings.
High energy resolution (-0.4 meV) triple-axis measurements were performed, and the magnetic
response was found to be completely suppressed in the superconducting state at low energy
transfers, Fig l.A. This result contrasts with the findings from crystals of similar composition but
lower quality which show residual scattering below the energy gap1. Measurements were also carried
out in a broad band pass mode with an effective energy resolution of ~2 meV. The scattering below
the transition temperature is observed to increase as the energy transfer increases, and there is some
evidence that this response is anisotropic since the signal at the incommensurate peak positions
increases more rapidly than that in the region between the peaks, Figl.B.
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Fig. 1. Constant energy scans through the incommensurate peaks are shown above and below Tc at 38.5 K and 5 K,
for two different energies. Graph A shows a triple-axis measurement at 3.5 meV where the scattering is completely
suppressed below Tc, while Graph B shows a scan performed in the broad band pass mode at 10.0 meV where the
suppression is no longer evident.
1

T.E. Mason, A. Schroder, G. Aeppli, H.A. Mook, S.M. Hayden, Phys. Rev. Lett 77,1604 (1996)
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2.2.11 Magnetic order in CeNii.xCuxSn
A. Schroder, Physikalisches Institut, Universitdt Karlsruhe, Germany, G. Aeppli, N.E.C, Princeton
N.J., USA, and Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory,
Denmark, T. E. Mason, University of Toronto, Canada, E. Bucher, Universitdt Konstanz, Germany
CeNii-xCuxSn exhibits different ground states ranging from nonmagnetic 'Kondo insulator' CeNiSn
with pronounced gaps in the magnetic excitation spectrum1 to a magnetic ordered heavy fermion
alloy for x > O.I2. To determine the magnetic structure, several crystals in the concentration range
0.1 < x < 0.3 were investigated by neutron scattering at Ef=5meV at TAS 7. All samples show long
range magnetic order at low temperatures below TN, which increases with x. Two different ordering
vectors were found, one commensurate (C) like Q=(0,0.5,0) and one incommensurate (IC) like
Q=(0,0.5+d,0), where d is T- and x-dependent. At x=0.13 pure C-order occurs3, while with
increasing x an additional IC-structure appears and finally dominates for x > 0.2. That the existence
of two Q's does not arise from x-gradients confirms the individual T-dependence observed for
x=0.2: an IC-structure at higher T dissappears after the onset of the C-structure. While an ICstructure, mediated by conduction electrons via the RKKY exchange, is quite common for a Cebased heavy fermion alloy, it is remarkable to observe a C-structure, favoured close to the 'insulator'
regime.

300
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'T.E. Mason et al., Phys. Rev. Leu. 69,490 (1992),
T. Takabatake ct al., J. Magn. Magn. Mater. 76-77, 87 (1988),
3
A. Schroder et al., Physica B 234-236, 861 (1997)

2

32

Riso-R-1014(EN)

2.2.12 Magnetic Small-Angle Neutron Scattering from Cu-17.2 at.% Mn
B. Schonfeld, 0. Paris, G. Kostorz, ETH Zurich, Institute of Applied Physics, Switzerland, and
J. S. Pedersen, Ris0 National Laboratory, Denmark
The spin-glass behavior of £u-Mn has attracted much interest among theorists and experimentalists. Several neutron scattering studies revealed atomic (ASRO) and magnetic short-range
order (MSRO) for alloys containing typically 10-25 at.% Mn. While ASRO is well documented
for Cu-17.2 at.% Mn1, correspondingly reliable data for MSRO are still missing. They are
required to set up correlations with ASRO on a microscopic level.
Single crystalline samples of Cu-17.2 at.% Mn equilibrated at 483 K for 2 weeks (sample A)
and at 553 K for 1 day (sample B) were quenched to room temperature to freeze different states
of ASRO. For small-angle scattering experiments, neutrons with an average wavelength of 6 A
were selected. Data were taken at room temperature and at 15 K, i.e. well above and below
the spin-glass temperature of about 70 K. While the diffuse scattering at room temperature is
due to ASRO, the additional scattering at 15 K is due to magnetic correlations (MSRO).
Fig. 1 shows the magnetic small-angle scattering for samples A and B. The scattering intensity
strongly depends on the degree of ASRO. This result was expected as close correlations in sign
and magnitude (scaled) had been found for the Fourier coefficients of ASRO and MSRO (Fig.
2), as obtained from diffuse wide-angle scattering for sample A. For sample B an analogous
investigation is still in progress, already indicating a larger magnetic scattering between the
Bragg reflections.
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Fig. 1. Magnetic small-angle scattering as a
function of the modulus of the scattering vector
at 15 K for samples A (open squares) and B
(filled circles).
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Fig. 2 The first twenty Fourier coefficients of
ASRO (crosses) and MSRO (circles).

H. Roelofs, B. Schonfeld, G. Kostorz, and W. Biihrer, phys. stat. sol. (b) 187, 31 (1995).
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2.2.13

Search for quantum behaviour of CFTD, a 2D square-lattice HAF

H. M. R0nnow, D. F. McMorrow, Condensed Matter Physics and Chemistry Department,
Ris0 National Laboratory, A. Harrison, Department of Chemistry, University of Edinburgh
The recently revived interest in the 2D square-lattice Heisenberg antiferromagnet (2DsqlHAF) due to the connection to the HTc cuprates has led to some dispute between different
theoretical approaches15 2 and Monte Carlo simulations3. The characteristics of the quantum fluctuations in terms of amplitude and correlation length £ are contained in the two
correlation functions S(q, u) and S(q) which can be probed by neutron scattering.
l + Ilnd-f-^2)

u

u = 2TTPS/T =

CjJ/T

(1)
(2)

-l

The scattering from a 2D system is independent of the momentum transfer KJ_ perpenducular
to the plane. Thus by keeping kj perpendicular to the plane in a 2-axis configuration we
effectively integrate S(q,u>) from 0 to E( and measure S(q).
Measurements on Sr2CuCl2O2, suffer from the high exchange parameter J = 125 meV ~
1400 K which limits the energy integration to Ei = 0.33J7" and only results on £(T) in
the range 0.21 < T/J < 0.4 have been reported. In CFTD (Cu(DCO2)2-4D2O) the
magnetic Cu2+ ions are separated by formate causing a much weaker exchange coupling
J = 7.4 meV ~ 81 K. We have measured S(q) in the temperature range 0.18 < T/J < 0.64
thus extending the experimentally investigated range by a factor of 2 and for the first time
data on the amplitude S(q = 0) is reported. The data was taken at E{ = 1.35 J, and the
validity of the energy integration was checked by measurements up to Ei = 2.6J7\ With
no adjustable parameters we obtain good agreement with the QNLcr theory and observe no
departure from the so called renormalized classical region. The experimental uncertainty
is limited in the low temperature region by the instrumental resolution and for high temperatures by a significant incoherent background due to non perfect deuteration. With a
better crystal we believe it possible to get closer to the T ~ J region where theory predicts
a cross-over to quantum critical behaviour and divergence from the QNLcrM might appear.
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Figure 1: The correlationlength £ and amplitude S(q = 0) for CFTD
1

S. Chakravarty, B. I. Halperin et al. Phys. Rev. B 39(4), 2344, 1989

2

A. Cuccoli, V. Tognetti et al. Phys. Rev. Lett. 77(16), 3439, 1996

3

M. S. Makivic and H.-Q. Ding. Phys. Rev. B 43, 3562, 1991
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2.2.14

Refined X-ray scattering study of the interplay between magnetism and
structure in CeSb

J.-G. Lussier, S. Matas and H. M. R,0nnow, Condensed Matter Physics and Chemistry Department, Ris0
The rich magnetic and structural phase diagram of the binary alloy CeSb has been
subject to a series of studies using different techniques of which neutron scattering analysis
has led to a detailed recording of the magnetic phases 1 . Previous X-ray studies 2 of the
degree of interplay between the magnetic structure and structural distortions of the lattice
were limited by surface strain in the sample crystal and by flux reduction through the Be—
window in the displex used for cooling the sample. Using a new crystal and a displex with
a capton window, enabling a resonable flux all the way down to the Lm edge of Ce, we
have been able to identify structural distortion in 5 of the 6 magnetic phases with up to 4
different harmonics within each phase. The integrated intensities as obtained from gaussian
fits to the scans are summarized in figure 1. Both experiments were performed at the BW2
beamline in Hasylab, non resonant data were collected at E = 9.5 keV where the flux at
BW2 is at maximum and absorption through the capton window is small.
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Figure 1: Integrated intensity of the 13 satellite peaks in 5 different phases of CeSb
Below T/v ~ 16.5 K the NaCl-type lattice undergoes a tetragonal distortion, which
causes the Ce 3+ moments to align along this strong uniaxial anisotropy direction. Based on
neutron scattering studies, each (001) plane is either ferromagnetically ordered ( t or I) or
completely disordered (X)- The magnetic structures are then composed of the two blocks:
IT and T£la n d their — Sz counterparts.
Due to magnetostrictive interactions, the Ce 3+ planes can be displaced as a function
of the magnetic environments from their neighbours. Within the dbz and ± 5 2 symmetries
there are only 3 types of nearest neighbour environments for a Ce 3+ plane: tTIi t-it a n ( ^ t$4->
where symmetry prohibits the latter from causing any displacement of the middle plane.
Similarely each Sb3~ plane (o) has two Ce 3+ neighbours: f ° 1\ t ° I a n ^ t ° t but can
to a first degree be assumed to position themselves in the middle of their neighbours. It
is our hope to model the measured intensities by a structural distortion from the proposed
magnetic structures with these few magnetostriction parameters.
1

P. Fischer, B. Lebech et al. J. Phys. Chem. 11, 345, 1978

2

D. F. McMorrow, J.-G. Lussier et al. J. Phys. Chem. 9, 1133, 1997
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2.3.1

Structural Stability of the Square Flux Line Lattice in YNi2B2C and LuNi2B2C
Studied with Small Angle Neutron Scattering

M. R. Eskildsen, N. H. Andersen, K. Mortensen, Ris0 National Laboratory, P. L. Gammel, B. P.
Barber, A. P. Ramirez, D. J. Bishop, Bell Labs., Lucent Technologies, Murray Hill, USA, C. A.
Bolle, C. M. Lieber, Harvard University, Massachusetts, USA, and P. C. Canfield, Iowa State
University, Ames, USA.
We have studied the flux-line lattice in YNi2B2C (Y:1221) and LuNi2B2C (Lu:1221), two nonmagnetic members of the borocarbide superconductors using small angle neutron scattering. For
fields, H II c, we find a square symmetric FLL which disorders rapidly above HIHc2 ~ 0.2 (Ha = 65
kOe), well below the 'peak effect' at H/Hc2 = 0.9. The results for H/Hc2 < 0.2 can be understood
within the collective pinning model, and are controlled by the tilt modulus C44 for the FLL. For
H/HC2 > 0.2, the longitudinal correlation length is dramatically reduced, and appears to be associated
with the field dependence of the shear modulus C(&.
The reflectivity of a single FLL Bragg peak allows detailed measurements of the penetration depth,
X, and coherence length, %'. In Fig. 1, the field dependence of the magnetic form factor, H\2, is
plotted. In this semilog plot, the data lie on a straight line with a zero field intercept determined by X
and a slope determined by £.
Shown in the inset to Fig. 2 as a function of field, are the widths a m (FWHM), obtained by
Lorentzian fits to the rocking curves and corrected for instrumental resolution. The rocking curve
width measures how well correlated the flux lines are along their length, parallel to the applied field.
In Fig. 2, the longitudinal correlation lengths are shown, determined from the rocking curves using
^Ja0 = (7iam)'' (a0 is the lattice parameter for the FLL). For both materials, ^i/a0 shows a similar
behavior, increasing at low fields to a broad maximum near 10 kOe, and then gradually decreasing.
The maximum at 10 kOe is a quite unexpected behavior. In the collective pinning model £L
increases monotonically with field, due to vortex-vortex interactions which increasingly order the
lattice with field. We believe that the breakdown of the collective pinning model is related to the
anomalous shear properties of the FLL in this system. For a hexagonal FLL (we do not have
expressions valid for the square FLL), the shear modulus can be approximated by c^ «=
(Hc2/l6Ti)b(l-0.29b)(l-b)2 where b = B/BC2. This expression has a peak near b ~ 0.3, and provides an
excellent overall fit to our data, although the fitted values of Hc2 tend to be about 15% low.
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= 82±2AforLu:1221.
Y:1221
M. R. Eskildsen et al., Phys. Rev. Lett. 79,487-490 (1997).
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2.3.2

Square to Hexagonal Symmetry Transition of the Flux Line Lattice in YNi2B2C for
Different Field Orientations

M. R. Eskildsen, N. H. Andersen, K. Mortensen, Ris0 National Laboratory, P. L. Gammel, B. P.
Barber, A. P. Ramirez, D. J. Bishop, Bell Labs., Lucent Technologies, Murray Hill, USA, and P. C.
Canfield, Iowa State University, Ames, USA.
Using small-angle neutron scattering we have studied the flux line lattice in YNi2B2C, a nonmagnetic member of the borocarbide superconductors, with the field rotated 30° away from the crystalline c-axis1. Previously2'3 we have reported on a square to hexagonal symmetry transition of the
flux line lattice below 1 kOe for H II c. Two different directions in the aft-plane was chosen as axes
of rotation. Rotating the field around [1,1,0] shift the onset of the transition up to 3 kOe. Rotating
the field around [1,0,0] stabilizes the hexagonal flux line lattice up to the highest measured field of
30 kOe. The difference between the two axes is also reflected in the flux line lattice distortion.
In the inserts to Fig. 1 are shown diffraction patterns for 3 and 15 kOe, obtained with the field
rotated around [1,1,0]. Diffraction spots lying on respectively a distorted hexagon (low field) and on
a distorted square (high field), respectively, are clearly observed. Fitting the positions of the Bragg
spots to an ellipse we can extract the FLL anisotropy, YFLL. by the eccentricity, and the normalized
opening angle, A<|>. Values of A§ equal to 90° and 120° correspond to a square and a hexagonal FLL
respectively. The results are plotted in Fig. 1, showing that the onset of the transition is moved up to
3 kOe compared to the 500 Oe for in ErNi2B2C with HII c2. The anisotropy is YFLL = 1.17 ± 0.04.
From the studies with rotation of the field around [1,0,0] we find a distorted hexagonal lattice with
YFLL = 1.36 ± 0.01 up to the highest measured field of 30 kOe. Shown as an insert to Fig. 2 is a
diffraction pattern for H = 6 kOe. The reflectivity of a single FLL Bragg peak allows detailed
measurements of the penetration depth, X, and coherence length, t,, through the magnetic form
factor H\ = (V3(})o/87tV) exp(-47i2B £2/V3<])o). In Fig. 2, the field dependence of Hx2 is plotted. In this
semilog plot, the data lie on a straight line with a zero field intercept determined by X and a slope
determined by £. We find X = 865 ± 43 A and £ = 82 ± 5 A, which should be compared to the values
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1

M. R. Eskildsen et al., to appear in Physics B.
M. R. Eskildsen et al., Phys. Rev. Lett. 78, 1968-1971 (1997).
3
M. R. Eskildsen et al., Phys. Rev. Lett. 79,487-490 (1997).
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2.3.3

Incommensurate Magnetism in PrBa2Cu3O6+x

A.T. Boothroyd, Department of Physics, Oxford University, UK, N.H. Andersen, Department of
Condensed Matter Physics and Chemistry, Ris0 National Laboratory, Denmark, J.P. Hill,
Department of Physics, Brookhaven National Laboratory, USA, Th. Wolf, Forschungszentrum
Karlsruhe, Germany
The motivatation for this study came from resonant x-ray magnetic scattering results from the NSLS,
Brookhaven, which had revealed that the magnetic Bragg peaks associated with the AFIII Pr ordering
phase observed below 20 K in crystals of PrBa2Cu3O6.95 were in fact incommensurate, appearing at
positions (0.5±e, 0.5±e, 1), with e ~ 0.0065. In addition, the x-rays had revealed a reorientation of
the Pr sublattice magnetic ordering from a phase with ordering vector k\ = (0.5±e, 0.5+e, 0) to k\\ =
(0.5, 0.5, 0.5) at temperatures near to 9 K.
The measurement required very high Q resolution in longitudinal scans. This was achieved on TAS 7
with the incident energy set to 3 meV. Two single crystals were studied, with masses of 20 mg and
3 mg respectively. The latter had been used in the x-ray experiments. As shown in Fig. 1,
incommensurate satellites were observed either side of the antiferromagnetic position at (0.5, 0.5, 0)
consistent with the x-ray results. Only the Pr magnetic ordering contributes intensity at this position.
Scans at temperatures above and below 20 K through (0.5, 0.5, 1), to which both the Cu and Pr
magnetic sublattices contribute, indicated that the magnetic ordering of the Cu sublattice remains
commensurate. These results show that the incommensurate magnetism is a bulk property, and that it
is a static ordering.
Rather surprisingly, measurements of the Pr order parameter as a function of temperature on the 3 mg
crystal revealed that the k\ type of ordering persisted down to 1.6 K. No sign of the reorientation to
the k\\ structure was observed, in contradiction to the x-ray results. It would seem, therefore, that in
our crystals the k\\ structure occurs only in the surface layer probed by x-rays.

.C.o)
Fig. 1. Incommensurate magnetism of
the Pr sublattice in a crystal of
PrBa2Cu3C>6,95. The scan is through
(0.5, 0.5, 0), parallel to the (£,£,0)
direction. The measurements were made
on TAS 7 with an incident energy of
3meV.
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2.3.4

Charge Stripe Ordering in
Diffraction

Studied by Hard X-ray

M. v. Zimmermann, T. Niemoller, J. R. Schneider, HASYLAB, Germany, T. Frello, J. Madsen, N. H. Andersen, Condensed Matter Physics and Chemistry Department, Ris0 National
Lababoratory, Denmark, A. Vigliante, P. Wochner, J. M. Tranquada, Doon Gibbs, Physics
Department, Brookhaven National Laboratory, USA, N. Ichikawa, S. Uchida, Superconductivity
Research Course, The University of Tokyo, Japan
Neutron scattering studies of the superconducting system L^-sSrsCuC^ have shown that the
antiferromagnetism of the x = 0 compound evolves with doping into purely dynamical twodimensional magnetic correlations that are incommensurate with the crystal lattice. Partial
substitution of Nd for La induces a subtle distortion of the low-temperature lattice structure
from the usual low-temperature orthorhombic (LTO) to the so-called low-temperature tetragonal (LTT) phase. Associated with the distortion is a strong suppression of Tc when the
Sr concentration, x, is ~ | . Recent neutron diffraction studies of Lai.<5_rNdo.4SrxCu04 with
x =0.12 have shown that a significant elastic magnetic component develops in the LTT phase
at the same positions as the dynamic magnetic scattering observed in samples with no Nd 1 .
Furthermore, second harmonic peaks were observed split about the nuclear Bragg peak (200),
suggestive of charge-order scattering. We used 100-keV X-rays to investigate the charge order
scattering on a crystal of La1.48Ndo.4Sro.i2Cu04 taken from a larger sample previously characterized by neutron diffraction1. The experiments were performed on triple-axis diffractometers
installed at beamline BW5 at DORIS and at the PETRA beamline PETRA-2 at HASYLAB
in Hamburg. The position of superlattice peaks are in excellent agreement with the neutron
diffraction result. The X-ray scattering results shown in Fig. 1 provide the first evidence that
the charge modulations in next-nearest-neighbor (nnn) layers are correlated. The temperature
dependence of the normalized peak intensity, the HWHM, and the incommensurability, It,
are plotted in Fig 2. At the LTT/LTO transition, which is indicated by the disappearance of
the (300) superlattice reflection at 68(1) K in Fig. 2(a), the peak intensity obtained from the
/i-scans tends to zero. The fc-scans, however, suggest the possibility of residual intensity in the
LTO phase.
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The filled triangles mark the intensity of the (300) reflection, indicating the LTO/LTT phase transition. Middle:
Width of the charge peak along h and k. Bottom: Incommensurability 2e.

J. M. Tranquada el ai, Nature 375 (1995) 561, and Phys. Rev. B 54 (1996) 7489.
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2.3.5 The Charge Ordered Phase in Lai_xSrxMn03 Studied by Hard X-ray Diffraction
T. Niemoller, M. v. Zimmermann, J. R. Schneider, HASYLAB, Germany, T. Frello, N.H. Andersen, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark., S. Uhlenbruck, B. Biichner, //. Physikalisches Institut, Universitdt zu Koln, Germany,
L. Pinsard, A. M. De Leon-Guevara, A. Revcolevschi, Laboratoire de Chimie des Solides, Universite Paris-Sud, France
By replacing La 3+ in the insulating layered antiferromagnet LaMnO 3 with divalent Sr a transition into a ferromagnetic phase with metallic behavior occurs at x = 0.2 at room temperature.
Large magnetoresistive effects are reported for crystals with Sr concentrations > 0.13, the
maximum being closely related to the ferromagnetic transition. In the doping range near 1/8
ferromagnetism and metallic behaviour vanish at temperatures below ~150 K. In this low
temperature phase charge ordering has been observed.
We have used hard x-ray diffraction (100 keV to 120 keV) at the wiggler beamline BW5 at
HASYLAB, to study the charge ordering effects in Lai_ x Sr x MnO 3 . The high energy results in
a penetration depth of about 1 mm, representative of the bulk sample, and the very high flux
allows us to study very small effects in the crystal structure (superstructure intensities down
to 10~8 of the Bragg peaks have been observed1). Three single crystals of Lai_ x Sr x MnO 3 with
x = 0.06, x = 0.125 and x — 0.15 have been studied. We found superstructure peaks related
to charge ordering in the x = 0.125 and x = 0.15 crystals at several positions (h ± ^,k,0),
(h, k ± i,0) of the pseudo-cubic setting with h and k being integer and/or half integer values.
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Fig. 1. Comparison of the charge peak intensities in the x = 0.125 and the x = 0.15 crystal.
The intensities are normalized relative to the adjacent Bragg-reflections, i.e. the intensity of the
(1.250 0) reflection is divided by that of (1 00) and
(1.750 0) is normalized relative to (2 0 0). The inset shows resistivity measurements from the same
crystals on a logarithmic scale. A positive jump
in the resistivity of the x = 0.125 crystal marks
the transition into the charge ordered phase.

For the x = 0.125 crystal the transition into the charge ordered phase occurs at 150 K and
appears first order like, whereas for the x = 0.15 crystal it is at 180 K and looks more continuous
(see Fig. 1). The peak positions indicate an ordering as proposed by Yamada et al.2 in which
the Sr concentration of 1/8 should be favoured. We suggest that the lower onset temperature for
charge ordering in the x = 0.125 sample is due to the competition between charge ordering and
a cooperative Jahn-Teller (JT) effect. This competition is less significant or even unimportant
in the i = 0.15 crystal, because the cooperative JT effect is suppressed with rising Sr content.
Following Millis3 the JT effect does not occur for Sr concentrations larger than x = 0.14. We
have studied the JT effect by measuring the intensity of half integer superstructure peaks which
are due to distortions introduced by the Sr doping. The JT effect vanishes in the x = 0.125
crystal before the charge order sets in, and as predicted by Millis3 no JT effect has been observed
in the x = 0.15 crystal.
*M. v. Zimmermann et al., submitted to Europhys. Lett, and contribution 2.3.4
Y. Yamada ei al., Phys. Rev. Lett. 77, 904 (1996)
3
A. J. Millis, Phys. Rev. B 53, 8434 (1996)
2
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2.3.6 AFI/AFII Reordering as a Probe for Nd/Ba Substitution in Oxygen Deficient
6+x Single Crystals
E. Brecht, Th. Wolf, P. Schweiss, Forscfnmgszentrum Karlsruhe, INFP/ITP, Germany, W.W.
Schmahl, Mineralogie, Universitat Tubingen, Germany, AT. Boothroyd, J. Reynolds, Clarendon
Laboratory, Oxford, UK, H. Lutgemeier, FZ Jtilich, Germany, N.H. Andersen, Condensed Matter
Physics and Chemistry Department, Rise National Laboratory, Denmark.
The NdBa2Cu3O6+x system has recently attracted considerable attention, as it promises higher critical
current densities than the parent Y-compound. The reason is attributed to the special defects caused
by the Nd 3+ ions which may enter the Ba sites. The Nd/Ba substitution, which changes the structural
and superconducting properties, can be controlled effectivley by the conditions during the crystal
growth.
We have studied the magnetic properties of two single crystals with compositions
and Nd1.0sBa1.92Cu3O6.17, as were determined by four-circle neutron-diffraction studies. For
NdiBa2Cu306.o9 below 7)v= 385 K AFI ordering of the moments on Cu(2) sites is present, which is
characterized by a ordering vector Qi = (V2 V2 0). However, below 1.7 K antiferromagnetic peaks
occur corresponding to an antiferromagnetic structure with ordering vector QIJ- (V2 V2 V2) (Fig 1).
Two different magnetic phases are known to produce this Qu ordering scheme: (i) AFII ordering of
the Cu(2) moments and (ii) ordering of the Nd 3+ moments on the rare earth site. In order to
distinguish between these two magnetic phases, we employed the NQR experiment. We found that
the NQR-signal of Cu(l) at 1.2 K did not show any Zeeman splitting (Fig. 2), which is characteristic
for AFI ordering. Consequently the QJJ- type of ordering below 1.7 K must be attributed exclusively
to the ordering of the Nd3+ moments, suggesting that the AFI phase is stable down to lowest
temperatures. In contrast, for the Nd/Ba substituted Nd1.0gBa1.92Cu3O6.17 crystal the transition to the
Qll - type of ordering already sets in at 95 K. In the NQR-experiment on Cu(l) at 1.2 K, a Zeemansplitting corresponding to a hyperfine-field of 0.2 T on the Cu(l) site occurred, which is
characteristic for AFII ordering. The mechanism for this AFI/AFII reordering most likely is related
to free spins of the Cu 2+ ions created within the Cu(l) layer, which magnetically couple the moments
on Cu(2) sites. The Cu 2+ ions are a consequence of the additional take-up of one excess O2' ion for
each Nd 3+ substituted for Ba 2+ , which is necessary for charge balance. Therefore, AFII ordering can
be related to Nd on Ba sites and seems to be suited as a qualitative probe for the Nd/Ba substitution.
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2.3.7

Oxygen Ordering Properties of NdBa2Cu3O6.5 Studied by Hard X-ray Diffraction

T. Frello, J. Madsen, A. Abrahamsen, N.H. Andersen, Condensed Matter Physics and Chemistry
Department, Rise National Laboratory, Denmark, T. Niemoller, M. von Zimmermann, JR.
Schneider, HASYLAB, Germany and Th. Wolf, Forschungszentrum Karlsruhe, Germany
The charge transfer leading to superconductivity in YBa2Cu3O6+x (Y123, 0< x < 1) is closely related
to the formation of Cu-0 chains in the CuOx basal plane of the structure. This is clearly manifested
by the plateau like variation of Tc with superconductivity down to x » 0.3, and the formation of the
ortho-II structure in which Cu-0 chains alternating with empty Cu chains are formed along the b axis
of the orthorhombic structure. For most of the rare earth ions, that may be substituted for yttrium,
there is little change in the superconducting properties of optimally doped materials (i.e. x « 1).
However, in La 123 and Ndl23 superconductivity is rapidly depressed by reducing x, and it
disappears for x < 0.61. Based on Nuclear Quadrupole Resonance studies Liitgemeier et al.x have
determined the Cu co-ordination numbers in the CuOx basal plane and suggested that the unusual
suppression of superconductivity is due to the formation of the V2axV2a or rather Herringbone
(V2ax2V2a) type of oxygen ordering which does not lead to charge transfer for x < 0.5.
We have used hard x-ray diffraction (100 keV photons) at the BW5 wiggler beam line at HASYLAB
to study the oxygen ordering in single crystals of Ndl23 and Lal23 prepared by a gas-volumetric
technique to have oxygen stoichiometries of approximately x = 0.4, 0.5, 0.75 and JC = 0.5 and 0.75,
respectively. In three tetragonal NdBa2Cu3O6.5 crystals we have observed clear superstructure peaks
with the ordering vectors Qi=(l/2 '/2 /), Q2=('/4 V* I) and Q3=('/4 V4 /) shown in Fig. 1. The
superstructure peaks Qi appear at / = n + V2 (see Fig. 1), whereas Q2 and Q3 type peaks are found
at / = n and / = n+ V2 (n - integer). The superstructures represent finite size ordering with correlation
lengths measured at (3/2 7/2 1/2) of about 80 A in the plane and 22 A along c (see Fig. 1). The
superstructure peaks disappear by heating above 50 °C, and by subsequent cooling they reappear
with less than 10% of the original intensity, indicating that the superstructure peaks are associated
with oxygen ordering. Recovery is not obtained even after three days annealing at room temperature.
Neither the ^l2ax^2a structure (peaks at Qi) nor the Herringbone structure (peaks at Qi and Q2) of
simple oxygen ordering is consistent with the observed superstructure pattern. Model studies
including the relaxation of the cations, which are expected to dominate the x-ray scattering, are in
progress. None of the other Ndl23 or La 123 crystals studied revealed superstructure ordering.
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Fig. 1 Superstructure peaks
observed in NdBa2Cu3O6 5. Insert
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H. Liitgemeier et al, Physica C 267, 191 (1996)
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2.3.8

Room Temperature Chemical Oxidation of La2_xCaxCuO4+y

C.Rial, E.Moran, M.A.Alario-Franco, Dpi. Q.Inorgdnica, F.CC. Quimicas, U.C.M., Spain,
U.Amador, Dpi. Q.Inorgdnicay Mat., F.CC. Exp. y Tecnicas, U.S.P.-CEU, Spain, J.L. Martinez,
I.C.M.M.-CSIC, Spain, J. Rodriguez-Carvajal, L.L.B., CEA-CNRS, France and N.H. Andersen,
Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark
Recent investigations on room temperature chemically oxidized La2-xMxCu04+y (M= Sr, Ba; 0 < x
<0.15) have shown very interesting relationships between composition, structure and
superconductivity in these cuprates 1 ' 3 . The superconducting properties of the oxidized Sr and Badoped compounds improve upon oxidation: the Sr-substituted materials reach a constant value of Tc
« 39 K, while the Ba-doped samples do not attain such a high and constant Tc. In both cases the
amount of interstitial oxygen decreases as the dopant content increases. However, despite this
similarity, differences regarding their ability to incorporate extra oxygen are observed. The insertion
of an excess of oxygen within the structure of La2-xCaxCu04 (x < 0.12) modifies the properties and
the crystal structure of these cuprates. The superconducting features of the starting La2- x Ca x Cu0 4
samples improve considerably upon oxidation. The oxidized Ca-doped materials with x < 0.08 show
an almost constant Tc of « 38 K, close to that corresponding to the optimum hole-doping in La 2 .
x M x Cu0 4 ; however, the oxidized samples with higher Ca contents present slightly lower Tc's. This
decrease of Tc is connected with the ability of these compounds to incorporate extra oxygen. The
behavior of the La2-xCaxCuC>4 materials under the oxidation process and the changes induced by the
interstitial oxygen are strongly conditioned by the smaller size of Ca2+ with respect to La 3+ . This
peculiarity differentiates the oxidized La2-xCaxCu04+y series from the Sr2+ and the Ba 2+ doped
systems, where the size of the dopant is larger than that of La3+.
Concerning the ability of the La2. x M x Cu0 4+y systems to incorporate extra oxygen some peculiarities
can be remarked. Thus, all the oxidized Sr-doped materials show a low and constant distortion of the
MO layers. This explains that lightly-Sr-doped highly-distorted materials accept larger amounts of
extra oxygen than less distorted samples with higher dopant contents in order to attain a final similar
degree of distortion 2 . On the other hand, the changes induced by interstitial oxygen in the Bacontaining compounds are not easily accommodated within the structure due to the bigger size of
Ba2+, the amount of extra oxygen inserted being significantly lower than in the Sr-doped materials.
The insertion of extra oxygen becomes progressively more difficult for increasing Ba contents 3 .
Finally, along the La2-xCaxCu04+y series, the achievement of a "minimum" distortion of the MO layer
seems to be one of the structural features controlling the insertion of oxygen, as in oxidized Srdoped materials. However, like in the Ba-substituted compounds, the amount of oxygen inserted in
the Ca-doped materials is considerably lower than in the Sr-doped samples. The narrower gap within
the MO layers in the | MO-MO | block, together with the progressive approach of the M atoms to
the adjacent MO planes, may also be responsible for the increasing impediment to insertion of
oxygen as the Ca-doping level increases.

'C.Rial, U.Amador, E.Moran, M.A.Alario-Franco, N.H.Andersen, Physica C, 234, (1994) 237
C.Rial, E.Moran, M.A.Alario-Franco, U.Amador, N.H.Andersen, Physica C 254 (1995) 233
3
C.Rial, E.Moran, M.A.Alario-Franco, U.Amador, N.H.Andersen, Physica C 270 (1996) 51
2
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2.3.9

Symmetry of the Flux Line Lattice and the Magnetic Spin Density Wave in the
Borocarbide Superconductor TmNi2B2C

M. R. Eskildsen, N. H. Andersen, K. Mortensen, Ris0 National Laboratory, K. Harada, Advanced
Research Laboratory, Hitatchi Ltd., Japan, P. L. Gammel, G. Ernst, A. P. Ramirez, D. J. Bishop,
Bell Labs., Lucent Technologies, Murray Hill, USA, D. R. Naugle, R. D. D. Rathnayaka, Texas
A&M University, College Station, USA, and P. C. Canfield, Iowa State University, Ames, USA.
The discovery of the borocarbide superconductors1'2 have revitalized the studies of interplay
between magnetism and superconductivity.
Using small angle neutron scattering we have studied the flux line lattice (FLL) and magnetism in
TmNi2B2C. This compund has a superconducting transition at Tc = 11 K3, and orders
antiferromagnetically at TN = 1.5 K in a transverse spin density wave (SDW) with the ordered
moments parallel to the c-axis4'5. For an applied magnetic field parallel to the c-axis we find that the
symmetries of the FLL and the SDW are tightly coupled showing a close interconnection between
superconductivity and magnetism.
Below 1.5 K we observe three different FLL symmetries and transition between these. Below 2 kOe
the FLL is square. As the field is increased the FLL goes into two domains of rhombohedral
symmetry, and then finally above 5 kOe into two hexagonal domains. All three symmetries are
pinned to the [110] direction making the second transition discontinous. It is important to
distinguish these symmetry transitions from the low field transitions previously observed in
ErNi2B2C6, and YNi2B2C and LuNi2B2C7. This latter transition could be attributed to the high inplane anistropy in the borocarbides. The symmetry transitions we report on here are new and is not
observed in any of the other borocarbides forH II c.
Turning to the magnetics we find that new reflections are induced by applying a field greater than 2
kOe, coinciding with the first FLL symmetry transition. These new reflections are split in the
azimuthal direction by an amont corresponding to the two rhombohedral FLL domains. All
magnetic reflections disappear at a field which, for 7 = 0 , coincide with the upper critical field, H&.
We also observe a history dependence on the FLL symmetry in the new magnetic reflections.
A phase diagram for the interplay between magnetism and superconductivity has been established.

'R. J. Cava etal.. Nature 367,252-253 (1994).
*T. Siegrist et al.. Nature 367,254-256 (1994).
3
B. K. Cho et al., Phys. Rev. B 52, 3676-3683 (1995).
4
J. W. Lynn et al., Phys. Rev. B 55, 6584-6598 (1997).
5
B. Sternlieb et al., J. Appl. Phys. 81,4937-4939 (1997).
6
M. R. Eskildsen etal., Phys. Rev. Lett. 78, 1968-1971 (1997).
7
M. R. Eskildsen et al., Phys. Rev. Lett. 79,487-490 (1997).
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2.3.10

Magneto-optical Study of Flux-front Instabilities in YBa2Cu3O6+x and
NdBa2Cu3O7 Single-crystals

T. Frello, Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
Denmark, M. Baziljevich, T.H. Johansen, University of Oslo, Norway, N.H. Andersen, Condensed
Matter Physics and Chemistry Department, Rise National Laboratory, Denmark, and Th. Wolf,
Forschungszentrum Karslruhe, Germany
The use of magneto-optical visualisation of the flux-shielding behaviour of high-Tc superconductors
has revealed intriguing new features of the magnetic flux penetration in these materials. The
magneto-optical technique utilizes the Faraday-rotation of polarized light in Bi-doped Yttrium Iron
Garnets. A Bi:YIG indicator plate is positioned flat on top of the sample of interest, and the sample
is cooled below the superconducting transition temperature. An applied magnetic field will be
partially excluded from the sample (Type II superconductivity), causing a strong spatial variation of
the magnetic field penetrating the indicator plate. When the plate is illuminated with linearly
polarized light and the reflected light is monitored through a second polarizer turned 90° with
respect to the first, areas with high magnetic flux will appear as bright zones. In this way a direct
image of the flux distribution across the sample is obtained. The set-up is contained in an optical
microscope giving a spatial resolution that is limited by the distance from the sample surface to the
indicator plate, and by the resolution of the microscope itself.
Magnetic flux from an applied field will always be trapped in a high-T^ superconductor due to fluxpinning in the material. By applying a field with reversed polarity, a zone of low flux density will
appear at the borderline between the two field directions, where flux lines of different polarization
will cancel each other. In high-quality single-crystals of YBa2Cu3<D7 with low pinning an
unexpected chaotic behaviour of the flux-front has been observed: The zone of low flux separating
the two polarization directions of the fields shows strong time-dependent variations although all
parameters like field and temperature are kept constant. The origin of this behaviour has not yet
been established.
We have observed flux-front instabilities in single-crystals of YBa2Cu3O6+x with reduced oxygen
stoichiometries of r=0.50 and x=0.82. Furthermore, we observe similar instabilities in singlecrystals of NdBa2Cu;jO7, see the figure below. To our knowledge this is the first time such
behaviour has been observed in materials other than YBa2Cu3C>7, indicating that these instabilities
are of a common nature in the RE-123 superconducting compounds (RE=Rare Earth with the
exception of Pr).

f=15 sec

r=120 sec

Figure shows flux-front instabilities in a single-crystal of NdBa2Cu3O7 with 7"f=91 K. The sample was cooled in an
applied field of 25 mT to 70.0 K, and a reverse field of-50 mT was applied at f=0 sec. Areas of high flux appear bright,
areas of low flux appear dark in the images. Two major cracks are dividing the crystal into three separate domains which
are electrically uncoupled. In the two largest domains a dark flux-front separating the two zones of magnetic flux of
opposite polarity is clearly seen. The meandering of this flux-front is chaotic, and never reproduces itself exactly.
Riso-R-1014(EN)
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2.3.11

Intergrain Coupling and Intragrain Critical Currents in BiSCCO Tapes
Investigated by Magneto-optical Flux Visualisation

T. Frello, Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
Denmark, M. Baziljevich, T.H. Johansen, University of Oslo, Norway, N.H. Andersen, Condensed
Matter Physics and Chemistry Department, Rise National Laboratory, Denmark, and H.F. Poulsen,
Materials Department, Rise National Laboratory, Denmark
The most widely used method to produce long-length BiSCCO type high-r c superconducting tapes
for power transport is the Powder-In-Tube technique: a cylindrical silver-tube is filled with
Bi2Sr2CaiCu2C>8+x powder (Bi-2212, 7>=85 K) and subsequently exposed to a number of
thermomechanical treatments consisting of alternating steps of pressing and annealing. During the
annealing procedure the powder transforms by a solid-state chemical reaction into the
Bi2Sr2Ca2Cu3O|0+x phase (Bi-2223) which has a higher superconducting transition temperature
(Tc~\ 10 K). The purpose of the heat-treatment is threefold: it increases the critical current density of
the individual grains (intragrain critical current), it sinters the grains together giving a better grainto-grain coupling (intergrain coupling) and it improves the alignment (texture) of the grains.
By using magneto-optical flux visualisation as described in contribution 2.3.10 on preceding page
we have studied the intergrain coupling and the intragrain critical current. An applied magnetic field
will always penetrate a homogeneous superconducting sample from the edges, while the central
region remains shielded by a Meissner current creating a reverse field that exactly cancels the
applied field (perfect diamagnetism). The higher the field that can be completely shielded, the better
the intergrain coupling. Weak links and cracks in the superconductor are easily revealed as regions
where the flux penetrates. The critical current density of a single grain can be determined by the
maximum magnetic field that can be expelled from the grain. The spatial resolution of the magnetooptical technique is given by the distance between the Bi:YIG indicator plate and the sample, so in
order to distinguish individual grains in the tapes, the Ag cladding was grinded away to expose the
superconducting BiSCCO core. We find that after one pressing and annealing treatment a tape could
shield an applied field of no more than 5 mT, while the individual grains could shield up to -80 mT.
After a second pressing and annealing the tapes could shield an applied field of 25 mT, while the
maximum field shielded by the individual grains was still -80 mT. The second thermomechanical
treatment improves the intergrain coupling significantly, while neither the intragrain critical current
density nor the critical transition temperature hardly are altered.

Bo=1.25mT

Ba=6.25mT

The figures show a superconducting tape at 24 K shielding an applied field of 1.25 mT and 6.25 mT. In the images areas
of low flux density appear dark and areas of high flux density appear bright. The flux penetration reveals cracks in the
tape acting as weak links. The dark central region shows that the individual grains are coupled to each other at low
fields. Individual grains can be seen at the edges of the sample. The width of the image corresponds to 5 mm.
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2.3.12

Phase Transformation and Texture Development in Ag-clad BiSCCO Tapes
Studied by Hard X-ray Diffraction.

T. Frello, N.H. Andersen, A. Abrahamsen, Condensed Matter Physics and Chemistry Department,
Riso National Laboratory, Denmark, H.F. Poulsen, Stephan Garbe, Materials Department, Riso
National Laboratory, Denmark, M.D. Bentzon, Nordic Superconductor Technologies, Denmark, M.
von Zimmermann, HASYLAB atDESY, Germany
The phase transformation and texture development of BiSCCO powder inside the silver-cladding of
superconducting tapes, manufactured using the Powder-In-Tube technique described in contribution
2.3.11, has been investigated during annealing, using high-energy synchrotron X-ray diffraction.
Since the critical current density is much higher in the ac-plane than along the c-axis, it is necessary
that the c-axes of the BiSCCO grains are well-aligned (well-textured). The silver-cladding is known
to influence both texture development and phase transformation, and it is therefore highly desirable
to make in-situ experiments without any removal of the silver. By using hard X-rays with a photon
energy of 100 keV the diffraction experiments could be done in transmission geometry with the asrolled tapes positioned inside a water-cooled Al-furnace. All experiments were performed at the
dedicated high-energy wiggler beamline BW5 at HASYLAB. The Bragg angles of the diffracted
beam were only a few degrees due to the short wavelength of the high-energy photons. Therefore a
great part of reciprocal space could be covered by a 2D CCD-camera with an active area of 77x83
mm2. From the two-dimensional diffraction patterns information about the system was extracted the
following way: the radial intensity distribution yields information about the phase composition and
concentration, strain and particle size of the superconducting powder and secondary phases. The
azimuthal intensity distribution at a fixed radius corresponding to a particular 2lvalue reflects the
alignment of the individual grains in the powder. The c-axes were aligned along the tape surface
normal with a Lorentzian squared distribution Aa having a FWHM of 55° before annealing. We find
that the Bi-2212 material (7^85 K) is texturing during the initial heating and annealing, and that the
texture of the Bi-2223 phase (7>*110 K) is essentially constant and at the same level as the final Bi2212 texture. This points towards a intercalation process, where the Bi-2223 phase nucleates from
the Bi-2212 phase, starting in the largest and most well-aligned grains.

Fig. 2

Fig. 1
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Fig. 1 shows phase transformation from Bi-2212 (•) to
Bi-2223 ( • ) in a monofilamcntary tape. The
annealing temperature is indicated by a solid line.
Note that when the tape is cooled after 2000 minutes
of annealing the Bi-2212 phase is slightly increasing.
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Fig. 2 shows the texture development. The Bi-2212
texture (•) improves significantly already before the
phase transformation has begun, while the Bi-2223
texture ( • ) is constant right from the appearance of
the phase. The sharp decrease in Aa at *800 °C
coincides with the melting temperature of the
secondary Ca 2 Pb0 4 phase.
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2.3.13 Magnetic Structure of BaYCuFeOs at Low Temperature
M.J. Ruiz-Aragon, E. Moran Dpt.Q.Inor.,F.CC.Quim., U.C.M., Spain, U. Amador, Dpt. Q.Inor. y
Mat, F.CC. Exp. Y Tecnicas, U.S.P.-CEU, Spain, J.L. Martinez, ICMM-CSIC, Spain, N.H.
Andersen, Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
Denmark and H. Ehrenberg, Technische Hochschule Darmstadt, Germany.
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The magnetic behavior of LnBaCuMOs (Ln=lanthanide, M=Fe,Co) is an interesting field of research.
Recently, two magnetic phase transitions have been observed in YBaCuFeO5 at rOT=441 K and
TN2=230 K1. Between TNi and TN2 the magnetic structure proposed is described with a unit cell
related to the crystallographic one by am=a+b, bm=a-b and cm=2c,. Below Ts2 these authors found an
incommensurate magnetic structure. The structure of the analogous materials YBaCo2-xCuxOs+y
(0.3<x<l) changes with the cobalt/copper ratio2'3.The magnetic moments are aligned parallel to the
c-axis for x=\ (Q=[!/2,!/2,!/2]) while they lie in the basal plane for x<0.7 (Q=[1/2,'/2,1]); for intermediate
compositions two magnetic transitions are found. Even more, when half of the iron atoms are
replaced by cobalt in YBaCuFes4 the magnetic structure is similar to that of YBaCo2-xCuxO5+y
(x<0.7)2. We have observed two magnetic phase transitions in YBaCuFeOs at 7V/=475 K (AFl
phase) and TN2=2AQ K (AF2). The structure of the AFl phase is similar to that proposed in ref. 1
with magnetic moments separated by (am+bm)/2 or cm/2 aligned antiparallel; i.e. the magnetic
moments within one chemical cell are antiparallel to each other. The refined structure is a collinear
one with the moments in the (101)- or (Oll)-plane and a canting angle of 60(5)° to the c-axis. The
magnetic cell {aM>bM5CM} of AF2 is similar to that of AFl with aM=am, bM=bm but with a four times
larger cM axis: CM=4cm=8c; the sequence along [001] being more complicated than in AFl. If the
magnetic cell of AFl is denoted by A, then the cell of AF2 is built up from a sequence AA-A-A along
[001] (Fig.l). Thus, the stable magnetic phase of YBaCuOs at low temperature is produced by a
rearrangement of the spins along [001]. The transition from AFl to AF2 on cooling is produced by a
flip of half the spins (A—>—A). In every four
chemical cells the ferromagnetic ordering
T
across the basal plane of the unit cell, [+-][-+]
1 + I -A
[001] A
or [-+][+-] changes to an antiferromagnetic
coupling, [-+][-+] or [+-][+-]• The AF1->AF2
transition can take place through the
A
coexistence of the high and the low
+
-A
temperature structures or through an
intermediate phase produced by a gradual
c M =8c
turning of the spins, as in doped YBa2Cu3O6+x5.
The latter seems to be more likely since a
A
magnetic structure with CM=60 A must be very
sensitive to stacking faults; thus the transition
can proceed through some rather strange
+
sequences
along
[001]
including
A
incommensurate ones.
= 2c
+
1

V. Caignaert et al., J.Sol.St.Chem. 114, 24 (1995)
L. Barbey etal, J.Sol.St.Chem. 112, 148 (1994)
3
Q. Huang et al., J. Sol.St.Chem. 108, 80 (1994)
4
L. Barbey etal., J.Sol.St.Chem. 115, 514 (1995)
5
N.H. Andersen and G. Uimin, Phys.Rev. B 56, 10840
(1997)
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AF2

AFl

Fig. 1. Stacking sequences of A -domains in the AFl
and AF2 phases.
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2.4.1 Order-Disorder in Alite, Substituted Ca3SiO5
J. W. Andreasen, E. Makovicky, Geological Institute, University of Copenhagen, Denmark, E.
Skyum Jens, R&D Division, E L. Smidth & Co. A/S, Copenhagen, Denmark and B. Lebech, Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark
Substituted CasSiOs or alite is the main constituent in Portland Cement and is therefore a mineral of
great industrial significance. Consequently, it has been the subject of numerous crystal chemical
studies for the last century. Today it is generally agreed that it occurs in seven polymorphic modifications, three triclinic, three monoclinic and one rhombohedral, as detected by differential thermal
analysis (DTA) and high temperature light microscopy.1' ^ 3' 4> 5 However, only a few exact structure
determinations have been reported. Jeffery6 reported on the pseudo rhombohedral sub-cell and its
relation to the triclinic structure and a proposed monoclinic superstructure. Later more detailed
reports were given for a triclinic polymorph by Golovastikov et al.,7 the rhombohedral structure at
1200°C by Nishi and Takeuchi, the rhombohedral structure by Il'inets et al. stabilised by Sr , a
monoclinic superstructure by Nishi and Takeuchi10 stabilised by Mg2+ and a monoclinic structure by
Mumme11 and Mumme et al..12 The differences in the positions of calcium and silicon atoms in these
structures are minor, but they differ in the orientations of silicon tetrahedra. In their treatment of the
monoclinic superstructure and the rhombohedral structure, Nishi and Takeuchi8 proposed statistically
disordered arrangements of silicon tetrahedra. This approach is taken in the present study of alite
from a laboratory burned, industrial clinker. Neutron diffraction data has been obtained at TAS3
operating in the powder mode, from a powder mixture of alite and belite (substituted Ca2SiO4).
Solving of the structure is attempted by rietveld refinement, using the monoclinic superstructure for
alite10 and the monoclinic B-belite from Mumme et al.12 as initial structures. The profile has been
successfully refined to RWT = 3.9 % and R(Foi»2) = 4.46 % for 3185 reflections. The objective is now
to determine whether it is possible to reduce the monoclinic superstructure to a disordered monoclinic sub-cell and whether this cell and the superstructure can be constructed from some common
fragment(s) using the concepts of order-disorder theory. If this can be achieved, it is envisaged that
such a relation might be extended to incorporate some or all of the other polymorphic modifications.
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4
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6
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9
A. M. Il'inets, Y. A. Malinovskii, and N. N. Nevskii, Sov. Phys. Dokl. 30,191 (1985)
10
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2.4.2 Structure Refinement of Alite from a Mineralised Cement Clinker with Additions of SrO
orBaO
I. A. Juel, E. Makovicky, Geological Institute, University of Copenhagen, Denmark, E. Skyum Jons,
K. Johnsen, R&D Division, F. L. Smidth & Co. A/S, Copenhagen, Denmark and B. Lebech,
Condensed Matter Physics and Chemistry Department, Riso National Laboratory, Denmark
Substituted CaaSiOs or alite is the main constituent in Portland Cement and is therefore a mineral of
great industrial significance. Consequently, it has been the subject of numerous crystal chemical
studies for the last century. Today it is generally agreed that it occurs in seven polymorphic
modifications, three triclinic, three monoclinic and one rhombohedral, as detected by DTA and high
temperature light microscopy.1'2'3> 4< 5 There has however, only been reported few exact structure
determinations. Jeffery,6 reported on the pseudo orthombohedral sub-cell and its relation to the
triclinic structure and a proposed monoclinic super structure. Later more detailed reports were given
for a triclinic polymorph by Golovastikov et al.,7 the rhombohedral structure at 1200°C,8 the
rhombohedral structure9 stabilised by Sr2*, a monoclinic superstructure10 stabilised by Mg2+, and a
monoclinic structure by Mumme" and Mumrae et al..12 The differences in the position of calcium
and silicon atoms in these structures are minor.
It is a well known phenomenon that the alite cell will contract with increasing amounts of Mg2+
substituted in the structure.13 This contraction of the cell gives a lower reactivity of the alite when
hydrated. The purpose with this project is to evaluate the influence of the substitution of Sr2+ and
Ba2+ in laboratory burnt industrial clinker with the maximum additions of MgO that can be
incorporated in the clinker minerals without the formation of periklase, MgO, as a separate phase.14
Diffraction data has been obtained using TAS3 operating in the powder mode, from a powder
mixture of alite and belite, substituted Ca2SiO.t. Solving of the structure is attempted by rietveld
refinement, using the monoclinic M3-structure for alite11'12 and the monoclinic P-belite from Jost et
al.15 as initial structures. The unit cell parameters for alite and belite has been refined and the
objective now is to determine the positions of Sr2+ and Ba2+ in the alite structure.
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2.4.3 Structural Analysis of Doped LaGaOj, LaScO3 and LaAlO3
D. Larsen, Materials Research Department, Rise National Laboratory, Denmark, K. Nielsen,
Chemical Institute, Technical University of Denmark, B. Lebech and N. Hessel Andersen, Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark
Neutron diffraction has been performed on the compounds
Lao.9Sro.iSco.9Mgo.i03-s and Lao.9Sro.iGao.9Mgo.i03^. The undoped compounds are characterised as
perovskites, and it is of interest to see what effect the dopants have on the structure. The dopants are
introduced in order to transform the almost insulating materials into oxide ion conductors. This is
done by creating oxygen vacancies in the lattice. When measuring the electrical properties of these
materials, they are found to be oxide ion conductors. For already known perovskite materials it is
found that there is significant relations between structure and electrical properties. It is, therefore,
important to investigate the structure of these new materials in order to try to confirm these relations. The materials only exhibit high oxide ion conduction at temperatures above 500°C, therefore,
the structure and crystallographic parameters are of great interest at and above this temperature. For
Lao.9Sro.iAlo.9Mgo.i03^ and Lao.9Sro.iSco.9Mgo.i03.8 the measurements were carried out at temperatures between room temperature and 1000°C, while measurements on Lao.gSro.iGao.gMgo.iOa-s were
performed only at room temperature. The high temperature data were collected on sintered samples,
while the data at room temperature were collected on powder. Sintering seems to cause a small
decomposition of the materials in the case of aluminate and scandate. The neutron diffraction experiments are performed to support x-ray diffraction data made earlier on the same materials.
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Pure LaA103 is rhombohedral with the space group R3c. The x-ray pattern of the doped aluminate
can be refined in the cubic space group Pm3m. No extra peaks are seen. However, the neutron
diffraction data reveals clearly that the structure at room temperature is in fact rhombohedral. The
phase transition to cubic structure is below 300°C. The exact temperature has not yet been found as
no patterns were recorded between room temperature and 300°C. The transition cannot be detected
by differential thermal analysis (DTA). By combining the x-ray and neutron diffraction data it is
possible to characterise the doped aluminate at room temperature as a cubic lattice of metal ions
surrounded by tilted oxide ion octahedra. In contrast to x-ray diffraction data, the neutron diffraction
data also reveals impurities in the powder and the decomposition of the sintered sample. It is important to know the possible impurities in the materials because even very small amounts may have a
significant effect on the oxide ion conductivity. Rietveld refinement on the high temperature data of
the doped scandate has not been finished yet but also here the neutron data reveals impurities and a
decomposition of the material.
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2.4.4. The Geometry and Structural Properties of the 4,8,12-trioxa-4,8,12,12ctetrahydrodibenzo[crf,m/i]pyrene System in the Cationic State. Structures
of a Planar Organic Cation with Various Mono- and Dianions.
F. C. Krebs, I. Johannsen, K. Bechgaard, A. Faldt, Condensed Matter Physics and
Chemistry Department, Rise National Laboratory, Denmark, B. W. Laursen,
Department of Chemistry, Symbion, University of Copenhagen, Denmark, K.
Boubekeur, I.M.N., France, C. S. Jacobsen, Department of Physics, Technical
University of Denmark, Denmark, N. Thorup, Department of Chemistry, Technical
University of Denmark, Denmark
The geometry of the 4,8,12-trioxa-4,8,12,12c-tetrahydrodibenzo[cd,mw]pyrene system
(1) in the cationic state was established by X-ray structural resolution of the salts
formed between the cation and the anion. The geometry was found to be planar for the
cations 4,8,12-trioxa-4,8,12,12c-tetrahydrodibenzo[c£/,/w«]pyrenylium (1+) and
2,6,10-tri-(ter/-butyl)-4,8,12-trioxa-4,8,12,12c-tetrahydrodibenzo[a/, /w«]pyrenylium
(2+) with the monoanions I", BF4", PF6", AsF6", HNO3:NO3", CF3SO3" and the dianions
S2O62" and M06CI142". The salts were found to crystallise in distinct space groups
following a characteristic pattern. Mixed cation-anion stacking resulted in the high
symmetry space group Pbca except for one case where the space group i?-3c was
observed. When dimers of anions and cations formed this resulted in lower symmetry
space groups mainly monoclinic {P2\ln, P2\lc and Cllc) but also P - l . '

3 (R' = H, X = r )
4 (R' = H, X =
5 (R' = H, X =
6(R' = H,X =
7 (R' = H, X =
8 (R' = H, X =
9 (R* = H, X =

BF4")
AsF6")
PF6")
HNO3:NO3")
CF3SO3")
MoeClH1")

10 (R' = H, X = S2O622")
12 (R' = /-Bu, X = Mo 6 Cl u 2 ')

1
Krebs, F.C.;Laursen, B. W.jJohannsen, I.; Boubekeur, K.; Bechgaard, K.; Jacobsen, C. S.; Faldt, A.;
Thorup, N., J. Chem. Soc. Perkin Trans II, Submitted (december 1997)
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2.4.5. Helicenes and Superstructures
F. C. Krebs, A. Faldt, W. Batsberg, K. Bechgaard, Condensed Matter Physics and
Chemistry Department, Rise National Laboratory, Denmark, Niels Thorup,
Department of Chemistry, Technical University of Denmark, Denmark.
Helicenes are complex organic molecules with often quite complex and low yielding
synthesis. We have developed an easy two step reaction giving helicenes in high yield
and large quantities. So far two such helicenes have been made one chlorinated and
one unsubstituted. The structure of both have been solved and the unsubstituted
helicene gives rise to a relatively large superstructure in the solid state. A variation of
the helix angle (angle between the planes of the rings at the two ends of the molecule)
as one moves from molecule to molecule through the unit cell is observed. The
superstructure will be studied in further detail at the synchrotron in Hamburg
(HASYLAB). The chlorinated form does not give rise to a superstructure nor does it
show a variance with respect to the helical angle.

Figure 1. (Left) An illustration of the structure projected along the c-axis. Only one layer of molecules
is shown for the sake of clarity. (Right) A view of the molecule from the side. The helical angle is
emphasised.

Riso-R-1014(EN)

53

2.4.6. Synthesis, Structure and Properties of Various Molecules Based on the
4,8,12-trioxa-4,8,12,12c-tetrahydrodibenzo[crf,iM/i]pyrene System With an
Evaluation of the Effect Differing Molecular Substitution Patterns Has on
the Space Group Symmetry
A. Faldt, F. C. Krebs, Condensed Matter Physics and Chemistry Department, Rise
National Laboratory, Denmark, N. Thorup, Department of Chemistry, Danish
Technical University, Denmark.
4,8,12-trioxa-4,8,12,12c-tetrahydrodibenzo[c^,m«]pyrene (3), 2,6,10-tri-(ter/-butyl)4,8,12-trioxa-4,8,12,12c-tetrahydrodibenzo[cf/,/wn]pyrene (11) and 2,6,10-tri-(te/7butyl)-4,8,12-trioxa-12c-methyl-4,8,12,12c-tetrahydrodibenzo[crf, /wn]pyrene
(12)
were synthesised and their crystal structures were determined. The crystal structure of
4,8,12-trioxa-l2c-oxyphospha-4,8,12,12c-tetrahydrodibenzo[crf,w«]pyrene (13) was
also determined for comparison. Compounds 3, 11 and 13 crystallize in noncentrosymmetric space groups. Compound 12 also crystallizes in a noncentrosymmetric space group but molecules of opposite chirality is present within the
unit cell. The room temperature pyroelectric coefficient of 3 was determined. The
spatial extent of the trioxatriangulene ground system was perturbed by chemical
substitution and the effect of the substitutions upon the space group symmetry of the
chemical derivative was uncovered through the X-ray structural resolution. The noncentrosymmetric point group symmetry of the molecules was reflected in a noncentrosymmetric space group symmetry whenever the spatial perturbations did not
prohibit the stacking of the molecules1

R2
3 (X = C,Ri=H,R2 = H)
11 (X = C, Ri = H, VQ. = /erf-Butyl)
13(X = P, RJ = O,R 2 =

Faldt, A.; Krebs, F. C; Thorup, N J. Chem. Soc. Perkin Trans. II, 1997,2219-2227.
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2.4.7 Neutron Diffraction Investigation of a Single Crystal of C60 - Fullerene
V. Sarin1, Joint Institute for Nuclear Research, Dubna, Russia, B. Lebech, Condensed Matter
Physics and Chemistry Department, Rise National Laboratory, Denmark, R. K. Nikolaev, Institute
of Solid State Physics, Chernogolovka, Russia and A. J. Schultz, Argonne National Laboratory,
USA
There are several justifiable reasons to investigate the crystal structure of C60 - fullerene by single
crystal neutron diffraction measurements. For example, the need to know the quality of large C60
crystals for use in technical devices or the need to characterise of the crystalline properties in conjunction with other experiments. Furthermore, the crystal structure of fullerene is not completely
understood, especially at ambient temperature. A drawback of most of available results for the
refinements of the crystal structure of fullerene is the constraints which has been imposed on structural parameters such as bond lengths and angles. Neutron diffraction data should provide better
means to avoid the use of these constraints than x-ray data because of wave vector independent
scattering length.The present single crystal was one of the first fullerene single crystals grown at
Chernogolovka and it is therefore important to know the reflectivity and quality of the crystal. The
experiments were carried out at the TAS2 4-circle instrument at DR3 using incident neutrons with a
wavelength of 1.040 A. The reflectivity of the crystal was high. Data were collected at ambient
temperature for Bragg reflections in all of reciprocal space up to scattering angles of 90° for all
allowed reflections of the fee unit cell with a = 14.15 A. Thereafter, using method described by
Lebech et al.,2 it was shown that the crystal was twinned. The law of twinning could be described as
rotation by 60° around the cubic <111> axes. The volumes of the main grain and the twins along the
four different <111> axes are 81%, 12%, 4%, 2% and l%of the whole crystal. The observation of
reflections in main crystal fraction clearly show m3m Laue symmetry and possible space groups are
Fm3m, F432, F43/M.
When attempting a crystal structure refinement, it was essential to start the crystal structure determination without any model assumption. Therefore, the approach of Fleming et al.3 was adopted. The
carbon atoms were placed at general positions origin in the Fm3m space group and refined without
any constraints to (x y z) = (0.0708 0.1421 0.2093). This corresponds to a hexagonal arrangement
with C = C equal to 1.35 A and C — C equal to 1.46 A. On a fourier map its clearly seen that there
are sharp maxima along the <111> directions and scattering density between these directions indicating rotation or reorientation of the hexagonal rings. This is direct evidence that the structure is
not free to rotate at ambient temperature. However, the R factor is about 35%. The reason for such
a high value could be that the real symmetry of the crystal is for example Fm3 with merohedral
twinning which increase the apparent crystal symmetry. Therefore, the locations of the next carbon
atom rings depend on the precise knowledge of the crystal twinning and the crystal symmetry. It is
known that fullerene has a first order phase transition4 at 249 K to a primitive twinned cubic
cell Pa3. In order to understand the room temperature data, we recently collected data at 200 K and
20 K, using the SCD time of flight instrument at Argonne National Laboratory. This data confirm the
basic twinning observed at Rise; show primitive cubic symmetry and the existence of additional
twinning which are not exactly as in ref. 4. Therefore, our attempts to describe the twinning relations
and symmetry in fullerene single crystals are continuing.
1

V. Sarin thank V. L . Aksenov, Ju. A. Osipjan and V. Sh. Shekhtman for help in organising this investigation
B. Lebech, M. Wulff, G. H. Lander, J. Rebisant, J. C. Spirlet and A. Delaplame, J. Phys.: Condens.Matter 1, 10229
(1989)
3
R. M. Fleming, T. Siegrist, P. M. Marsh, B. Hessen, A. R. Kortan, D. W. Murphy, R. C. Haddon, R. Tycko, G.
Dabbagh, A. M. Mujsche, M. L. Kaplan, S. M. Zahurak, Mat. Res. Soc. Symp. Proc. 206, 691 (1991)
4
S. Liu, Y. Lu, M. M. Kappes, J. A. Ibers, Science, 254,408 (1991)
2
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2.4.8 Porosity of Fibers in Metal-Matrix Composites
0 . Paris, A. Vananti, H. Heinrich, B. Schonfeld, G. Kostorz, ETH Zurich, Institute of Applied
Physics, Switzerland, and J. S. Pedersen, Ris0 National Laboratory, Denmark
Fiber-reinforced metal-matrix composites (MMC) are promising new materials for industrial
applications. The microstructure of such multiphase materials is usually complex, as precipitates of different phases within the matrix, interfacial reaction products at the fiber-matrix
interface, and porosity of the fibers may be present1. We have investigated two technical composites (provided by Mahle AG, Germany) with an A112SiNiCuMg matrix, reinforced with
short fibers of Saffil (A12O3) and Fiberfrax (A12O3, SiO 2 ).
The microstructure of these materials was studied by small-angle scattering techniques, measuring separately the scattering signal from the matrix, the reinforced materials and the fibers.
Small-angle neutron scattering (SANS) was carried out at Ris0 National Laboratory (with an
average neutron wavelength of 10 A), and small-angle X-ray scattering (SAXS) was perfirmed
with the laboratory instrument at the Institute of Applied Physics (with MoKQ radiation, i.e.
A = 0.71 A).
The scattering sigal from the unreinforced matrix was weak. For the reinforced materials the
signal was higher by more than two orders of magnitude and the shapes of the curves derived
from SANS and SAXS (but not the absolute scattering cross sections) were identical for both
composites. Moreover, the scattering from the fibers alone was comparable to the scattering
from the reinforced alloys. It was concluded that the main scattering contribution stems from
scattering objects within the fibers. Assuming a two-phase model of pores in the fibers and
dividing the scattering cross sections by the scattering contrast for SANS and SAXS, the curves
overlap perfectly (see Fig. 1). Thus,
the present contrast-variation experiments lead to a consistent interpretation of the main scattering contribution
from the composite materials. The integrated intensity and the Porod constant yield an estimate for the pore volume fraction (3% for Saffil and 2% for
Fiberfrax) and the average pore radius QL
<
(about 4 nm for both fibers).

Fig. 1. Differential scattering cross section of the Saffil-reinforced MMC divided
by the scattering contrast for pores in
AI2O3. Filled squares show the data
from SANS, open circles from SAXS. The
strong increase at small scattering vectors
q is due to (multiple) scattering from the
fibers in the matrix.

s

"O

q /nm -1

1

K. K. Chawla, in Materials Science and Technology Vol. 13, Structures and Properties of Composites
(ed. by It.W. Cahn, P. Haasen and E.J. Kramer), VCH Weinheim (1993), pp. 121-182.
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2.4.9

Pre-Martensitic Phenomena in the Ferro- and Paramagnetic Phases of
Ni 2 MnGa

U. Stuhr 1 , P. Vordervish2, V. V. Kokorin3 and P. -A. Lindgard4,
1
Paul Scherrer Institut, 5232 Villingen, Switzerland
2
Hahn-Meitner Institut, 14109 Berlin, Germany
3
Institute of Magnetism, 252680 Kiev, Ukraine
4
Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark
Low energy phonons were studied in the ferro- and paramagnetic phases of the Heusler alloy Ni2MnGa at the HMI-reactor in Berlin, using the triple-axis-spectrometer for cold neutrons
V2 (FLEX). The investigated sample shows a Martensitic phase transition with a transition
temperature TM = 284 K, only about 80 K below the magnetic transition temperature Tc.
Therefore, pre-martensitic phenomena could be studied in the ferro- as well as the paramagnetic phases. The transverse (£,£, 0)-TA2-phonon branch shows a strong, but incomplete
softening at £ = 1/3 in the pre-martensitic phase, when the temperature approaches TM- The
temperature dependence of this softening changes sharply at Tc, which can be explained by an
additional contribution of the magnetization to the Landau free energy. At the wave vector
of the strongest phonon softening a central peak occurs, the intensity behavior of which indicates it is dynamically induced. Such a behavior is theoretically expected1, but it has been
extremely difficult to observe cleanly because nucleation of the martensitic phase may occur at
static defects, thereby blurring the dynamic feature. A second peak, with the same temperature
dependence, appears at £ = 1/6. Below is shown selected data from the study.
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^ . - A . Lindgard and O. G. Mouritsen, Phys. Rev. Lett. 57, 2458-2462 (1986) and
P.-A. Lindgard, Phys. Rev. Lett. 50, 690-694 (1983).
Riso-R-1014(EN)

57

2.4.10 Single Crystal Neutron Diffraction Investigation of Cubic Yttria (30 mol %) and
Tetragonal Zirconia (3 mol %)
V. Sarin, Joint Institute for Nuclear Research, Dubna, Russia, B. Lebech, Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark, E. E. Lomonova and V. V.
Osiko, Institute of Common Physics, Moscow, Russia
Defect structure of zirconia usually means static and/or dynamic arrangement of oxygen and oxygen
vacancies in the unit cell of a solid solution where zirconia is partially substituted by an oxide having
divalent or trivalent cations in a wide range of concentrations. When oxygen atoms with vacancies
and cations form an average cubic structure the arrangement is named "fully or cubic stabilised"
zirconia and give rise to oxygen ion conductivity at high temperature. Tetragonal and "partially
stabilised" zirconias are examples of the transformation of defect structure which leads to transformation toughening of material.
There are two diffraction approaches for investigation of the defect structure of zirconia: (1) diffuse
scattering i. e. determination of the short range order and (2) Bragg scattering, i. e. determination of
the average structure. Below we summarise the results of Bragg scattering experiments done in Rise
as a small part of a series of neutron diffraction experiments on single crystals of yttrium stabilised
zirconia containing different concentration of yttrium oxide. Bragg intensities were collected for two
crystals, cubic yttria (30 mol %) and tetragonal zirconia (3 mol %), using the 4-circle neutron diffractometer TAS2. The incident neutron wavelength was 1.040 A and the data were collected at
room temperature. Intensities were measured for Bragg reflections in all of reciprocal space up to
scattering angles of 90° and averaged to unique sets of reflections for both crystals.
The 30 mol % cubic yttria with space group Fm3m has a = 5.18 A. Difference Fourier maps and a
structure refinement (R = 2.5 %)show maxima near the main oxygen positions with 01 site coordinates (1/4 1/4 1/4) and additional maxima at 02 site co-ordinates (0.122 1/4 1/4) and 03 site coordinates = (x -x+1/2 -x+1/2) with x = 0.30. The site occupancies of 0 1 , 02 and 03 in this average
structure are similar to those determined for a single crystal with 12 mol % of yttria from data obtained from a similar experiment at the Obninsk reactor in Russia. The results also correlate with
practically identical pictures for the diffuse scattering from these two other crystals. The only difference being that the Laue diffuse scattering for 30 mol % crystal is larger than for 12 mol % crystal.
The data show that in reality, the 3 mol % tetragonal yttria crystal is a composite crystal having twin
domain microstructure containing components of both the cubic phase (space group Fm3m with a =
5.118 A) and the tetragonal phase (space group P4/nmc with a = 5.098 A and c = 5.174 A). This
latter statement has been concluded from data obtained using the high resolution fourier diffractometer at Dubna in Russia. Crystal structure calculations for both phases in the 3 mol % cubic yttria
composite crystal are in progress.
One further interesting result is the following: There is considerable difference between Bj for the
Zr/Y positions for different compositions. For the 3 mol % of yttria Bj = 0.5 A2, for the 12 mol %
yttria of Bj = 0.8 A2 and for the 30 mol % of yttria Bj = 1.2 A2. For the oxygens Bj ~ 2.5 A2 in all
cases. The reason for this could be connected with statistical displacements of the Zr/Y position.
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2.5.1

Layer by layer growth of KCl on NaCl(OOl)

Jeff Baker, Frank Berg Rasmussen, Mourits Nielsen and Robert Feidenhans'l, Condensed Matter
Physics and Chemistry Department, Rise National Laboratory, Denmark
In-situ growth and x-ray diffraction experiments on the large misfit heteroepitaxial system
KCl/NaCI(001) have been performed at the ED03 surface difffraction beamline at ESRF. LEED
measurements1 on 2-3 ML thick films showed peaks at V* order positions and not at the expected
KCl Bragg positions indicating that the KCl film does not grow with its own lattice constant. It was
the goal of the present experiment to study the strain relief mechanism involved in the growth of KCl
onNaCl(OOl).
Despite repeated careful preparation and growth cycles all KCl films grown had lattice spacings
equal to those of bulk KCl. An example of the growth achieved is pictured in Fig. 1 showing the
intensity of the specular crystal truncation rod at 1=0.53 r.l.u., recorded as a function of time during
deposition. The time between the first eigth maxima indicates a steady deposition rate of 216±3
s/ML. In addition to the usual growth oscillations, the intensity has a modulation with a period of 3
ML. This modulation results from interference between layers2 and can be reproduced from the
simplest possible model: perfect unrelaxed KCl layers on a perfect infinite NaCI substrate. KCl and
NaCl were given their respective bulk lattice constants, and the KCl film was placed one KCl nearest
neighbor distance from the substrate. The effect of the cumulation of defects has been mimicked by
subtracting a sloping line. The intensity calculated in this manner is indicated by a dot at each
coverage on the figure.
In conclusion there was very little evidence for superstructures related to the misfit between KCl and
NaCl, and no evidence for the structures observed by Hentzler et al.1 On the contrary Fig. 1
demonstrates that KCl grows layer by layer on NaCl despite the very large misfit.
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Fig. 1 Intensity of the specular rod at 1=0.53 r.l.u. vs. time during layer by layer growth of KCl on NaCl(OOl), the
shutter was opened at time=0 sec. The dots are from a simple calculation to illustrate that intensity variation is due
only to interference between layers.
1
2

M. Henzler, C. Homann and U. Malaske, Phys. Rev. B 52, 17060 (1995)
W. Weschke et al. Phys. Rev. Lett.,79, 3954, (1997)
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2.5.2

Unusual Strain Relaxation in Cu Thin Films on Ni(OOl)

Frank Berg Rasmussen, Jeff Baker, Mourits Nielsen, Robert Feidenhans'ICondensed Matter
Physics and Chemistiy Department, Riso National Laboratory, Denmark and Robert L. Johnson,
//. Institutfiir Experimentalphysik, Universitat Hamburg, Germany.
Surface x-ray diffraction at BW2 (HASYLAB) and kinematical model calculations have been used to
determine the strain relaxation of embedded wedges with internal (111) facets formed in thin Cu
films grown on Ni(OOl) (Fig.I)12. The Cu surrounding the wedges essentially remains pseudomorphic with the Ni substrate. Whereas the wedges are found to be inhomogenously strained with a
large lateral relaxation near the Cu/Ni interface which decays rapidly away from the interface. For
coverages approaching 20 monolayers the lateral lattice parameter of the topmost layer is close to
that of bulk Ni as shown in Fig lc. This was unexpected but explains the observed sudden change in
film morphology for Cu films on Ni(001) when the coverage exceeds-20 monolayers.
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Fig. 1 a) Calculated (lines) and measured (circles) longitudinal x-ray diffraction profiles through the (10) crystal
truncation rod. b) Model of strain relief at the Cu-Ni interface The Ni atoms are shown as black and form the basis of
die coordinate system used. The dark gray Cu atoms are placed at (pseudomorphic) fourfold hollow sites, and die light
gray Cu atoms form a wedge-shaped nanocluster extending along <110>. The entire wedge is displaced half a nearest
neighbor distance along <110> with respect to the pseudomorphic lattice postions and protrudes 0.5 A above the
surface Cu layer. Strain is relieved by lateral relaxation of Cu atoms in the wedge in the direction perpendicular to the
long side of the wedge. The corresponding lattice parameter b(n) is shown in c) as a function of distance away from
the Cu-Ni interface measured in atomic layers.
1
:

B. Muller, B. Fischer, L. Nedelmann, A. Fricke and K. Kem, Phys. Rev. Lett. 76, 2358, (1996)
F. B. Rasmussen, J. Baker, M. Nielsen, R. Feidenhans'l and R.L. Johnson, Phys. Rev. Lett. 79,4413, (1997)
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2.5.3

Interface structure of ot-As protected GaAs(OOl)

F. Berg Rasmussen, R. Feidenhans'l, Condensed Matter Physics and Chemistry Department, Rise
National Laboratory, Denmark, G. Scherb, A. Kazimirov, J. Zegenhagen, MPI-FKF Stuttgart,
Germany, and B.-O. Fimland, Dept. of Physical Electronics, Norwegian University of Science and
Technology, Trondheim, Norway.
Covering with amorphous As has evolved into a standard technique for protecting MBE grown
GaAs layers exposed to atmosphere1. The As cover layer may be removed by gentle heating
(~300°C) in UHV, leaving the GaAs surface free of contaminants and atomically well ordered, as
was evidenced by LEED and STM.
Although the As-desorption procedures and the surfaces obtained are well characterized, there is
little knowledge about the structure of the GaAs(001):As interface and the As cover layer itself. In
order to obtain a better understanding of these structure, we have performed x-ray specular
reflectivity and crystal truncation rod (CTR) measurements on n-type GaAs(OOl) samples covered
with a-As at the wiggler beamline Wl in HASYLAB.
Fig. 1 a) shows the specular reflectivity of a sample protected with a rather thin As layer. The data
were analysed using the Parratt formalism taking all reflected and transmitted amplitudes at each
interface into account2.The As cap was found to have a thickness of 47 A (typical thicknesses are
about 50 nm) and a mean density of 3.9 g/cm3. The rms-roughness of the GaAs(001):As interface
(a-As top layer) determined from the specular reflectivity is 7.8 A (2.7 A). Fig. 1 b) shows the (02/)
CTR of the same sample and clearly the interface is very rough. Using the exponential roughness
model of Robinson3 all CTRs measured can be fitted with beta values around 0.88 corresponding to
rms-roughnesses above 10 A under the most simple assumptions. Although final conclusions have to
await further analysis of the data, it is clear that the GaAs(001):As interface exhibits considerable
roughness for this sample.
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Fig. 1 a) Specular reflectivity of the As capped GaAs(001) sample. The inset shows the determined density profile
with the substrate/cap interface at d=0. As shown the As cap was found to have a thickness of 47 A and a mean
density of 3.9 g/cm3. b) (02/) crystal truncation rod of the GaAs(001):As interface fitted with an exponential
roughness model. As can be seen the interface is very rough with a roughness beta of 0.89.
1

S.P. Kowalczyk, D.L. Miller, J. R. Waldrop, P.G. Newman and R. W. Grant, J. Vac. Sci. Technol., 19, 255, (1981)
L.G. Parratt, Phys. Rev. Lett. 95, 359, (1954).
3
IK. Robinson, Phys. Rev. B, 33, 3830, (1986)
2
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2.5.4

Small Angle X-ray Scattering used in Catalysis Research

Frank Berg Rasmussen, Robert Feidenhans'l, Jan Skov Pedersen Condensed Matter Physics and
Chemistry Department, Rise National Laboratory, Denmark, Jesper Dohrup and Bjerne S. Clausen.
HALDOR TOPS0EA/S, Denmark
In many branches of heterogenous catalysis the active component is supported on a refractive
support material exhibiting an open pore structure with a large surface area. To obtain maximum
overall activity of the final catalyst, control of the pore system is essential. A typical support material
is alumina (AI2O3) formed by heating of the precursor boehmite (A100H). Before being transformed
into alumina the boehmite undergoes a number of processing steps (e.g. precipitation, drying) and
may be in one of several different forms (fine powder, gel, paste). Each processing step may lead to a
change in the distribution of crystal sizes and shapes and hence influence the final structure and
properties of the alumina support.
A collaboration with HALDOR TOPS0E A/S has been initiated with the objective to study the
structure of supported catalysts using the recently commisioned Small Angle X-ray Scattering setup
at the rotating anode source of the department. More specifically, the project aims at determining the
effect of various processing steps on the distribution of crystal sizes in the samples. Several test
measurements have been performed on a number of boehmite samples including a fine powder(A), a
paste(B) and a gel(C). The small angle scattering curves obtained are shown in Fig. la-c. The data
have been analyzed using model form factors calculated for various particle shapes1. In all cases
good fits were obtained to a distribution of flat homogenous disks with a given radius r and a
gaussian distribution(o) in height around the mean h (see Fig Id.). The parameters obtained are
shown in Fig 1. and as can be seen the boehmite powder sample consists of rather anisotropic grains
whereas the grains of the gel sample are almost isotropic.
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Fig. 1 Small Angle X-ray Scattering from three different boehmite samples (circles) compared to the fits obtained
using a polydisperse distribution of flat disks (see the text).
J.S. Pedersen, Advances in Colloid and Interface Science, 70,171, (1997)
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2.5.5. Deposition of Functional Organic Molecules Onto Surfaces Under UHV
Conditions
F. C. Krebs, T. Kjasr, N. B. Larsen, R. Feidenhans'l, Condensed Matter Physics and
Chemistry Department, Riso National Laboratory, Denmark, O. Hansen,
Microelectronics Centre, Technical University of Denmark, Denmark, A. Robertson,
R.Raval, Department of Chemistry, University of Liverpool, England.
Thin films of functional organic molecules on surfaces are of great potential within
the field of advanced semiconductors. In this study the interest has been in placing a
thin film of a molecular pyroelectric (4,8,12-trioxa-12c-phospha-4,8,12,12ctetrahydrodibenzo[c^,ff?«]pyrene (I) 1 on a model surface which is typically found in
the semiconductor industry. The aim is to get a thermal detector with a 1-10 mK
sensitivity. The deposition of the molecules onto a Ni(lll) surface were shown by
IRAS (Infrared Reflection Absorption Spectroscopy). The IR spectrum at low
coverage corresponded to the bulk IR spectrum and no surface effects were seen
indicating that a monolayer did not form easily. Deposition onto Au(lll), Au(lll)
with a SAM (self assembled monolayer) of dodecylthiol, A^CMIOO) and to the
semiconductor model surface and following analysis using XPS (ESCA), AFM
(Atomic Force Microscopy) and SEM (Scanning Electron Microscopy) showed the
formation of microcrystallites on the surface thus explaining the IRAS spectrum at
low coverage. Pyroelectric measurements on the semiconductor model sample at
higher coverage did show a pyroelectric signal corresponding to 5% of the
theoretically obtainable signal.
Deposition monitoring using IRAS

1600

1400

1200

1000

Wawmimbcrs (cm'1)

Figure 1. IRAS spectra recorded under UHV
conditions during the deposition of 1 onto a
N i ( l l l ) single crystal. The spectra recorded
are (from above) at 0, 5, 15, 25, 35 minutes
after the deposition was begun. The IRAS
spectra correspond to the bulk IR spectrum. No
coverage dependence of the spectra were
observed. The strongest bands in the lower
spectrum (35 min.) correspond to 0.8 %
(AR/R).

Figure 2. SEM image of the surface of a
Au(l 11) single crystal after deposition of 1 for
35 minutes. Conditions for the deposition were
similar to conditions for the IRAS experiment.
There are some very well defined needle
shaped crystallites in the upper central part of
the image.

1

Krebs, F. C ; Larsen, P. S.; Larsen, J; Jacobsen, C. S.; Boutton, C; Thorup, N. J. Am. Chem. Soc.
1997, 119, 1208-1216.
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2.5.6

An X-Ray Diffraction Study of Directly-Bonded Silicon Interfaces: A Model Semiconductor Grain Boundary.

P. B. Howes, R. Feidenhans'l, M. Nielsen, F. Berg Rasmussen, J. Baker, Physics Department, Rise
National Laboratory, DK-4000 Roskilde, Denmark. M. Benamara, F. Grey, Mikroelektronik Centret,
Danish Technical University, DK-2800, Denmark. J. Vedde and K. Rasmussen, TOPSIL Semiconductor Materials A/S, DK-3600 Frederikssund, Denmark
Wafer bonding is an increasingly important tool in both microelectronics and micromechanics. For
example, it can be used in the process of fabricating silicon-on-insulator (SIO) materials for sensors
and actuators '. Si/Si bonding also provides a potential replacement for epitaxial growth, offering a
simple, cheap and low-temperature process. There are two stages in interface bonding. The first occurs at room temperature in air where two mirror-smooth, clean, dry, dust-free surfaces are pressed together. Weak van der Waals-type bonds are formed across the interface. The interface is strengthened
in the second stage by heat treatment resulting in much stronger silicon-silicon covalent bonding.
Despite the technological potential of the technique, little is known in detail about the dependence of
direct bonding on surface chemistry and morphology and the subsequent heat treatment.
Using synchrotron x-ray diffraction, we have studied bicrystal interfaces formed by the direct bonding
and subsequent annealing of pairs of Si(OOl) wafers. The resulting interface can be seen as a giant
grain boundary in which the inevitable misalignment gives rise to an array of screw dislocations at the
interface. We have measured diffraction peaks due to this dislocation array from a number of Si(OOl)
bicrystal samples with misorientation angles between 0.5° and 13° (Fig. 1). The satellite peak widths
are resolution-limited, indicating that the interface is highly ordered (Fig. 1, inset). The Bragg rods
associated with these satellite reflections have been measured (Fig. 2). The peak width as a function
of Miller index, /, gives a measure of the depth of the strained interface region and it was found that
the thickness of the interface decreases as the misorientation angle increases.
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Fig. 1. Scan near the two (111) Bragg peaks for a
Si(001) bicrystal sample with a misorientation angle of 4.86°. The large peaks at about 9° and 14°
are Bulk Bragg peaks and the small peaks near
4.5° and 19° are the associated satellite peaks due
to the relaxation of the atomic layers near the interface.
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Fig. 2. Bragg rods for the two satellite peaks in
Fig. 1. The width of the peak indicates that the
interface region is of the order of 50 A thick.

1

J.-P. Colinge, Silicon-on-insulator technology: Materials to VLSI, (Kluwer Academic Publishers, Boston, 1991).
P. W. Barth, Sensors and Actuators A 21-23, (1990), 919. M. Benamara et a!., Mat. Sci. Eng. B42 164-167 (1996)
Structural and electrical investigations of silicon wafer bonding interfaces. K. Ljungberg, F. Grey and S. Bengtsson,
Appl. Surf Sci. (in press) Formation oj Directly Bondied Si/Si Interfaces in Ultra-High Vacuum.
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2.5.7

The Surface Structure of Benzamide

T. Schultz, R. Feidenhans'l, P. Howes, Condensed Matter Physics and Chemistry Department, Rise
National Laboratory, Denmark, R. Edgar, L. Leiserowitz, Weismann Institute, Israel
Grazing angle X-ray diffraction measurements on single crystals of benzamide were performed at
BW2, Hasylab, Hamburg. The crystals which were used had large smooth (001) surfaces and
dimensions of about 4 x 12 x 12 mm and were grown from 1-propanol solutions containing
different amide additives. Additive molecules present in the mother solution are known to affect the
crystal morphology. If the additives are specifically adsorbed only at certain crystal faces, then they
may inhibit growth in those directions. The goal of this study was to determine the surface structure
of crystals grown from solutions with benzamide-like additives. Benzamide packs in the space
group P2/c with a = 5.607 A, b = 5.046 A, c = 22.054 A and b = 90.660°. The hydrogen bonding
system consists of centrosymmetric pairs linked side by side to other pairs which are ^-translation
related. Infinite ribbons, two molecules wide, therefore extend along the 6-direction. Benzamide
crystals are easy to cleave at the planes where the benzene rings meet. We are therefore not
surprised to find that the data measured correspond most closely to a model which has a surface
terminated by benzene. We have however not yet been able to find any surface model which give a
fit to the data which is better than that of the perfectly terminated bulk crystal.

3

=

PQ
Fig. 1. (Above) Three crystal truncation rods (10/), (01/)
and (00/) for a benzamide single crystal. The dots are the
measured points and the full line the curve as calculated
for a perfectly terminated crystal without any reconstructions. Even though several models for a reconstructed
surface have been fitted to the data, at present no better
model other than this has been found.
Fig. 2. (Left) Rasmol picture of the structure of benzamide. For the model calculations a bulk of semi-infinite
thickness is assumed and the position of the top two benzamide molecules are fitted. The benzamide molecules are
bonded in pairs with hydrogen bonds.
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2.5.8

In-Situ Cell for Suface X-ray Diffraction

T. Schultz, N. B. Larsen, R. Feidenhans'l, Rise National Laboratory, Denmark
An in-situ cell was constructed for measuring the equilibrium in-solution structure of dodecanethiols self assembled on a gold(l 11) surface. The design and function is explained in Fig. 1 and Fig.
2. The cell was tested at BW2, Hasylab, Hamburg, October this year where it was demonstrated that
surface diffraction rods can indeed be measured using this cell design (see Fig. 3).
X-rays in

Vacuum pump

Mode 1
Mode 2
Mode 3

Thiol solution
in oil bath

Octanol

Garbage

Fig. 1. Schematic overview a) of the experimental setup and photograph b) of different parts
and connections. Part A in figure b) is a Pyrex® glass container which contains the thiol
solution. The container is kept in an oil bath having a temperature close to the boiling point of
the used solvent in order to evaporate all dissolved gasses and thus to avoid bubble formation in
the quartz chamber. Part B is a Quick Connect Luer Adapter® fabricated in Tefzel® that allows
switching between containers with thiol solution and containers with rinse solutions. On its way
to the peristaltic pump (part C) the hot solution is cooled to room temperature since chemical
resistance information on the tubing material, Isoversinic®, is not very detailed. The solution
now passes an open-close valve and runs through a heater (part D), before it enters the cell, part
E. On the return path another valve is passed before entering the glass container A again.

1800-

Fig. 2. Assembled in-siru cell. A) Reaction
chamber with quartz hemisphere surrounding
the gold crystal which is mounted in a Teflon
holder. B) Brass clamp. C) Main body of the
cell to which the inlet and outlet tubing is
connected. D) Connector to the diffractometer
sample holder.
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Fig. 3. © scan of the (2/3,2/3,0.8) alkanethiol
superstructure peak as measured using the insitu cell (i.e. through 1 cm of ethanol and 0.5
mm of quartz glass). The FWHM of the peak
is 0.76° which corresponds to an average domain size of = 300 A. Each point in the scan
took around 7 seconds. Ex-ray= 20 KeV
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2.5.9 Structure determination of the Si(lll)-(4xl)-In reconstruction by surface x-ray diffraction:
quasi one-dimensional indium chains
O. Bunk, G. Falkenberg, J.H. Zeysing, L. Lottermoser, R.L. Johnson, //. Institutfur Experimentalphysik, University of Hamburg, Germany, M. Nielsen, R. Feidenhans'1, J. Baker, F. Berg Rasmussen,
Department of Solid State Physics, Ris0 National Laboratory, Denmark
Recent angle resolved inverse photoemission and photoemission studies [1,2] have shown, that the
indium induced Si(l 1 l)-(4x 1) surface reconstruction has an extraordinary electronic structure. A
single domain reconstruction prepared on an intentionally towards [112] misoriented Si(l 11) sample
is semiconducting along the [112] direction but has a Fermi level crossing band perpendicular to
this direction. It is necessary to know the geometrical structure to understand this one-dimensional
metallic behaviour in the electronic structure. In scanning tunneling microscopy images a structure
consisting of parallel rows can be seen, but it is not possible to derive a detailed structural model
from these images alone. We investigated the surface reconstruction by surface x-ray diffraction
measurements to determine the geometrical structure of the surface and the reconstructed substrate.
The sample was prepared in an UHV system equipped with LEED, RHEED and STM (base pressure <2x 10~ n mbar). After cleaning the Si(lll) surface by flash evaporation In was deposited
at 500°C which resulted in a (y/3 x \fZ) reconstruction. Further In deposition at 430°C led to a
i/Zl x\/3l) reconstructed surface and finally after annealing to the (4x1) reconstruction. For the
SXRD measurements the sample was transferred under UHV in a small portable chamber to the wiggler beamline BW2 at HASYLAB. In SXRD measurements under grazing incidence 199 symmetry
inequivalent in-plane reflections, 335 reflections along 11 fractional order rods and 74 reflections
along two crystal truncation rods were recorded.
Due to the large rod scan data-set we were able to analyze not just the projected but also sections
through the three-dimensional Patterson function. This analysis and the standard data analysis procedure reveals, that the indium atoms form quasi one-dimensional zig-zag chains. Whether these
chains or the reconstructed silicon substrate between these chains is the origin of the interesting
electronic structure can now be elucidated by further theoretical investigations. The proposed model
can be seen in the Figure below.

Fig.: The model for the Si(lll)-(4xl)-In reconstruction (top and side view). An important building block of this
reconstruction is the chain-like structure of the indium atoms (dark grey). The detailed structure of the reconstructed
substrate is still under investigation.

[1] I.G. Hill, A.B. McLean, Appl. Surf. Sci. (1997) accepted for publication
[2] T. Abukawa, M. Sasaki, F. Hisamatsu, T. Goto, T. Kinoshita, A. Kakizaki, S. Kono, Surf. Sci. 325 (1995) 33
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2.5.10

Surface crystallography: The exact structure of the Germanium and Silicon (001)(2x2)-In reconstruction determined by surface x-ray diffraction
O. Bunk, G. Falkenberg, J.H. Zeysing, L. Lottermoser, R.L. Johnson, //. Institutfiir Experimentalphysik, University of Hamburg, Germany, M. Nielsen, R. Feidenhans'1, F. Berg Rasmussen, Department of Solid State Physics, Ris0 National Laboratory, Denmark
The orientation and the bond lengths of dimers on the (001) surfaces of tetrahedrally coordinated
elemental semiconductors has been a topic of some controversy. It is now widely accepted, that the
indium induced Si(001)-(2x2) surface reconstruction consists of indium dimers on top of the silicon dimers of the (2x1) reconstructed substrate with the dimer bonds parallel to the silicon dimer
bonds [1] (see left figure). However for band structure calculations and for improving the theoretical
calculations of the atomic positions it is necessary to know precisely geometrical parameters like the
indium dimer bond length and the indium-silicon bond length. Therefore we decided to investigate
the (2x2) reconstructions of silicon and germanium with surface x-ray diffraction (SXRD) to determine the exact atomic positions. These measurements complete our systematic exploration of the
phases of indium on silicon and germanium [2-5].
The sample was prepared in an UHV system equipped with LEED, RHEED and STM (base pressure
<2x 10~ n mbar) by the deposition of 0.5ML indium on the (2x1) reconstructed silicon substrate.
For the SXRD measurements the sample was transferred under UHV in a small portable chamber to
the wiggler beamline Wl (for the Si(001)-(2x2)-In measurements) / BW2 (for the Ge(001)-(2x2)In measurements) at HASYLAB. In SXRD measurements under grazing incidence 111 in-plane
reflections and 61 reflections along 4 fractional order rods for Si(001) and 107 in-plane reflections
and 128 reflections along 7 fractional order rods for Ge(001) were recorded. The Patterson functions
can be seen in the figure below.
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Left: The Si(001 )-(2x2)-In reconstruction (top view) consisting of In dimers (dark grey) on top of Si dimers (light grey).
The Ge(001)-(2x2)-In reconstruction has the same structure.
Middle: The Si(001)-(2x2)-In Patterson function calculated from the fractional order in-plane reflections.
Right: The Ge(001)-(2x2)-In Patterson function calculated from the fractional order in-plane reflections. It can be seen,
that in both cases the two possible domains rotated 90° with respect to each other are not equally populated.

[1]
[2]
[3]
[4]
[5]
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H.W. Yeom, T. Abukawa, M. Nakamura, X. Chen, S. Suzuki, S. Sato, K. Sakamoto, T. Sakamoto and S.
Kono, Surf. Sci. 340 (1995) L983
L.Seehofer, G. Falkenberg, R.L. Johnson, Surf. Sci. 352-354 (1996) 425
M. Nielsen, D.-M. Smilgies, R. Feidenhans'1, E. Landemark, G. Falkenberg, L. Lottermoser L. Seehofer,
R.L. Johnson, Surf. Sci. 352-354 (1996) 430
G. Falkenberg, L. Seehofer, R.L. Johnson, Surf. Sci. 371 (1997) 86
O. Bunk, G. Falkenberg, J.H. Zeysing, R.L. Johnson, M. Nielsen, R. Feidenhans'1, E. Landemark, Appl.
Surf. Sci. (1997) accepted for publication
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2.5.11

The influence of the electronic structure on the geometric structure:
Ge(103)-(lx4)-H studied by surface x-ray diffraction
O. Bunk, G. Falkenberg, J.H. Zeysing, L. Lottermoser, R.L. Johnson, //. Institutfiir Experimentalphysik, University of Hamburg, Germany, M. Nielsen, R. Feidenhans'1, Department of Solid State
Physics, Ris0 National Laboratory, Denmark
The driving force for the formation of a thermodynamically stable surface reconstruction is the minimization of the surface free energy. The energy can be lowered by the formation of extra bonds
e.g. on the Si(OOl) surface by the dimerization of neighboring atoms. The energy of this surface reconstruction can be lowered further by electron transfer. Instead of both atoms being sp3 hybridized
with each having a half filled dangling bond it is energetically preferable for the dimer to "buckle":
One atom has a filled dangling bond with spMike hybridization, the other an empty pz orbital with
sp2-like hybridization. Although this electronic effect is not directly detectable in x-ray diffraction
measurements the geometric consequence, i.e. the "buckling" can be seen [1]. The asymmetric
dimers can be made symmetric by the adsorption of hydrogen on the surface which results in each
dimer atom to be bonded to an hydrogen atom (see also our measurements on Si(001)-(2xl)-H
present in this report, too). It is interesting to investigate the influence of charge transfer on the
geometrical structure for other surface reconstructions by adding hydrogen. We were able to determine the structure of the Ge(103)-(l x4) reconstruction with the combination of scanning tunneling
microscopy (STM) and surface x-ray diffraction (SXRD) measurements. This structure has both
dimer-like and adatom-like bonded atoms and charge transfer has to be taken into account to explain
the STM images [2]. We decided to examine the relaxations induced by the addition of hydrogen
to this structure to enlight further the complex interplay between stress relief, charge transfer and
minimization of the number of dangling bonds.
The sample was prepared in an UHV system equipped with LEED, RHEED and STM (base pressure
<2x 10~ u mbar). For the SXRD measurements the sample was transferred under UHV in a small
portable chamber to the wiggler beamline BW2 at HASYLAB. In SXRD measurements under grazing incidence 287 in-plane reflections and 147 reflections along 5 fractional order rods and 3 crystal
truncation rods were recorded.
Afirstfitto the in-plane data set with the structure of the Ge(103)-(l x4) reconstruction as an initial
model revealed significant surface relaxation. However, in the structure refinement x2 dropped to
1.5 indicating that the structural model is valid for both the clean and hydrogenated Ge(103)-(l x4)
reconstruction. The excellentfitto the in-plane data-set can be seen in the Figure below in which the
radii of the filled (empty) half circles are proportional to the measured (calculated) structure factor
amplitudes.
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Afirstfitto the in-plane data-set with the structure of the (1 x4) reconstructed clean Ge(103) surface as an initial model.
The radii of the filled (empty) half circles are proportional to the measured (calculated) structure factor amplitudes.

[1]
[2]

R. Rossmann, H.L. Meyerheim, V. Jahns, J. Weyer, W. Moritz, D. Wolf, D. Dornisch, H. Schulz, Surf. Sci.
279(1992)199
L. Seehofer, O. Bunk, G. Falkenberg, L. Lottermoser, R. Feidenhans'1, E. Landemark, M. Nielsen, R.L.
Johnson, Surf. Sci. 381 (1997) L614
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2.5.12

Surface x-ray diffraction study of Si(103)-(l x 1)-Bi

O. Bunk, J.H. Zeysing, G. Falkenberg, L. Lottermoser, R.L. Johnson, //. Institutfiir Experimentalphysik, University of Hamburg, Germany, M. Nielsen, R. Feidenhans'1, Department of Solid State
Physics, Ris0 National Laboratory, Denmark
The Si(103) and Ge(103) surfaces can be stabilized by group III elements like indium [1] and gallium. The threefold coordinated group III elements saturate all the dangling bonds of the substrate
and thereby minimize the surface free energy. The Si(103) surface can also be stabilized by the
group V element bismuth. Since it was controversial for a long time whether the stabilization with
group III elements leads to a structure with two group III atoms or with one group III and one Si
(Ge) atom per unit cell we decided to investigate the same question for the Si(103) surface stabilized
with group V elements.
The sample was prepared in an UHV system equipped with LEED, RHEED and STM (base pressure <2x 10~ n mbar). For the SXRD measurements the sample was transferred under UHV in a
small portable chamber to the wiggler beamline BW2 at HASYLAB. In SXRD measurements under grazing incidence 55 in-plane reflections and 107 reflections along 4 integer order rods were
recorded.
We find that the intensity measured along the integer order rods is very sensitive to the symmetric
(two group V elements) and asymmetric (one group V and one Si atom) termination of the surface
as shown in the figures below. Since our STM results indicate that the electronic structure of the
surface is symmetrical further investigations are necessary.
1000

I (r.l.u)
1000
c

0
Top: A first fit to the (-1,-3) and (-2,-2) rods for one bismuth and one silicon adatom per unit cell. The glide plane
symmetry of the surface is broken.
Bottom: A first fit to the (-1,-3) and (-2,-2) rods for two bismuth atoms per unit cell. The pg symmetry of the substrate
is preserved.

[1]

70

M. Nielsen, D.-M. Smilgies, R. Feidenhans11, E. Landemark, G. Falkenberg, L. Lottermoser L. Seehofer,
R.L. Johnson, Surf. Sci. 352-354 (1996) 430
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2.5.13 Interface stress and an apparent negative Poisson's ratio in Ag/Ni
multilayers
K. O. Schweitz, H. Geisler, J. Chevallier, J. Bottiger, Institute of Physics and
Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark, and R. Feidenhans'l
Riso National Laboratory.
The interface stress represents the work required to elastically deform a unit
area of interface by a unit strain, while the interface tension is the energy connected to
create a unit area of new interface. In contrast to interface tensions, very few studies of
interface stresses exist. The measurements and theoretical calculations do not agree,
measured interface stresses being compressive whereas the theory predicts the
interface stress to be tensile.
In the present studies of Ag/Ni multilayers with (111) texture which were
produced by magnetron sputtering, the structural characterization was carried out by
X-ray diffraction and transmission electron microscopy. Interface stresses were
determined by the method developed by Ruud et al1. based on the equation:

1 YS4 J_
6 df R
where R is the radius of curvature and df « ds has been used. YA, YB and Ys are the
biaxial moduli for material A, material B and the substrate, respectively; df, ds, dA and
15 nm 5 nm
d$ are the thicknesses of film,
0.5 y
substrate, material A and material B,
respectively; \ is the bilayer length
1—5—1
& 0.0
and £oA'B denote the strain in A, B; f is
-0.5
A
the interface stress. The first term is
V
-1.0
the Stoney equation which yields the
b
total stress in a thin film/substrate
-1.5
composite from the radius of
curvature R, measured by a
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device. The second term is the
Figure 1 Fig. 1. The difference between the measured average stress of the individual layers,
total stress and the average in-plane stress versus the where the in-plane strain is measured
reciprocal bilayer repeat length. The closed circles are by
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In order to find the actual bilayer repeat length and the out-of-plane lattice
parameters of the Ag and Ni layers, X-ray diffraction in Bragg-Brentano geometry (029) was performed. The experimental data was analysed by use of the SUPREX
program. By comparing in-plane and out-of-plane lattice parameters and assuming a
negligible stress component perpendicular to the film surface, an apparent negative
Poisson's ratio was found in the Ni layers.
1

J. A. Ruud, A. Witvrouw and F. Spaepen, J. Appl. Phys. 74,2517 (1993).

Riso-R-1014(EN)

71

2.5.14

Surface X-ray Diffraction Study of the In-induced
G a A s ( 0 0 1 ) - ( 4 x l ) Reconstruction

G. Scherb. A. Kazimirov, and J. Zegenhagen, MPI-FKF Stuttgart, Germany,
G. Falkenberg, J. Zeysing, and R.L. Johnson, University of Hamburg, Germany,
F. Berg-Rasmussen and R. Feidenhans'l, Riso National Lab., Denmark
The growth of Indium in the monolayer regime on As-rich (2x4)/c(2x8) reconstructed
and Ga-rich (4x2)/c(8x2) reconstructed GaAs(OOl) surfaces results in well defined superstructures, apparently similar for both cases [1]. The In superstructures exhibit a c(8x2)
symmetry according to LEED. STM images show alternating full and broken rows of atoms
running along the [110]-direction of the substrate; the occupancy of the broken rows depends on the In-coverage, and for 8 < 0.3 ML only the complete rows are observed. Up
to now. the system has been studied by a number of surface sensitive methods (LEED,
AES. RAS, STM. XSVV), but so far no conclusive structure model has been developed.
In order to obtain more atomic level structural information, we performed SXRD
measurements at the GaAs(001):In surface. The sample was prepared under UHV from
MBE-grown GaAs(OOl) covered with a protective As layer. Desorption of the cover layer
at 430°C resulted in an As-rich (2x4)/c(2x8) reconstructed surface, onto which 0.3 ML
In was evaporated at 460°C. The LEED pattern showed c(8x2) symmetry, with STM a
superstructure with continuous rows running along the [110]-direction of the substrate
was observed (figure l(a)). In agreement with a coverage of ss 0.3 ML, the occupancy of
the broken rows was very low. The sample was transferee! into a portable UHV chamber and the SXRD measurements were performed on the six-circle diffractometer of the
wiggler beamline BW2 at an energy of 8.5 keV. We recorded a data set of 65 in-plane
fractional order reflections. Contrary to the c(8x2) symmetry observed by LEED, the
SXRD experiment indicated (4x1) symmetry, since the half-order spots corresponding to
a twofold periodicity along [110] were very weak. The Patterson map calculated from the
symmetry-inequivalent in-plane fractional order reflections is shown in figure l(b). Based
on the finding that there is no twofold periodicity along [110], In-In dimers as building
blocks for the continuous rows observed by STM, as proposed for the Ga-terminated c(8x2)
surface, may be ruled out. Detailed data evaluation and modelling is currently under way.
(b)

[110]

0.0

0.5

[110]

Fig. 1: (a) STM image of the Ga.As(001):In surface at an In coverage of 0.3 ML; (b)
contour map of the Patterson function calculated from the fractional order reflections.

[1] U. Resch-Esser, N. Esser, C. Springer, J. Zegenhagen, W. Richter, M. Cardona, and B.O. Fimland,
J. Vac. Sci. Technol. B 13 (1995) 1672.
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2.5.15 Potential Controlled Stripping of an Amorphous As-Layer onGaAs(OOl)
in Electrolyte: An In-situ X-ray Scattering Study
G. Scherb, A. Kazimirov, J. Zegenhagen, Max-Planck-Institut fur Festkorperforschung, Stuttgart, Germany, T. Schulz, R. Feidenhans'l, Rise National Laboratory,
Denmark, and B.O. Fimland, Norwegian University of Science and Technology,
Trondheim, Norway
Using an electro-chemical cell of new design, we have monitored the reductive
etching of the As cap on GaAs(OOl) at negative potential by x-ray diffraction. The
experiments were performed under potentiostatic control in a three-electrode setup
with a saturated calomel reference electrode. The As stripping is performed at an
electrode potential of-1.2 V (SCE), where hydrogen is generated strongly at the
GaAs surface and a thin-layer electrochemical cell, typically employed for x-ray
diffraction measurements1, could not be used. Our cell features a hemispherical quartz
dome of 1 cm diameter and wall thickness of 100 |im which contains the electrolyte
and serves as x-ray window. The x-ray diffraction masurements were performed on
the "big kappa" dffractometer at ID 11 at ESRF at 20 keV where a transmission of
50% was obtained. The intensity of the GaAs(220) in-plane surface reflection was
recorded as a function of time, as shown in the figure. A linear increase, a broad
maximum and a final decrease of the
intensity is observed. Figure l(b)
displays the current across the interface
recorded simultaneously with the
intensity/time plot from Fig. l(a). The
explanation for the observed maximum
in the intensity is based on the
structural properties of the interface
between the GaAs(OOl) surface and the
arsenic film. Whereas the bulk of the
1000
arsenic film is known to be amorphous2
the first As layers at the interface may
be epitaxially ordered. These layers are
thought to be more stable than
amorphous As, and will dissolve less
easily. After the complete removal of
the arsenic cap, the electrode current
100
150
saturates.
While
the
electrical
t(min)
properties remain
constant, the
Figure 1 (a) Intensity of the (220) surface reflection morphological
properties of the
vs. time during etching at -1.2 V (SCE).
interface change due to some surface
(b) Current/time behavior of the GaAsrAs electrode
roughening,
i.e., the scattered intensity
during
etching.measured
simultaneously
and
goes down.
independently in the laboratory (square).

1
2

J. Zegenhagen et al., Surf. Sci. 352-354,346 (1996).
U. Resch et al., Surf. Sci. 269/270,797 (1992).
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Surface Induced Ordering of Anisotropic Triblock Copolymer Micelles

2.5.16

M.C. Gerstenberg and J.S. Pedersen, Condensed Matter Physics and Chemistry Department, Riso
National Laboratory, Denmark, G.S. Smith and J. Majewski, Manual Lujan Jr. Neutron Scattering
Center, Los Alamos National Laboratory, USA
The non-ionic triblock copolymer P85 consists of two outer segments of 25 monomers of ethylene
oxide attached to a central part of 40 monomers of propylene oxide. The amphiphilic character of
P85 leads to formation of various aggregates in aqueous solution, e.g. spherical and rod-like
micelles. The spherical micelles of P85 have been found to order like hard spheres at a hard wall at
the hydrophilic surface of quartz.1 In the bulk solution, the spherical micelles appear to elongate at
elevated temperatures2 close to 70 °C. We have investigated which effect the presence a hydrophilic
surface and an applied shear field have on the ordering of the anisotropic P85 micelles. Neutron
reflectometry has been used to measure the scattering length density profile perpendicular to the
surface.
As a 5 wt % sample is heated towards the sphere-to-rod transition2 occurring close to 70°C, the
solution shows a strong surface-induced ordering which is initiated already at 61°C. Free-form
analysis3 of the reflectivity data indicates a transition from spherical micelles to a lamellar ordering
possibly with an intermediate surface association of anisotropic aggregates. The application of shear
in the Pouiseuille geometry destroys the surface ordering in contrast to the bulk behaviour.2 The
ordering can be restored partially when the sheared solution is kept in the polymer phase at 5°C for
several hours (see Fig. 1). The shear measurements are in agreement with the formation of a lamellae
on the surface since the field might cause an entanglement of the triblock copolymers making it
impossible to regain the initial structure. The suggested lamellar phase at the surface is likely to be
driven by the increasing hydrophobicity of the ethylene oxide enforcing the exclusion of water from
the structure.
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Fig. 1. Comparison of the reflectivity profiles above the bulk
sphere-to-rod transition. The upper part depicts the initial scan
and the lower part the profile after cooling several hours at 5
°C. The dashed curves are the Fresnel reflectivity from a sharp
interface between the bulk solution and the quartz crystal.

1

M.C. Gerstenberg, J.S. Pedersen and G.S. Smith, in preparation.
K. Mortensen, J.Phys.: Condensed Matter 8, A103 (1996), K. Mortensen and J.S. Pedersen, Macromolecules
26, 805 (1993)
3
J.S. Pedersen and I.W. Hamley, J. Appl. Cryst. 27, 36 (1994)
2

74

Riso-R-1014(EN)

2.5.17

Surface Induced Ordering of Triblock Copolymer Micelles in the Cubic Phase

M.C. Gerstenberg and J.S. Pedersen, Condensed Matter Physics and Chemistry Department, Rise
National Laboratory, Denmark
For a hard-sphere liquid, a disorder-to-order transition occurs ordering the hard spheres into facecentred cubic (FCC) arrays when the hard-sphere volume fraction surpasses a threshold value of
0.49.l There exists a close relation between the ordering of P852 micelles and hard spheres.
Mortensen et al.3 found that P85 micelles in aqueous solution show a similar behaviour crystallising
into a body-centred cubic (BCC) array as the micellar volume fraction exceeds a critical value of
about 0.53. By shearing a polycrystalline sample, a single crystal was formed with true long range
order in the "bond-angle" correlation but only liquid like order in the "bond-length" correlation. In
light of this interesting shear induced ordering of the P85 micelles, the effect on the ordering by the
presence of a surface was investigated.
Neutron reflectometry (TAS8, Rise) was used to probe the solid-liquid interface between the
hydrophilic single-crystalline quartz and the polymer solution. With this technique knowledge about
the scattering length density profile perpendicular to the surface can be obtained. The reflection
measurements of a 30 wt % solution are depicted in Fig. 1. The solution shows strong surface
induced ordering in well-ordered layers parallel to the quartz surface as the temperature surpasses
23°C, where the bulk transforms into a BCC micellar crystal. The peaks are close to being resolution
limited and the periodicity perpendicular to the surface was found to be 104±l A, 111±1 A, and
130±l A for temperatures of 30, 45 and 75°C, respectively. The temperature dependence of the
periodicity obtained by following the most intense peak showed a discontinuity at 58°C when the
sample was heated and at 55°C when the sample was cooled. This is a strong evidence of bulk
related behaviour. However, since both the surface and the bulk appear to have long range order, no
clear distinction can be made between the surface and the bulk related ordering. The structure of the
triblock copolymer solution cannot be determined unambiguously from reflectometry, i.e. no
distinction can be made between (110) BCC, (111) FCC, (002) HCP layers or simple lamellae
forming parallel to the surface. Low intensity, temperature dependent "half-order" peaks appear
indicating an additional component with twice the period of the ordering. A tentative explanation is
anisotropic micelles forming a "herring bone" structure. To remove the ambiguity the in-plane
structure has to be probed with e.g. "near-horizon" SANS or X-ray grazing incidence diffraction.
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Fig. 1. Temperature dependence of the reflectivity
as a function of the momentum transfer Qz. The
20°C scan is below the temperature of the first
order bulk transition, where the micellar liquid
transforms into a well-ordered BCC bulk structure

1

B. Alder et al., J. Chem. Phys. 49, 3688 (1968)
See Contrib. 2.5.16
3
K. Mortensen, J. Phys.: Condensed Matter 8, A103 (1996), K. Mortensen et al., Phys. Rev. Lett. 71, 1458
(1995), Mortensen and Pedersen, Macromolecules 26, 805 (1993)
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2.5.18

Our new versatile Atomic Force Microscope

N.B. Larsen, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory,
Denmark
Our department recently purchased a new Atomic Force Microscope (AFM), a Dimension 3000
with an Extender Box from Digital Instruments. The Dimension 3000 is designed to perform
measurements on large samples (up to 30 x 60 cm2) using most commonly applied scanning force
methods (figure 1A). These include contact / lateral force, non-contact, tapping mode / phase lag
(figure ID), force modulation, Kelvin force and magnetic force microscopies. Subsequent additions
to the instrumental setup also allow for simultaneous topography (contact mode) and conductivity
measurements. Available lateral scan sizes range from 100 x 100 )Lim2 down to the atomic scale
with a maximum height variation of 6 \xm. The vertical resolution is better than 1 angstrom for all
scan sizes approaching 0.4 angstroms for samples with height differences below 1 jim. A special
cantilever holder made of glass allows for both contact and tapping mode measurements in solvents
(figure 1C). The scanning probe used in the Dimension 3000 provides for a large degree of
flexibility in the design of a liquid cell, the only requirements being that the immersion depth of the
sample must be less than 7 mm and that an opening of 15 mm should be provided for the scanner
unit. Figures 1A-D illustrates the variety of samples that our Dimension 3000 has visualized so far.

200 nm

Fig. 1. AFM images of various types of samples recorded using the Dimension 3000. A) Commercial float glass
(sample size 50 x 10 cm2; height difference from black to white 3 nm; sample provided by Kurt N. Clausen and Kim
Stahl). B) 200 nm optical quartz grid (height difference from black to white 200 nm; ultra-sharpened tips; sample
provided by Ibsen Micro Structures). C) Polystyrene / polysiloxane adsorbed on silicon (imaged under water; height
difference 4 nm; sample provided by Nils Berg Madsen). D) Chrom (top part) / chrom oxide (center part) / epoxy
(lower part) boundary zone (top image: topography; bottom image: phase shift; height difference 2.3 urn; sample
provided by Soren Linderoth, Materials Research Dept.).
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Time-dependent wettability of plasma-treated polydimethylsiloxane

2.5.19

J.P. Bogelund and N.B. Larsen, Condensed Matter Physics and Chemistry Department, Risa
National Laboratory, Denmark
The poly(dimethylsiloxane) (PDMS) Sylgard 1841 is a commercially available polymer used for
transfer of patterns by microcontact printing . The surface of PDMS is characterized by exposed
CH3-groups giving it a low surface free energy and correspondingly low adhesion to other surfaces
which in our case is undesirable. We exposed flat samples of PDMS to a radiofrequency plasma
(50 W, 0.5 mbar, 1 minute) in an (VAr (20%/80%) atmosphere to increase their adhesive
properties. The CVAr plasma oxidized the exposed surfaces yielding most likely a mixture of oxo-,
hydroxy- and other polar groups in place of methyl groups. The polar surface groups affected a
large increase in surface energy to the extent that the samples were completely wetted by water on
subsequent measurements of their contact angles. We monitored changes in water contact angles up
to 72 hours after plasma treatment for samples stored under ambient conditions compared to others
stored under water (see Figure 1). Plasma treated samples kept in the ambient (RT, RH 60%)
showed a monotonous increase in contact angle reaching close to pre-treatment angles after 72h.
We ascribe this observation to reorganization of the highly mobile low-energy PDMS matrix below
the surface to bury the polar groups initially exposed. In contrast, storage of the plasma treated
samples under water seemed to stabilize the hydrophilic surface generated thus preventing
reorganization of the surface.
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Fig. 1. Advancing contact angles of water on plasma treated PDMS samples were measured using the sessile drop
method3. The samples stored under ambient conditions returned to their pre-treatment hydrophobic state within 72 h.
The samples stored under water did not show the same significant changes of their surface properties over time.
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2.5.20

Nanotube tips for Atomic Force Microscopy

N.B. Larsen, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory,
Denmark
Atomic Force Microscopy bases its imaging capabilities on accurate measurement of interactions
between the sample and a highly localized probe positioned by support structures of varying sizes.
Support structures can be detrimental to the imaging process if they take the role of the desired
probe point and interact with protrusions on the surface instead. This scenario is illustrated in figure
IB, where a tip and its cantilever beam is moving across a tall narrow relief structure. Far from
structure the end of the tip acts as the imaging part in the desired manner but at a certain point the
upper part of the tip pyramid reaches the top of the relief and becomes the new imaging point. The
pyramid continues to slide over the top and down on the other side while it constantly changes its
imaging point in the process. Images resulting from this movement only shows the correct feature
height while the remaining characteristics are due to the tip shape. This situation may be improved
by using long narrow tips as illustrated in figure ID. We took the approach of attaching carbon
nanotubes at the end of commercial tips as previously demonstrated by Dai et al.' Nanotubes kindly
provided by J. Hafner were glued onto the end of standard tapping mode tips with SEM carbon glue
using two three-axis micromanipulators. Figure 1C is a SEM micrograph of terminal part of the
pyramid with a nanotube attached at its end (see figure 1A for comparison). The resulting tip
structure was subsequently used as a normal tapping mode tip with a slightly reduced resonance
frequency. Figure 2 shows its ability to visualize a 700 nm optical grating with great accuracy.

D

V
V
Fig. 1. Tips with a pyramidal shape (A, SEM micrograph) cannot faithfully track the contour of tall narrow surface
features (B, dotted line). Attachment of a carbon nanotube at the end of the normal tip (C, SEM micrograph) allow the
end of the probe to move undisturbed to the edge of features (D). The nanotube in C is approximately 30 nm x 3 \im.
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Fig 2. The nanotube terminated tip operates as a normal tapping mode tip, in this case imaging a 700 nm optical grating
made of quartz (Ibsen Micro Structures). A height profile (B) measured along the dashed line in A shows that the
nanotube is capable of imaging the flat bottom of the 180 nm deep trenches, that the measured side wall slopes are very
steep (>80 degrees) and that very little broadening of the protruding features occur (width approximately 350 nm).
1

H. Dai et a/., Nature, 384, 147 (1996)
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2.5.21

Dimer Bond Geometry in Si(100)2xl:H Investigated with Grazing Incidence X-ray
Diffraction.

E.M. Lauridsen, J. Baker, M. Nielsen, R. Feidenhans'l, Condensed Matter Physics and Chemistry
Department, Riso National Laboratory, Denmark. O. Bunk, R.L. Johnson, G. Falkenberg, / /
Institut fiir Experimentalphysik, University of Hamburg, Germany.
Passivation of the reactive surfaces of semiconductors is of interest for both fundamental and
technological reasons. One way to passivate these surfaces is by adsorption of hydrogen. In the
present project we focus on hydrogen adsorption on the (100) surface of silicon.
The clean Si(100) surface undergoes a 2x1 reconstruction, where the toplayer Si atoms dimerize1.
At first one might think that this leeds to the formation of a symmetric dimer, but rearrangement of
the half filled orbitals of the dangling bonds, by lowering one Si-atom while lifting the other, results
in a more favourable configuration, ie. a Jahn-Teller distortion. The resulting asymmetric
configuration has been confirmed by surface x-ray diffraction by Felici et al.2
Adsorption of hydrogen on the Si(100) surface is believed to remove this asymmetry, because the
hydrogen bonds to the half filled orbitals of the dangling bonds, and thereby lifts the Jahn-Teller
distortion. A statement that have been supported by energy calculations.3 4
We have used grazing incidence x-ray diffraction to determine the structure of the (100) surface of
silicon with adsorption of one monolayer of hydrogen. The x-ray diffraction measurements were
performed at the diffractometer of the BW2 wiggler beamline in HASYLAB (DESY, Hamburg). In
total 83 in-plane reflections were measured, of which 40 are independent. In order to obtain
information of the structural relaxation normal to the surface, we also measured four fractional
order rods and one integer order crystal truncation rod. By analysing the measured in-plane
reflections and the rods, we were able to determine both the lateral and vertical reconstruction of
the hydrogen terminated Si(100) surface. We find that the resulting dimer geometry is symmetric
with an intradimer distance of 2.46 A, and that there are significant lateral relaxations down to the
eighth surface layer.

1.5

Figure 1: Derived bond lengths for
the symmetric model, the bulk bond
length is 2.35 A

2
q[M.u]

2.5

Figure 2: The measured rod scans, and the calculated intensity
curve based on the symmetric model.
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J.A. Kubby and J.J. Boland. Surf. sci. rep. 26 (1996)
R. Felici, I.K. Robinson, C. Ottaviani, P. Imperatori, P. Eng and P. Perfetti. Surf. sci. 375 (1997) 55-62
3
P. Nachtigall, K.D. Jordan and K.C. Jamda. J.Chem.Phys. 95 (11)
4
P. Kratzer, B. Hammer and J.K. Norskov. Phys. Rev. B. 51 13432 (1995)
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2.6.1

Self-Assembly of 7t-Stacked Conjugated Polymers at Air/Water Interfaces.
Structure of Langmuir Films of Regioregular Polythiophene Derivatives with
Alternating Hydrophilic and Hydrophobic Side Chains

T. Bj0rnholm, D. R. Greve, N. Reitzel, CISMI, University of Copenhagen, Denmark, M.
Jayaraman, P. C. Ewbank, R. D. McCullough, Department of Chemistry, Carnegie Mellon
University, Pittsburgh, Pennsylvania, USA, K. Kjaer, Niels B. Larsen, P. B. Howes, Condensed
Matter Physics and Chemistry Department, Ris0 National Laboratory, Roskilde, Denmark
Regioregular, head-to-tail coupled amphiphilic poly(3-alkyl-3'-MEEM-thiophene) (c/. Fig. 1A)
has been synthesized and characterized as a Langmuir film. Grazing incidence X-ray diffraction
(Fig. 1C,D) reveals that the alternating hydrophobic alkyl and hydrophilic MEEM side groups
(Fig. 1A) result in an orientation of the molecules on a water surface allowing effective
conjugation of the 7T-electrons along the polymer backbone in agreement with the intentions
behind the molecular design (Fig. 1A). When compressed as a Langmuir film, the individual
polymers stack along the water surface providing efficient contact between the 7t-electrons on
adjacent polymer chains (Fig. IB, dsaA = 3.84 A). The stacking of adjacent polymers is similar to
the stacking found in self-assembled crystalline nano-aggregates of (hydrophobic) poly(3alkylthiophene) possessing electrical conductivities as high as 1000 S/cm. The monolayers may
be transferred to solid supports by the Langmuir-Blodgett technique.
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Fig. 1. A: View along the water surface of a polymer segment. B: Top view of unit cell of the self-assembled
polymer compressed to 30 mN/m in a Langmuir film. Hydrophilic and hydrophobic substituents are indicated by the
gray scaled boxes (see also A). C: ^-integrated, Q^-resolved scattering from the Langmuir film (BP denotes
scattering from alkyl chains in a partly melted state). D: Scattering from the same film, resolved in the <2;-dircction
(out-of-plane) but Q^-integrated. Solid lines are fits based on a structural model as illustrated in (A) and (B).
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2.6.2

Determination of alkyl chain tilt angles in Langmuir monolayers:
A comparison of Brewster angle autocorrelation spectroscopy and X-ray diffraction

C. Lautz, Th. M. Fischer, M. Weygand, M. Losche, Institute of Experimental Physics I, University
of Leipzig, Germany, P. B. Howes and K. Kjaer, Condensed Matter Physics and Chemistry
Department, Ris0 National Laboratory, Roskilde, Denmark
Brewster angle autocorrelation spectroscopy (BAAS), a combination of Brewster angle microscopy
and the photocorrelation technique is a new method for the quantitative characterization of
Langmuir monolayers. We have compared tilt angle measurements in octadecanol monolayers using
BAAS and grazing incidence X-ray diffraction (GIXD). BAAS offers the possibility of tilt angle
measurements in Langmuir monolayers - without any fitted parameters - with a precision similar to
GIXD, but 10 times faster. GLXD, conversely, offers detailed microscopic information not available
from BAAS. The swiftness of BAAS is exploited for a detailed analysis of the phase transitions of
octadecanol from the L2' phase to the LS (Rotator I) and LS (Rotator H) phases. These transitions
were studied at 9°C and at 20°C, respectively. The L2'/LS (Rot I) transition is of first order whereas
the L2'/LS (Rot II) transition is more probably of weak first order than of second order,1 cf. Fig. 1.
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Fig. 1. Alkyl chain tilt angle, 0, as a function of lateral pressure in octadecanol monolayers at two temperatures as
indicated. BAAS and GIXD data agree within experimental error. The observed phase transitions are of first (9°C) and
of weak first (20°C) order.
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C. Lautz, Th. M. Fischer, M. Weygand, M. Losche, P. B. Howes, K. Kjaer, J. Chem. Phys., in press
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2.6.3

Molecular details of bacterial Surface-layer protein coupling to lipid membranes

M. Weygand, M. Losche, Institute of Experimental Physics I, University of Leipzig, Germany, B.
Wetzer, D. Pum, U. B. Sleytr, Center for infrastructure Research and Ludwig-Boltzmann-Institute
for Molecular Nanotechnology, University f Agriculturural Sciences, Vienna, Austria, K. Kjaer, P.
B. Howes, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory,
Denmark
The coupling of bacterial S(urface)-\ayer proteins to lipid membranes has been studied in molecular
detail in an investigation of S-layers from B. sphaericus CCM2177 and B. coagulans E38-66
recrystallized at phosphatidylethanolamine monolayers on aqueous buffer. A comparison of the
lipid monolayer structure before and after protein adsorption shows that the lipid chains undergo
minimal reorganization. As revealed by GDCD, the area per aliphatic chain decreases by less than
1 % upon protein adsorption while the average lipid tilt angle # from the surface normal decreases
by a few degrees. By contrast, the lipid head groups show major rearrangements: A model-independent inversion1 of X-ray reflectivity data suggests a microscopic roughening of the lipid surface
monolayer upon S-layer formation. This is apparent from a broadening of the electron density
distribution associated with the lipid head groups. At the same time, the number of electrons in the
head group region increases substantially, by -100 electrons per lipid in the film, indicating that the
protein interacts strongly with the hydrophilic part of the membrane. This increase in scattering
length is, however, too large to be accounted for by interpenetration of peptide between the lipid
head groups and is thus at least partially attributed to protein-induced buckling of the lipid monolayer. The electron density profile of the S-layer reveals a thickness d ~ 90 A and shows water-filled
cavities near the center of the protein layer: The protein volume fraction reaches maxima of ~ 60%
and 70% in two horizontal sections of the S-layer, close to the lipid monolayer and close to the free
subphase. In-between it drops to ~ 20%.
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Fig. 1. a: Electron density distribution at the interface of a
DPPE monolayer before and after adsorption and crystallization of the S-protein from B. sphaericus CCM2177
into a monomolecular sheet crystal, b: Widening of the
lipid head group layer upon S-protein adsorption and
crystallization. The electron density of the lipid film prior
to protein adsorption is decomposed into the contributions
from lipid chains, head group and aqueous subphase.
c: Protein and water distribution within the recrystallized
S-protein layer.
' Skov Pedersen & Hamley, J. Appl. Cryst 27, 36 (1994)
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2.6.4

Influence of Temperature on the Phase Behaviour of 1,2-DioI Derivatives

C. DeWolf, G. Brezesinski, F. Bringezu, G. Weidemann, H. Mohwald, Max-Planck-Institute for
Colloids and Interfaces, Germany, K. Kjasr, P. B. Howes, Condensed Matter Physics and
Chemistry Department, Ris0 National Laboratory, Roskilde, Denmark
The phase behaviour of monolayers of amphiphilic 1,2-diol derivatives has been studied in recent years. Here we report on the influence of temperature on the phase behaviour of 1-palmitoylglycerol (I) and 1-hexadecylglycerol (2), cf. Fig. 1, investigated using grazing incidence Xray diffraction (GIXD). The two compounds exhibit similar liquid expanded to condensed transition pressures between 10 °C and 33 °C. To, the temperature below which a liquid-expanded
phase does not exist, was found to be 13 °C for (1) and (2). GIXD measurements indicate that, at
all temperatures investigated, the condensed phase initially formed is a centred rectangular phase
with tilt in a symmetry direction towards nearest neighbours (NN) for both compounds.
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Fig. 1 Phase diagrams of compounds (1) (left) and (2) (right). LE = liquid-expanded phase, NN = rectangular phase
with nearest neighbour tilt, NNN = rectangular phase with next-nearest neighbour tilt, UNTILTED = close packing
of upright oriented molecules. • = LE-NN transition; • = NN-NNN transition; • = NNN-UNTILTED. Open
symbols represent extrapolated and closed symbols measured data.

For compound (2) a second transition to a NNN tilted phase is also observed at all temperatures.
Extrapolation from the binary phase diagram for mixtures of (V) and (2) yields a theoretical
transition pressure (NN-NNN) of 67 mN/ra for (1) at 20°C, which is well above the collapse of
the monolayer. However, at 5°C a transition to a NNN tilted phase could be observed at 35
mN/m using GIXD. To obtain a value for the transition pressure at a lower temperature, measurements were made with a longer chain molecule (1-stearoylglycerol), the increase in chain
length being equivalent to a decrease in temperature by 15 °C, which yielded a transition pressure of 10 mN/m at 5 °C corresponding to -10 °C in the 1-palmitoylglycerol phase diagram. For
(1) and (2) the transition pressure increases with increasing temperature and the temperature dependence is stronger for (1) than (2), with much higher transition pressures in the case of (1).
The lateral pressure at which upright oriented chains in a close packing should be obtained was
also extrapolated from GDCD measurements. Both compounds show a decrease in this transition
pressure with increasing temperature, a reverse of the temperature dependence found for the
other phase transitions. For compound (2), the temperature dependence of the transition pressure
to the untilted phase is relatively weak, but for compound Q) it is slightly stronger. These
extrapolated transition pressures are in the collapse region of the monolayer or above. However,
for 1-hexadecylglycerol, (2), it was possible to visualise and confirm these transition pressures
using Brewster angle microscopy.
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2.6.5

Influence of side-chain length on phospholipid ordering in two dimensions

F. Bringezu, G. Brezesinski, H. Mohwald, MPI for Colloids and Interfaces, Berlin, Germany, K.
Kjaer and P. B. Howes, Condensed Matter Physics and Chemistry Department, Rise National
Laboratory, Roskilde, Denmark
The attractive van der Waals interaction between the hydrophobic chains is one important force
which causes the formation of structures in condensed lipid monolayers at the air water interface.
The introduction of side-chains is one simple possibility for modifying the hydrophobic region of
these amphiphiles. The present study focuses on the influence of the side chain length on the
structure of the monolayers. We have studied chemically modified 1-acyl-2-alkylglyceroPhosphoEthanolamines (PE) containing oc-branched chain fatty acids (see Fig. 1).
All lipids investigated form stable monolayers at
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At 15 °C the PE with an ethyl side-chain (n=2)
exhibits
two diffraction peaks (Fig.2). The peaks
Fig.l. Chemical structure of the lipids synthesised (right).
(n= 1,2,4, and 14). Isotherms for the monolayer of the
are at non-zero Qz, with the j^-values in the
n=4 compound at the temperatures indicated (left).
ratio 1:2, characteristic of a phase with tilt in
2
the NNN direction. On increase of surface pressure, the two peaks shift only slightly to lower Qz
and larger Qxy values indicating a small decrease of the tilt angle t (from 44.8° at 12 mN/m to 38.9°
at 40 mN/m). The increase of the side-chain length to n=4 shifts the transition pressure to higher
values. For this reason the x-ray measurements with the n=4 compound were done at 5 °C and high
lateral pressure (45 mN/m). The observed
scattering profile could not be described
with three distinct reflexes which would
indicate an oblique lattice structure.
Therefore, a superposition of several
lattices which differ in the tilt direction is
assumed.
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Fig. 2. GIXD pattern of the n=2 compound at 15°C and 20 mN/m ,
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and
prevents the transition to the untilted state at high surface
pressures.
the sidechain from n=l to n=2 preserves the NNN tilt direction, however, for the n=2 compound the tilt
angles are much larger, e.g. 39° at 40 mN/m. The n=4 compound exhibits a similar scattering profile
to that observed for a methyl (n=l) branched derivative with a shorter main-chain. The decrease of
the main-chain length (decrease of attractive interactions between the chains) and the increase of the
side-chain length to n=4 have the same effect on the monolayer packing properties. At 5 °C the
n=14 compound exhibits a rectangular lattice with only slightly tilted chains even at very low lateral
pressure (Fig.2). Thus, the elongation of the side-chain to a triple-chain PE (n=14) stabilises the
hexagonal packing of untilted molecules.
Kjaer, K., Physica B198,100 (1994).
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NNN = next-nearest neighbour.
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2.6.6

Synchrotron X-Ray Studies of Model Lung Surfactants at the Air-Water Interface.

J. Majewski, G. S. Smith, Los Alamos National Laboratory, USA, K. Y-C. Lee, T. Kuhl, M. M.
Lipp, A. J. Waring, J. A. Zasadzinski, University of California, Santa Barbara, USA, K. Kjaer, P. B.
Howes, Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
Denmark.
A mixture of lipids (dipalmitoylphosphatidylcholine, phosphatidylglycerols, palmitic acid) and
proteins (SP-A, -B, -C, and -D), known as lung surfactants, lines the lungs of mammals and reduces
the work of breathing. A deficiency or inactivation of lung surfactants is responsible for Neonatal
Respiratory Distress Syndrome. It is alterations in the physical and/or chemical nature of the
components in the lung that lead to morbidity and mortality. To investigate the interactions between
SP-B and palmitic acid (PA), we have performed grazing-incidence x-ray diffraction (GIXD) and xray reflectivity (XR) experiments on both pure PA and mixed PA/SP-B systems using the liquid
surface diffractometer at beam line BW1 at the HASYLAB synchrotron source. GIXD shows that
the absolute scattering intensities and in-plane coherence lengths are much reduced in the presence
of the protein indicating that the protein creates, and mainly resides in, a disordered phase in the
monolayer. This finding is corroborated by fluorescence microscopy images. XR data of a mixed
PA/20 wt% SP-B monolayer at 40 mN/m on water at 16°C, have been analyzed using a four-box
model (see Fig. 1). The model gives the total thickness of the PA-protein monolayer as 29.2 A,
which is larger than without the protein. This indicates that part of the protein is inserted into the PA
layer, while part of it dangles in the water subphase. The best fit to the data gives a thickness for the
protein-water portion of 9.5 A, the head-protein portion of 2.7 A, the tail-protein portion of 5.1 A,
and the tail portion of 11.9A, area/molecule 25.3A2 and roughness of 2.3A r.m.s. This indicates that
the protein is tilted at an angle of 35° with respect to the lipid monolayer. In conclusion these
preliminary data on the model lung surfactant system show how GID and XR measurements can
furnish important information on the location and orientation of protein molecules in the lipid
matrix.
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Fig. 1. (a) X-ray reflectivity data normalized by the Fresnel curve for mixed PA/20 wt% SP-B. The solid lines are fits to
the data using box model, (b) Schematics of the molecular arrangements are shown to scale with the fitted electron
density profiles.
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2.6.7

Cholesterol crystallization at the air-water interface.

H. Rapaport, S. Lafont, M. Lahav, L. Leiserowitz, Department of Materials & Interfaces, The
Weizmann Institute of Science, Israel, J. Als-Nielsen, Niels Bohr Institute, Denmark, P. B. Howes
and K. Kjaer, Condensed Matter Physics and Chemistry Department, Riso National Laboratory,
Roskilde, Denmark
Cholesterol crystallization is thought to be the first step in the formation of gallstones in the human
biliary system. The process of cholesterol nucleation in bile is still not fully understood. Bile, an
aqueous dispersion secreted from the liver, is heterogeneous in composition containing mostly bile
salts, phospholipids and free cholesterol, with a physiological ratio of about 7:3:1 (molar)
respectively. Through the absorption of water in the biliary system, micelles and vesicles that
solubilize cholesterol are formed. Vesicles are more efficient in cholesterol solubilization than
micelles, requiring only one phospholipid molecule to solubilize one cholesterol molecule. It has
been demonstrated that a high vesicular cholesterol to phospholipid ratio favours cholesterol
crystallization.1 Grazing incidence x-ray diffraction (GDCD) data2 for cholesterol films on water
revealed the formation of crystalline monolayer and upon compression a transition to a crystalline
bilayer. The diffraction pattern of the film in the uncompressed state at 50A2 per molecule (A in Fig.
lab), exhibits a broad reflection at q ^ 1.10 A"1, the width corresponding to a coherence length of
about 70A. Compression to the beginning of the plateau region of the isotherm at 35A2 per
molecule (B in Fig. lab), yielded a more intense and narrower Bragg peak indicating the formation
of additional 2D crystallites with an enlarged coherence length of about 100A. From the widths of
the Bragg rods at 50A2 and at 35A2 per molecule (not shown), we derive a film thickness of 14.5A,
corresponding to a monolayer. A transition to another crystalline form was observed at an area per
molecule of 16A2 (C in Fig. lab): All six Bragg reflections were indexed according to a rectangular
unit cell a=10.07A, b=1.5lk, containing two molecules with a molecular area of 38.1 A2 and an
average crystal coherence length of about 300A. The relative weakness of the Bragg peaks with
(h+k) odd suggests a pseudo c-centered cell. The widths of the Bragg rods, averaged from the
individual Aqz values of the rods (not shown), yield a film thickness of 35A implying formation of a
crystalline bilayer.

J

su

c

1
t

60

z

J

40
4>

Pres sur

B

u..
A

20

-

n

0

20
40.
60
A/moI [A2]

80

Fig.l (a) GIXD diffraction pattern of cholesterol film at the air water interface (b) Surface pressure-area isotherm of
cholesterol on water. A-C indicate the states of the film at which measurements were performed.
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Gilat, T.; Somjen, G.J. Biochim. Biophys. Acta, 95,1286, (1996)
Lafont, S., et ai, J. Phys. Chem. (1997) Accepted.
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2.6.8

The effect of DPPC on cholesterol crystallization at the air water interface.

H. Rapaport, S. Lafont, M. Lahav, L. Leiserowitz, Department of Materials & Interfaces, The
Weizmann Institute of Science, Israel, J. Als-Nielsen, Niels Bohr Institute, Denmark, P. B. Howes
and K. Kjaer, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory,
Roskilde, Denmark.
The effect of the phospholipid, dipalmitoyl phosphatidylcholine (DPPC), on the 2D crystallization
of cholesterol at the air-water interface was studied by GIXD, with three cholesterol:DPPC
mixtures' in molar ratios 1:1, 2:1, and 5:1. In the 1:1 mixture cholesterol crystallization was totally
suppressed. The broad Bragg peak at ^^=1.43A' (Fig. la) presumably arises from partial shortrange ordering of the DPPC with a coherence length of about 30A (pure films of DPPC at surface
pressure of 30 and 45mN/m exhibited2 a Bragg peak at the same position with coherence lengths of
100-300A). Increasing the cholesterol content to 2:1 resulted in a broad and weak Bragg peak at
q^XASk'1 of the monolayer phase (see 2.6.7), which was maintained along the isotherm from 50
to 15A2 per molecule (data not shown). The phospholipid also affected the extent of crystallization
in the 5:1 film (Fig. lb). The coherence length of the cholesterol monolayer phase at 36A2 per
molecule was about 20A, one fifth of that of pure cholesterol at the same area per molecule (cf.
curves B of Fig. lab and Fig.l of 2.6.7). The Bragg peaks corresponding to the rectangular bilayer
phase, with a crystalline coherence length of about 680A, appeared at 16A2 per molecule (curve C,
Fig. lb). Their intensities are ten times weaker than those of the pure cholesterol under similar
conditions (cf. curves C of Fig. lab and Fig. la in 2.6.7). We therefore conclude that the presence of
phospholipid in the cholesterol film reduces the coherence length of the cholesterol in its monolayer
form. DPPC also inhibits the population of the 2D rectangular bilayer phase but does not reduce its
coherence length.
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Lafont, S et al, J. Phys. Chem. (1997) Accepted.
Brezesinski, G et al. Chemistry and Physics of Lipids 76, 145 (1995).
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2.6.9

Reorientation of peptidic nanotubes in presence of the phospholipid DPPA

H. Rapaport, M. Lahav, L. Leiserowitz, Department of Materials & Interfaces, The Weizmann
Institute of Science, Israel, J. Als-Nielsen, Niels Bohr Institute, Denmark. H. S. Kim, M. R.
Ghadiri, Department of Chemistry, The Scripps Research Institute, California, P. B. Howes and
K. Kjaer, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory,
Roskilde, Denmark
Cyclic peptides of an even number of alternating D- and L- amino acids have been shown to selfassemble by N-H O hydrogen bonding into nano-scale tubular structures.1 These architectures
have a potential use as size-selective transporting components of molecular devices, biosensors,
and drug-delivery systems. Designing such a functional unit requires proper manipulation, at the
molecular level, of the tubular component relative to the surface. It has been demonstrated that a
lipidic matrix" induces stacking of the natural ionophore valinomycin at the air/aqueous solution
interface via favourable interactions between the amphiphilic hydrocarbon chain and the
hydrophobic rim of the ionophore in its complexed form. The radial amphiphilicity and the
inherent self-assembly properties of these cyclic peptide molecules make them amenable to
structural reorganisation by a lipid counterpart.
Grazing incidence X-ray diffraction (GEXD) data for films on the water surface, of the peptide
cyclo [(L-Trp-D-Leuh -I-Ser-D-Leu] and its 1:1 (molar ratio) mixture with phospholipid
dipalmitoyl phosphatidic acid (DPPA) are shown in Fig. 1. Two peaks at q —1.31 A and at
9^=0.31 A"1 were assigned to crystalline assembly of the cyclic peptide as nanotubes. The first
peak corresponds to 4.8A spacing between cyclic peptides stacked along the nanotube and the
second to an inter-tube spacing of 20A (Fig. 2b). The increase in the ratio R =
•%xy=O-31)//(<7xy=1.31) = 0.47 in the 1:1 system, compared to that arising from the pure peptide
film (7?=0.13) suggests the formation of a larger fraction of crystalline nanotubes oriented
normal to the interface. The widths of the Bragg rod in the 1:1 mixture also indicate the presence
of nanotubes oriented both parallel and normal to the interface (Fig. 2b): The thickness of the
film, deduced from the FWHM of the Bragg rod at 1.31 A'1 is ~18A which is very close to the
diameter of a nanotube (~20A). The Bragg rod at 0.31 A"1 is narrower and points to crystalline
film thickness of 25A, which might be attributed to five stacked peptides (i.e., 5 times 4.8A).
The intensity ratio R was found to be even larger (i?=l .23) when the phospholipidxyclic peptide
ratio was increased to 5:1 (data not shown).

on water

on water + DPPA

20A1
Fig. 1 (a) GIXD diffraction pattern of pure c-peptide and Fig. 2 The orientation of nanotubes at the air/water
of the 1:1 mixture film at the air water interface
interface (a) in the absence and (b) in the presence of
the phospholipid DPPA.
1
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Ghadiri, M. R. etal. Nature 366, 324 (1993).

Rapaport, Uetal.,5. Am. Chem. Soc. 119, 11211 (1997).
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2.6.10 Crystalline Multilayer Films of a Monocarboxylate Lead Salt Self-assembled at the
Air-Solution Interface
I. Weissbuch, R. Popovitz-Biro, M. Lahav, L. Leiserowitz, Department of Materials & Interfaces,
Weizmann Institute of Science, Israel, J. Als-Nielsen, Niels Bohr Institute, Denmark, P. B. Howes,
K. Kjaer, Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
Roskilde, Denmark
Superlattices of PbS nano-particles arranged within multilayer films of co-hydroxy-alkyloxyphenylpropionic acid, HO(CH2)nOP/je«y/(CH2)2COOH, 1, have previously been generated by a
gas-solid reaction of the Pb2+ salt with H2S gas, after transfer from the solution surface onto solid
support. This report describes the self-assembly of crystalline multilayers of Pb2+ salt of / at the airaqueous solution interface. Grazing incidence x-ray diffraction (GEXD) data showed that, whereas
the film prepared from 1 on water did not diffract, a very intense diffraction pattern was obtained for
the film prepared on a solution containing Pb2+ (Fig. 1). The films show polymorphism, a minority
phase with chains possibly parallel to the surface disappearing after long reaction times. Fig. 1
shows data from the stable phase in which the chains are almost normal to the surface. All the Bragg
peaks were indexed according to a rectangular cell of dimensions a=11.7A, 6=15.lA. Of all these
peaks, only the (22) and (04) reflections, have strong contributions from the alkyl chains and
correspond to a subcell a'=a/2=5.Sk, b'=b/2=7.5A, compatible with a herring-bone packing of
chains, with their long axis making a tilt, of 21°, along the a' axis. The separation between the
intensity modulations along the Bragg rods for the (22) and (04) reflections yielded an interlayer
spacing of 28.6A that matches the length of the molecule. The (12), (20), (14), (32) reflections have
major contribution from the Pb2+ ions. Since the subcell contains two pseudo-glide related
molecules, the unit cell must contain eight molecules in a pseudo-herring-bone arrangement with
almost absent (01), (10) and (11) reflections. The small area per molecule (ab/S=22.lk) indicates
that the -O-PhenyliC^hCOO' moieties are aligned perpendicular to the surface, as induced by the
binding of Pb2+ ions to neighbouring head groups, in contrast to the corresponding 3-D crystals. The
crystallite thickness corresponds to at least a trilayer, i.e. composed of a monolayer, at the airsolution interface, with Pb2+ ions bound to adjacent molecules, onto which a bilayer, exposing
hydroxyl groups on either side, is H-bonded via O - H H - 0 interactions.
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Fig. 1
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2.6.11 Supramolecular Architecture Prepared in-situ at the Air-Solution Interface;
Crystalline Monolayers of a 3x3 Ag+ Grid Complex
I. Weissbuch, M. Lahav, L. Leiserowitz, Department of Materials & Interfaces, Weizmann Institute
of Science, Israel, P. Baxter, J.-M. Lehn, Laboratoire de Chimie Supramoleculaire, Universite
Louis Pasteur, France, J. Als-Nielsen, Niels Bohr Institute, Denmark, P. B. Howes, K. Kjasr,
Condensed Matter Physics and Chemistry Department, Riso National Laboratory, Denmark
We have previously reported1 the formation, in-situ at the air-solution interface, of crystalline bilayer
films of a 3x3 complex, [Aggl,^] 9 * 9CF3SO3" between nine Ag+ ions and six ligands Ll=6,6'-bis[2(6-R-pyridyl)]-3,3'-bipyridazine, R=methyl, divided into two sets of three, one above and one below
the plane of the nine silver ions. Here we describe the results from thin films of a 3x3 Ag+ grid of a
modified ligand, L2, with R=phenyl (Fig. 1, left). Pressure-Area isotherms of L2 spread on water and
on CFaSOsAg solutions, as well as UV and x-ray photoelectron spectroscopy data of the films
transferred to solid support, are consistent with the formation of a 3x3 Ag+ grid complex. The GIXD
pattern of L2 spread on CFsSC^Ag solution, (Fig. 1, right) is completely different from that on water,
in agreement with crystallization of the product from the reaction between the ligand and the Ag+
ions from the subphase. Assuming a single crystalline phase, we could assign (h,k) Miller indices to
all but two very weak Bragg reflections. The four strongest reflections have Bragg rods whose
FWHM(qz) yielded an average film thickness of Lz = 12±lA, consistent with a monolayer with a
single orientation of the 2-D crystallites. The unit cell has dimensions a=31.3A, 6=22.7A, y=90°.
These values match those of the be plane of the 3-D crystal structure of the 3x3 Ag+ grid from ligand
LI (b=3l.5A, c=22.5 A, a=90°) and, by comparing the volume per molecule, we may derive the
number of molecules in the unit cell of the grid of L2. The 'cell volume' for the bilayer1 of ligand LI,
Vj = abL2s\ny = 28.6x31.5x2Oxsin(l 16.4°) = 16140A3, containing four 3x3 Ag+ grid complex units,
yields a volume per unit of 4036A3. For ligand L2, V2 = 31.5x22.5xl2=8520A3, consistent with a
monolayer containing two corresponding complex units (volume per unit = 4263A3). This result is
also consistent with the rectangular symmetry of the unit cell containing two molecules related by
either glide or a twofold screw symmetry, presumably along the a axis, since the {3,0} reflection is
absent. In conclusion, we infer from the GIXD analysis, as well as from the spectroscopy results, that
the monolayer film prepared from ligand L2 at the air-solution interface is a 3x3 Ag+ grid.
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Wcissbuch, I. et.al. Annual Report for 1996, section 2.6.7.
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2.6.12 Crystalline Monolayers of a 2x2 Co2+ Grid Complex on the Surface of Water
I. Weissbuch, M. Lahav, L. Leiserowitz, Department of Materials & Interfaces, Weizmann Institute
of Science, Israel, U. S. Schubert, J.-M. Lehn, Laboratoire de Chimie Supramoleculaire, Universite
Louis Pasteur, France, J. Hassmann, P. Miiller, Physikalisches Institut III, University ofErlangenNiirenberg, Germany, J. Als-Nielsen, Niels Bohr Institute, Denmark, P. B. Howes, K. Kjaer,
Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark
Complex supramolecular architectures composed of metal ions arranged in planar arrays and
coordinated with organic ligands may provide new materials for nano-technology. A Co2+ grid
complex, [Co4lJ4] 8+ 8SbF 5 \ of the ligand ZJ=4,6-6/.s(6-2)2l-bipyridyl))2-methylpyrimidine (Fig. 1,
left), containing four ligands arranged two above and two below the plane of the four Co2+ ions, is an
example of octahedral coordinated metal ions forming a 2x2 grid.1 This complex, when spread on
water surfaces as a hexafluorophosphate (PF6') salt in nitromethane solution, forms stable Langmuir
films, the crystallinity of which was examined by GEXD (Fig. 1, right). All the Bragg peaks of the
GEXD pattern could be indexed in terms of a rectangular two-dimensional cell of dimensions
a=23.1A, b=2\.5k. The crystalline domains are anisotropic, with a coherence length of ~1000A
along the b direction and of ~500A along the a direction. The film thickness, estimated from the
FWHM(qz) of the measured Bragg rods (Fig. 1, right)_ is ~17±2A. In the 3-D crystal structure1 of
[C04ZJ4] 8SbF6, the grid complex unit has a distorted 42m point symmetry. The dimensions of this
complex cation are ~20x20xl4A suggesting that the rectangular unit cell of the crystalline monolayer
film contains a single grid unit. Attempts to prepare 2x2 Co2+ films by spreading the free ligand on
1 mM Co(PF6)2 solution led to complex formation at long reaction time (~8hrs), as demonstrated by
UV absorption and X-ray photoelectron spectroscopy measurements on films transferred onto solid
support. The films had poor crystallinity at reaction times of ~2hrs, resulting in a very weak GIXD
pattern containing broad Bragg peaks. Apart from the poor crystallinity, the four weak reflections
suggest the presence of different orientations of the grid units. Experiment with long reaction times
to improve crystallinity are planned.
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2.7.1

Structural Studies on Equimolar Suspensions of Palmitic Acid and 1-Lyso-PalmitoylPhosphatidylcholine

J. Lemmich, Condensed Matter Physics and Chemistry Dept., Ris0 Nat. Lab., Roskilde, Denmark,
F. Richter, Dept. of Physics, E22, TU Munchen & EMBL-Outstation at DESY, Hamburg, Germany,
and T. H0nger Callisen, Dept. of Chemistry, DTU, Lyngby, Denmark
An equimolar mixture of palmitic acid (PA) and 1-lyso-palmitoyl-phosphatidylcholine (Lyso-PPC)
has been studied by time-resolved small angle and wide angle X-ray scattering (SAXS and WAXS,
respectively) during temperature cycles between room temperature and 53.5°C under excess water
conditions. The experiments which were performed on the beam line X13 at EMBL-Outstation,
Hamburg, consisted of heating and cooling scans at a scan rate of 0.2 °C/ min (5 s exposure/ min.).
At certain temperatures, the sample was equilibrated for Vi hour and diffraction spectra were
recorded for 180 s. In addition to the X-ray experiments, Differential Scanning Calorimetry (DSC)
with a similar temperature vs. time course was performed. The equimolar mixture of PA and LysoPPC correspond to the hydrolysis products obtained from di-palmitoyl-phospatidyl-choline (DPPC)
(e.g. by the action of the enzyme phospholipase A2). Previous studies1 have suggested that the
binary mixture forms a so called 'functional dimer' which resembles DPPC at all temperatures. At
low temperature our X-ray data reveal that in fact there is a coexistence between two lamellar
phases. Low resolution electron density profiles (obtained from three orders of diffraction) suggest
that one of these phases is indeed a 'functional dimer' of PA and Lyso-PPC (L|p' phase on Fig. 1)
whereas the other lamellar phase (Lnp phase on Fig. 1) most probably is an interdigitated phase,
where the acyl chains of both Lyso-PPC and PA extend across the entire hydrocarbon width of the
bilayer, as suggested in Fig. 1. Upon heating, the 'functional dimer' undergoes an Lf-La chain
melting transition at 42 °C which also happens to be the chain melting temperature for pure DPPC.
Concomitantly, the Lnp phase dissappears and a broad micellar peak starts to form in the SAXS
spectra. At 48 °C the Lia phase melts into an isotropic micellar phase as shown in Fig. 1. It is
noteworthy that during the cooling scan, the micellar-Lia transition apears at 46 °C, and the
regeneration of the Lnp phase and the crystallization of the L^ phase in to the L^' phase takes place
only after V2 hour equilibration at 35.5 °C.

1

^

1-T«

Fig. 1. The phase transformations observed in an equimolar mixture of PA and Lyso-PPC during heating and cooling
scans. Note that straight acyl chains denote an all trans configuration, whereas curly acyl chains denote a melted state.

1

M.K. Jain et al., Nature 284,486 (1980); M.K. Jain and G.H. de Haas, Biochim. Biophys Acta 642,203 (1981); P.R.
Allegrini et al., Biochim. Biophys Acta 731,448 (1983).
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2.7.2

A Gaussian Random Field model for microemulsions with non-zero spontaneous
curvature.

Lise Arleth, Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark, and Stjepan Marcelja, Department of Applied Mathematics, RSPHYSSE, Australian National
University, Australia.
The thermodynamics that determine the microstructure of a microemulsion is highly dominated by
the thermodynamics of the surfactant interface between the oil and water domains. As the spontaneous curvature of this surfactant interface is strongly temperature dependent the microstructure of
microemulsions also becomes temperature dependent.
We have assumed that the thermodynamics of the interface is described by the Helfrich hamiltonian
= ! dA[K{H-H0)2 + K
Js
Js
Where S denotes the surface area of the interface. H and Ho are the mean and spontaneous curvatures
and A' is the gaussian curvature. The bending modulus K and the saddle-splay modulus K have the
units of kBT and couple the curvatures to the energy.
We have furthermore assumed that the interface can be described by two appropiate chosen level-cuts
of a gaussian random field. It then becomes possible to express the free energy density of the interface
as a functional of the spectral distribution of the gaussian random field. This makes it possible to
determine the microstructure that minimises the free energy by performing a functional minimization
of the free energy with respect to the spectral distribution of the gaussian random field.
The choice of modelling the interface with a gaussian random field with two level-cuts is important
since it makes it possible to model microemulsions with non-zero spontaneous curvature and with
unequal volume fractions of water and oil. This again makes it possible to simulate the temperature driven phaseinversion of the microemulsions (see this report contribution 2.7.10) by tuning the
spontaneous curvature // 0 in the Helfrich hamiltonian.
In the figures below are shown two gaussian random field representations of microstructures that minimises the free energy of systems with similar compositions and bending constants but with different
spontaneous curvatures. Both figures models microemulsions with 0.2 vol water, 0.1 vol surfactant
and 0.7 vol oil. The black side of the interface is the water side and the white side is the oil side. It is
interesting to see in figure 2 how the competition between the negative curvature and the asymmetric
composition (a little amount of water and a large amount of oil) lead to a sponge-like structure.

Fig. I. K = 2kBT,K=
RisB-R-1014(EN)

lkBT, Ho=0.5 1/nm

Fig. l.n = 2kBT,K = lkBT, HQ=-2. 1/nm
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2.7.3

Gel formation of dibenzylidene sorbitol in o-xylene.

A. Odegaard-Jensen, Institute for Energy Technology, Department of Physics, University of Oslo, J.
Samseth, Institute for Energy Technology R. Spontak, Department of Materials Science &
Engineering, North Carolina State University, K. Mortensen, Condensed Matter Physics and
Chemistry Department, Ris0 National Laboratory.
DBS, dibenzylidene sorbitol, is a compound that is capable of gelling numerous organic solvents
and some polymers. Because of this ability, DBS is used in the production of antiperspirants, and
thixotropic gels for biomedical applications. The DBS molecules are also used as nucleating agents
for polyolefines. At room temperature the DBS molecules will form a 3-d network which, according
to recent x-ray analysis, is crystalline. This crystalline network has a melting point of about 230 °C,
but will reorganize on the molecular level at much lower temperatures in the presence of a solvent.
We have made neutron scattering studies on a 1 wt% DBS in o-xylene system, which forms two
different phases: a gel and a liquid phase. The gel consists of a 3-d network which is complete at
temperatures below 90 °C. The scattering data shows that the DBS o-xylene system is a liquid at
temperatures above 130 °C which is much lower than the 230 °C for pure DBS, and the network is
broken up into small units. Between these two temperatures there is a temperature interval in which
there is a phase transition. Upon heating, the network breaks down between 90 and 100 °C. For T
above 100°C the scattering cross section at q=Q.02A~l , cf. figure, is almost constant up to 110°C.
From this temperature and up to 126 °C the scattering cross section decreases linearly to the
scattering cross section of the liquid state. On cooling nothing happens until 110 °C is reached.
Below 110°C the scattering cross section at small q values increases rapidly, cf. figure, at small
scattering vectors. This imply that most of the network is formed as soon as the temperature drop
below a certain temperature, in this case 110 CC. This rapid formation of the network indicates
under-cooling and thus a non-equilibrium state. As seen from the figure the transformation between
the gel and a liquid follows a significant hysteresis loop.

q=0.02A"
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Fig. 1 Scattering cross section of DBS in o-xylene at
q=0.02kl as a function of temperature during heating
and successive cooling.
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2.7.4

Topology transition of a surfactant bilayer.

Thao Le , Ulf Olsson, Physical Chemistry 1, Center for Chemistry and Chemical Engineering, Lund
University, Lund, Sweden, Kell Mortensen, Condensed Matter Physics and Chemistry Department,
Ris0 National Laboratory, Roskilde, Denmark.
Surfactant and lipid bilayers can form structures of different topology, i.e. with different average
Gaussian curvature, <K>. The classical lamellar phase consists of a stack of planar bilayers with
<K>=0. In the liquid L3 phase and bicontinuous cubic phases the bilayers are multiply connected
and <K> < 0. Bilayers may also enclose a finite volume forming single shelled vesicles or multi
shelled liposomes with <K> > 0. The relative stability of different bilayer structures can
qualitatively be understood within the curvature energy approach1. The curvature free energy per
unit area, F/A, is often written in the Helfrich form, F/A = 2 K <H2> + ic <K>, where H is the mean
curvature and K and K are the bending and saddle splay modulus, respectively. To a first
approximation we can picture the saddle splay modulus as a control parameter for the bilayer
topology. A positive ic favors a multiply connected topology while a negative value favors
disconnected bilayer vesicles with a stable planar topology for intermediate values (~0).
The behavior and stability of lyotropic liquid crystalline phases under shear, and in particular the
rheological properties of lamellar phases, has recently received an increasing interest2"4. The relative
stability of 'onions' (multilamellar vesicles) and planes have been shown to have a complex
dependence on the shear rate2'5. We have used the fact that the bilayer- K of nonionic ethylene oxide
surfactants is strongly dependent on the temperature. It is negative at lower temperatures and
positive at higher temperatures. Under steady shear conditions in a Couette shear-cell we have
investigated the transition from onions via planes to multiply connected bilayers varying the
temperature. Fig. 1 shows the two dimensional neutron scattering patterns as obtained at five
different temperatures from a solution of the nonionic surfactant C10E3 at a volume fraction (j)=0.4.
At T=37 °C (Fig. la) the system contains onions and the scattering is isotropic. Around 40.5°C the
liposomes breaks up into planes that orients in the shear field (Fig lb). At 42.0°C (Fig. lc) the
topology is planar. Between 44.2 and 46.5°C the lamellar phase coexists with an L3 phase as
illustrated by Fig Id recorded at 46.2 °C. The scattering in Fig. le is from a homogeneous L3 phase
at 47.2°C.
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Fig.l SANS scattering pattern of C10E3 surfactants exposed to lOOsec"' shear, and obtained at temperature equal a)
37°C (onion), b) 40.5°C (planes), c) 42.0°C (La,), 44.2°C (La> & L3) and 46.2°C (L3)

1.
2.
3.
4.
5.

S. Safran. Statistical thermodynamics of surfaces, interfaces and membranes, Addison.Wesley, Reading 1994.
O. Diat, D. Roux, F. Nallet. J.Phys.II France 3, 1427 (1993).
K. Mortensen. Europhys. Lett. 19, 599 (1992).
U. Olsson, K. Mortensen. J.Phys.II France 5, 789 (1995).
P. Sierro, D. Roux. Phys Rev. Lett. 78, 1496 81997).
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2.7.5 Silica gels prepared in the presence of micelles.
Michael Gradzielsky, Kerstin Sattler, University ofBayreuth, Germany, Kell Mortensen, Condensed
Matter Physics and Chemistry Department, Ris0 National Laboratory.
Silica gels can be prepared in the presence of micelles by hydrolysis and condensation of
appropriate precursor molecules. After removing the surfactant by high temperature calcination a
mesoporous silicate remains, which can be used as catalyst or molecular sieve. The formation of
these materials could be better controlled by knowing the time dependent changes during hydrolysis
and condensation.
In our experiments we used as a novel silica precursor a water soluble glycol orthoester of silicid
acid and tetradecyltrimethylammonium bromide (TTMAB) as surfactant.
An important question was how the presence of surfactant affects the condensation process and final
structure of the silica. Figure 1 shows as an example the time dependent SANS measurements
obtained from the scattering of particles that are formed during hydrolysis and condensation. This
sample contains 10 wt% of our silica precursor and 10 wt % TTMAB. The solvent was pure H2O.
Under these conditions the surfactant is matched and only the scattering of the silica is observed. As
one can see the formation of the fractal silica structure results in an increase of the scattering
intensity at low q-values. The fractal dimension D of a particle can be determined from its scattering
profile: S(q) ~ q"D . It is shown in figure 2 that D increases with time and growing content of
surfactant. On the other hand the initiation time is extended with decreasing surfactant
concentration. This means that the samples with higher surfactant concentrations gelify faster than
these with lower content of TTMAB. Besides the surfactant also the solvent seems to influence the
condensation of silica. The longer initiations times with D2O (Fig. 2) can be related to the higher
viscosity of the solvent compared with H2O. The lower values for the fractal dimension could be a
result of two contrary effects. The scattering intensity decreases with high q-values because of the
fractal dimension of the silica. But at the same time the presence of the surfactant micelles causes
an increase of the scattering intensity at a q-range of around 0.06 - 0.2 A" . The measurements with
D2O as solvent were done to show also the scattering part of the surfactant. Figure 1 demonstrates
that the surfactant micelles are still present in the condensed silica. The scattering part of the
surfactant alone is seen with a D2O/H2O-mixture (D2O/H2O=0.2).
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2.7.6

Small-angle neutron scattering of monomers and dimers of horse spleen ferritin and
apoferritin.

A. Eikenes, J. Samseth, A. 0degaard-Jenssen, Institute of Energy Technology, Norway, E.
Rosenqvist, National Institute of Public Health, Norway, K. Mortensen, J. Skov Pedersen
Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Roskilde,
Denmark.
Apoferritin was prepared by treating ferritin chemically, and ferritin and apoferritin was fractionated
by gel filtration chromatography into monomeric and dimeric forms. The buffers of the apoferritin
and ferritin samples were fully deuterated to achieve a high contrast. In addition, the buffers of the
ferritin samples were prepared to contain 41% D2O, to match out the protein shell, so that only the
FeOOH core would scatter. The samples were investigated using small-angle neutron scattering.
The resulting spectra were analyzed using models of spherical shells. The theoretical scattering
curves were smeared using the instrumental resolution function, and the free parameters of the
model were fitted simultaneously to the data from the different instrumental settings.
The monomeric apoferritin yielded inner and outer radii of 42.7 and 62.1 A, respectively. The
dimeric apoferritin was modeled with two identical spherical shells located with center to center
distance free to vary, in addition to a fraction of monomers with the same dimensions. The inner and
outer radii were found to be 41.4 and 63.0 A, respectively, with a distance of 134.6 A between the
shells, 8.6 A longer than the expected value from touching surfaces. The dimers were found to
contribute with 83% of the scattering intensity, in accordance with liquid chromatography
experiments.
The ferritin core was modeled as a sphere for the 41 %D2O data (where no contribution came from
the proteins). A radius of 42.2 A was determined. The cores from the dimeric ferritin for the
41%D2O data were modeled as two identical spheres (with R=43.2A) with a free center to center
distance (117.2A). The shorter center to center distance is probably due to the polydispersity of the
core which has not yet been included in the models. The dimer fraction was found to contribute to
7% of the scattering intensity.

Apoferritin Dimer

Ferritin Dimer 42% D20
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Fig.l SANS scattering pattern of aqueous solutions of ferritin (in 41% D2O) and apoferritin dimers (in pure D2O).
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2.7.7 Nucleotide cofactor dependent structural change ofXenopus laevis Rad51
protein filament detected by small-angle neutron scattering measurements
in solution'
Masayuki Takahashi, Christine Ellouze, UMR 216, Institut Curie & CNRS, F-91405 Orsay,
France, Hye-Kyung Kim, Eimer Tuite, Bengt Norden, Department of Physical Chemistry, Chalmers
University of Technology,S-412 96 Gothenburg, Sweden, Kell Mortensen, Condensed Matter
Physics and Chemistry Department, Ris0 National Laboratory, Roskilde, Denmark. Kazuhiro
Maeshima, Katsumi Morimatsu, Toshihiro Horii, Department of Molecular Protozoology, Research
Institute for Microbial Diseases, Osaka University, Osaka, Japan.
Homologous recombination is a strand exchange between DNA molecules of identical or similar
sequence, and is involved in DNA repair and DNA segregation. The molecular mechanism of the
homologous recombination reaction has been extensively studied in E. coli, where the RecA protein
plays a central role in the reaction by pairing two homologous DNA molecules and catalyzing strand
exchange reactions between them. Biochemical and structural analyses have been advanced and
indicate that RecA first binds to single stranded DNA and forms a nucleofilament, in which RecA
subunits are arranged in a helical manner around the DNA. In the presence of ATP, the filament is
extended and can bind a second DNA to promote the strand exchange reaction.
Proteins homologous to RecA have been found in eukaryotes as well as in prokaryotes. Rad51
protein, is such an eukaryotic homologue to the RecA protein. It forms a filamentous complex with
DNA and catalyzes homologous recombination. We have analyzed the structure ofXenopus Rad51
in solution by small-angle neutron scattering (SANS) '. The measurements showed that Rad51
forms a helical filament independently of DNA. The sizes of cross-section and helical pitch of the
filament could be determined, respectively, from a Guinier plot and the position of the subsidiary
maximum of SANS data. We observed that the helical structure is modified by nucleotide binding
as in the case of RecA. Upon ATP binding at high salt (600mM NaCl), the helical pitch of Rad51
filament was increased from 8 to 10 nm and the cross-sectional diameter decreased from 7 to 6 nm.
The pitch sizes ofXenopus Rad51 are similar to, though slightly larger than, those of RecA filament
under corresponding conditions. A similar helical pitch size was observed by electron microscopy
for budding yeast Rad51. In contrast to the RecA filament, the structure of Rad51 filament with
ADP is not significantly different from that with ATP. Thus the hydrolysis of ATP to ADP does not
modify the helical filament of Rad51. Together with our recent observation that ADP does not
weaken the Rad51/DNA interaction, the effect of ATP hydrolysis on Rad51 nucleofilament should
be very different from that on RecA.

0.02
0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12
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Christine Ellouze, Hye-Kyung Kim, Kazuhiro Maeshima, Eimer Tuite, Katsumi Morimatsu, Toshihiro Horii, Kell
Mortensen, Bengt Norden, and Masayuki Takahashi. Biochemistry 44,13524 (1997).
2
Ogawa et al., Science 259, 1896 (1993).
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2.7.8

A Small-Angle Neutron Scattering (SANS) Study of Aggregates Formed From
Aqueous Mixtures of an Anionic and a Cationic Surfactant

M. Bergstrom, J. S. Pedersen, Condensed Matter Physics and Chemistry Department, Riso National
Laboratory, Denmark and P. Schurtenberger, Institute for Polymers, ETH, Switzerland
Several different samples of sodium dodecyl sulphate (SDS, anionic surfactant) and dodecyl
trimethylammonium bromide (DTAB, cationic surfactant) in D2O at 40 °C in the absence of added
salt, have been studied using small-angle neutron scattering (SANS). The surfactant molar ratios of
SDS and DTAB ranges between 15:85-40:60 and 60:40-85:15 and the total amount of surfactants
between 0.125 and 5 wt %. The scattering data was fitted by various models for geometrically differently shaped particles using conventional least-squares methods. Small unilamellar vesicles were
found in the very dilute samples of compositions 15:85-25:75 and 75:25-85:15 whereas larger oligolamellar vesicles predominate in the dilute samples further close to equimolar surfactant composition.
When the overall surfactant concentration is increased above 0.25-1.0 wt %, depending on composition, we observe clear indications of transitions from either small unilamellar vesicles to micellar aggregates or from larger oligolamellar vesicles to lamellar sheets. In connection with this the transition
from rod-shaped micelles, via disk-shaped micelles, to large lamellar sheets is observed as the surfactant composition approaches equimolarity both from compositions of 15:85 and 85:15, at a fixed
overall surfactant concentration above the limit where no vesicles form. The structure factor used for
the comparatively highly charged micelles was derived by Hayter and Penfold1 from the OrnsteinZernike equation and the rescaled mean spherical approximation. The experimental results can be
rationalised by a simple thermodynamical model. In particular, the observed abrupt transition from
small disk-shaped micelles to almost infinitely large lamellar sheets, as the surfactant composition is
slightly changed towards equimolarity at a certain overall surfactant concentration is theoretically
predicted. We have further characterised the vesicle size distributions by means of combining the
SANS data with static light scattering data, obtained at ETH, and fitting with a vesicle model in
which a structure factor for sticky hard spheres was used. Hence, we conclude that an attractive interaction between the vesicles at short distances results in the formation of small clusters of vesicles.
The sizes of the vesicles was found to be in the range 350 A < <R> < 650 A and the relative standard
deviation of the (number weighted) size distribution OR/<R> = 0.25 - 0.35.
1000
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Fig. 1. A ternary diagram showing the regimes of different microstructures found from the analysis of our SANS
measurements: uni or oligolamellar vesicles (V), cylindrical rod-shaped micelles (MR), disk-shaped micelles (MD)
and stacks of lamellar sheets (L)
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Fig. 2. Normalised scattering intensity as a function of
scattering vector q for samples with a surfactant molar
ratio [SDS]:[DTAB] = 85:15 (lower data) and 80:20 and
an overall surfactant concentration of 1.0 wt %. The lines
represent the results from fits with models for a spherocylinder (lower data) and an oblate spheroidal disk.

Hayter, J. B.; Penfold, J., Molec. Phys. 42,409 (1981).
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2.7.9

A Small-Angle Neutron Scattering (SANS) Study of Aggregates Formed From
Mixtures of an Anionic and a Cationic Surfactant in Brine

M. Bergstrom, J. S. Pedersen, Condensed Matter Physics and Chemistry Department, Riso National
Laboratory, Denmark, P. Schurtenberger, Institute for Polymers, ETH, Switzerlandand S. U. Egelhaaf, Institute Laue-Langevin, France
We have performed SANS measurements of various samples of the anionic surfactant sodium dodecyl sulphate (SDS) and the cationic surfactant dodecyl trimethylammonium bromide (DTAB) in a
solution of 0.1 M NaBr in D2O at 40 °C at the instrument at Ris0 as well as at the D22 spectrometer
at ILL. The scattering data was fitted by various models for geometrically differently shaped particles
using conventional least-squares methods. At the surfactant molar ratios [SDS]:[DTAB] = 10:90 and
90:10 cylindrical micelles were observed at all measured overall surfactant concentrations (0.125 wt
% < [SDS] + [DTAB] < 1.0 wt %). For samples where [SDS]:[DTAB] = 15:85, 20:80, 80:20 and
85:15 we observed a transition from small unilamellar vesicles to cylindrical micelles as the overall
surfactant concentration was increased. The transition was observed to occur between 0.05 and 0.1
wt % (80:20 and 85:15) and between 0.125 and 0.25 wt % (15:85 and 20:80), i.e. at about five
times lower surfactant concentration than for the corresponding cases in the absence of added salt.
At both [SDS]:[DTAB] = 25:75 and 30:70 a vesicle/micelle transition was observed to occur between 0.25 and 0.50 wt % surfactant. At [SDS]:[DTAB] = 75:25 the transition appeared at about
0.25 wt % whereas vesicles were seen to predominate in the entire range of measured concentrations
(0.125 wt % < [SDS] + [DTAB] < 1.0 wt %) at [SDS]:[DTAB] = 70:30. There is an evident increase in micelle size as the equimolar anionic/cationic surfactant composition is approached. When
model fitting the ILL data for the samples which was best fitted with a vesicle model, we used a
structure factor for sticky hard spheres. Accordingly, we conclude that the vesicles attract each other
at short distances in order to form small clusters of aggregates. It still remains to analyse most of the
samples measured at Ris0 and those of the ILL samples in which micelles were found in more detail.
However, it is clear that the lowest Rvalue we were able to measure at Ris0 is not sufficiently low in
order to observe any higher order vesicle aggregates.
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Fig. 1.
Normalised scattering intensity as a function of scattering vector q for a sample with a surfactant molar ratio [SDS]:[DTAB] = 20:80 and an overall surfactant concentration 0.125 wt % measured at
D22 at ILL. The lines represent the results from a fit with a model for polydisperse spherical vesicles with
a structure factor for sticky hard spheres. Half the bilayer thickness is % = 14.0 A, (he average vesicle radius <R> = 420 A, and the relative standard deviation for the number weighted size distribution oR/<R> =
0.37.
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2.7.10

Conductivity and Small-Angle Scattering study of percolation phenomena in ionic
microemulsions.

Lise Arleth and Jan Skov Pedersen, Condensed Matter Physics and Chemistry Department, Riso
National Laboratory, Denmark.
Ionic and non-ionic microemulsions are normally expected to have opposite dependences between
temperature and microstructure. Non-ionic microemulsions consists of surfactant covered oil droplets
in water at low temperatures and surfactant covered water droplets in oil at high temperatures. Whereas
ionic surfactants consists of water droplets in oil at low temperatures and oil droplets in water at high
temperatures. In both cases an oil-water bicontinuous structure can be formed in a temperature range
between the two droplet domains'. This phaseinversion has been modelled by Arleth and Marcelja2
and in order to test the model the conductivity and small-angle neutron scattering of AOT/water/isooctane microemulsions have been measured as function of temperature for different compositions of
the microemulsions.
At room temperature the conductivity is very low and approximately equal to that of pure iso-octane.
When heating the microemulsions the conductivity increases by almost three orders of magnitude
within a very narrow temperature range and ends at the higher level (figure 1). This temperature
dependence of the conductivity suggests that at low temperatures the microemulsion consists of small
surfactant covered water droplets in oil whereas at higher temperatures a water continuous structure
is formed.
We expected that the dramatic change in the microstructure suggested by the conductivity measurements would be reflected in small-angle neutron scattering data. We were therefore very surprised to
observe that according to the neutron scattering experiments there is practically no change in the microstructure of the microemulsions (figure 2). This suggests that not all ionic microemulsions follows
the general behaviour suggested above.
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Fig. 1. The conductivity as function of temperature for two different AOT/water/iso-octane microemulsions. A : 0.4 vol water, 0.4 vol isooctane and 0.2 vol AOT. o : 0.2 vol water, 0.7 vol
iso-octane and 0.1 vol AOT.

Fig. 2. The small angle neutron scattering of
the AOT/water/iso-octane microemulsion with 0.4
vol water, 0.4 vol iso-octane and 0.2 vol AOT for
three different temperatures. + : t = 20°C, o : t =
30°C, A : t = 38°C.

'See e.g. R. Strey, ColloidPolymSci 272:1005-1019(1994)
This report, contribution 2.7.2
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2.8.1

The phase behavior of binary blends of symmetric diblock copolymers

C. M. Papadakis, K. Mortensen, Department of Condensed Matter Physics and Chemistry, Riso
National Laboratory, and D. Posselt, IMFUFA (Department of Mathematics and Physics), Roskilde
University
Compositionally symmetric diblock copolymers in the bulk (i.e. without solvent present) form a
disordered melt or a microphase-separated, lamellar structure, where the lamellar thickness increases
with chain length.1 Blends of symmetric diblock copolymers of different lengths have experimentally
been found to phase separate macroscopically for chain length ratios below ca. 0.2 and large
amounts of short copolymers.2 In the macrophase-separated state, lamellar domains containing nearly
all long chains and a certain amount of short chains coexist with lamellar or disordered domains
consisting of the remaining short chains. The one-phase state may either be lamellar with the short
chains preferentially residing at the interfaces of the lamellar structure formed by the long chains or
disordered.3
In the present work, we have studied the miscibility of symmetric polystyrene-polybutadiene diblock
copolymers as a function of chain length ratio and mixing ratio. As we previously have characterized
the parent copolymers thoroughly1, we are able to compare our results quantitatively to current
theories3 (Fig. 1). Using small-angle neutron scattering (SANS), we have determined the lamellar
thicknesses of the structures formed. Above a certain volume fraction of short chains, the lamellar
thickness of the domains rich in long copolymers is found to be constant, and Bragg-peaks from the
domains rich in short copolymers appear (Fig. 2). In this way, we have determined the conditions for
macrophase-separation (Fig. 1). They are consistent with theory for chain length ratios of 0.12 and
0.15. For a chain length ratio of 0.062, theory overestimates the amount of short copolymers which
can be dissolved in the matrix of long copolymers, and vice versa. With these blends, we also
observe that the polystyrene and the polybutadiene parts of the lamellae in the domains rich in long
copolymers are not equally thick, indicating asymmetric solubility of the short copolymers in these
two lamellar parts.
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Fig. 1. Theoretical phase diagram for binary blends of
symmetric diblock copolymers. Reproduced from Ref. 3.
The full and the dashed lines denote phase transitions
between the different states. L stands for lamellar and
DIS for disordered. The circles indicated the blends
studied in the present work: Filled circles mark the
blends which were found to be macrophase-separated. x
denotes the Flory-Huggins parameter and Ni the chain
length of the long copolymers.
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Fig. 2. Semi-logarithmic representation of azimuthally
averaged SANS spectra from blends having a chain
length ratio of 0.15. The curves are shifted vertically. The
volume fractions of short copolymers are given on the
right. Plusses: Parent copolymers, open circles: blends in
the fully mixed state, filled circles: macrophase-separated
blends. The lines are fits of Lorentz-functions convoluted
with the resolution function of the instrument.

CM. Papadakis, K. Almdal, K. Mortensen, and D. Posselt, Journal de Physique II France 7, 1829 (1997).
e.g. T. Hashimoto et al., Macromolecules 26, 2895 (1993).
3
M.W. Matsen, J. Chem. Phys. 103, 3268 (1995).
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2.8.2

The dynamics of an asymmetric diblock copolymer system

CM. Papadakis, K. Almdal, K. Mortensen, Condensed Matter Physics and Chemistry Department,
Riso National Laboratory, P. Stepanek, Institute of Macromolecular Chemistry, Academy of
Sciences of the Czech Republic, Prague
The dynamic processes in diblock copolymers in the bulk are still under intensive discussion. So far,
most studies have been carried out using dynamic light scattering on symmetric diblock copolymers.
With symmetric low molar-mass diblock copolymers in the disordered state, various dynamic
processes (modes) have been observed and have been assigned to the diffusion of long-range
heterogeneities (clusters), single-chain diffusion, the diffusion of adventitious homopolymers,
undulations of the lamellar interfaces, the rotation of stretched chains or of transient lamellar
domains, and the segmental reorientational dynamics.1 In the lamellar state formed by symmetric
diblock copolymers, the chains preferentially diffuse such that the junction points between the two
blocks remain in the lamellar interface.2 As the lamellar morphology is birefringent1, it is not possible
to distinguish which dynamic processes give rise to depolarized scattering.1
In the present work, we have investigated the dynamics of an asymmetric poly(ethylene propylene)poly(dimethylsiloxane) (PEP-PDMS) diblock copolymer, which forms a cubic lattice of micelles
consisting of PEP in a PDMS-matrix. As cubic structures are not birefringent, we can identify the
dynamic processes giving rise to depolarized dynamic light scattering and in this way gain
information on the role of chain stretching. Both in the disordered and the ordered state, we observe
four modes. The slowest mode, attributed to cluster diffusion in the disordered state, becomes very
slow and broad in the ordered state, where we assign it to the dynamics of ordered domains. The
second-slowest mode is diffusive both in the disordered and the ordered state and might be due to
single-chain diffusion. The amplitude of the (diffusive) second-fastest mode decreases
discontinuously at the order-to-disorder transition upon cooling into the ordered state. The
amplitude of the fastest mode increases upon cooling into the ordered state, and this mode is only
diffusive in the ordered state. In the disordered state, only the fastest mode gives rise to depolarized
scattering, indicating that, here, it is related to chain stretching. In the ordered state, however, only
the second-slowest mode gives rise to depolarized scattering, which is not fully understood. These
observations indicate that the two fastest modes are of different origin in the ordered and the
disordered state. The dynamics of this asymmetric diblock copolymer thus prove to be complex.

Fig. 1. Distribution of relaxation times, T, measured at
different temperatures at a scattering angle of 90° in the
polarized geometry. The cluster mode on the slow side has
been subtracted. The curves are shifted vertically.

1

CM. Papadakis, W. Brown, R.M. Johnsen, D. Posselt, and K. Almdal, J. Chem. Phys. 104, 1611 (1996). P.
Stepanek, K. Almdal and T.P. Lodge, J. Polym. Sci., Polymer Phys. Ed. 35, 1643 (1997).
2
e.g. M.C. Dalvi and T.P. Lodge, Macromolecules 26, 859 (1993).
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2.8.3

Novel Combined Main- and Side-Chain Azobenzene Polyesters for Third-Order
Nonlinear Optical (x(3)) Polymer Waveguides

F. Sahldn, T. Geisler, S. Hvilsted, Condensed Matter Physics and Chemistry Department, Ris0
National Laboratory, Denmark and P. S. Ramanujam, Optics and Fluid Dynamics Department, Ris0
National Laboratory, Denmark
Novel combined main- and side-chain azobenzene polyesters are being prepared, based on previously
made azobenzene-polyester-chemistry,1'2 with the aim of making polymer waveguides showing thirdorder nonlinear optical effects.
The field of nonlinear optics opened up with the development of the laser in the 1960s. Nonlinear
optical media, in contrast to 'normal' linear optical media, do not behave linearly with respect to the
electric field component of the incident light This may result in that: optical properties of the
medium (refractive index, absorbtion coefficient etc.) can be changed by the optical intensity, the
frequency of light can be altered while it traverses the medium, and light can interact with (control)
light. Today, optical technology is using increasing numbers of active optical devices. Such devices
modulate light, for example, switching the path of the light rapidly or alter the wavelength of light to
increase capacity of optical storage.3
In all-optical intergrated circuits, for example, light must be guided in waveguides, which readily are
made in polymer materials. We are combining waveguiding properties with third-order nonlinear
optical (x(3)) properties in novel azobenzene polyesters, trying to succeed in controlling light by light
in waveguids. To combine these two properties we incorporate x(3)-active chromophores in the mainchain, while chromphores in the side-chain enable us to 'write' waveguids into our polymers. This is
achieved by using polarized laser light causing a trans-cis-trans photoisomerization of the
azobenzene in the side-chain, thereby aligning the chromophores and creating a non-isotropic
refractive index.
The syntheses of the monomers and polymers are under progress and the x (3) - act i v ity of one
promising chromophore has been measured to a relatively high value.
O

Fig. 1. Schematic representation of a combined main- and side-chain polyester, where the x(3)-active chromophore is
located in the main-chain and an azobenzene, which can undergo trans-cis-trans photoisomerizalion, is located in the
side-chain.

1
2
3

S. Hvilsted, F. Andruzzi, C. Kulinna, H.W. Siesslerand P. S. Ramanujam, Macomolecules 28, 2172 (1995)
W. Kdhler, D. R. Robello, C. S. Willand and D. J. Williams, Macromolecules 24,4589 (1991)
A. Buckley, Adv. Mater. 3, 153 (1992)
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2.8.4

Mesomorphic Phase Behaviour of Low Molar Mass PEP-PDMS Diblock
Copolymers as Related to Composition and Temperature

M.E. Vigild, S. Ndoni, K. Mortensen, K. Almdal, Condensed Matter Physics and Chemistry
Department, Ris0 National Laboratory, Denmark, I.W. Hamley, School of Chemistry, University of Leeds, U.K., J.P.A. Fairclough, A.J. Ryan, Department of Chemistry, University of
Sheffield, U.K.
The mesoscopic phase behaviour was investigated in a low molar mass diblock copolymer model
system of poly(ethylene-a/£-propylene)-poly(dimethylsiloxane) (PEP-PDMS). Combining temperature controlled rheology, for the precise identification of order-disorder and order-order
transitions, and small-angle x-ray and neutron scattering measurements, for the identification
of phase symmetry, the morphology diagram illustrated in Figure 1 was constructed, which
indicates the stable phases in terms of degree of segregation (xN ~ T" 1 ) and composition
(/PEP, i.e. volume fraction of PEP). All the classical phases expected in diblock copoly''"'""I'"'"' " 1 "
mer systems were identified: The
phase of spherical domains of mi50nority component blocks arranged
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anionic polymerization and are
'PEP
of molar masses in the range 6000
Figure 1: The morphology diagram of PEP-PDMS
- 13000 g/mol, which is equivalent
where Rg is the radius of gyration
to Ginzburg parameter values of A^ ~ 1000. [N =
and V is the contour volume of one diblock molecule). At / ~ 0.2 the system forms the
BCC phase, which is in contradiction to theory that predicts that the BCC phase should not
be present for values of the Ginzburg parameter N < 104. This study shows an unpreceded
identification of a transition from the HEX phase to the G phase (upon heating) for compositions at / < 0.5. Presently work is done to establish whether this is an equilibrium phase
transition or rather a result of complex kinetical effects not fully understood. For samples at
compositions / > 0.5 transitions from LAM to HPL to G are found upon heating. It is shown
that the HPL phase is unstable with respect to the G phase (see section 2.8.6), and so the
HPL window probably defines the true limits for the stability of the G phase.
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2.8.5

Transformations to and from the Gyroid Phase in a PEP-PDMS Diblock
Copolymer Measured by High Resolution SAXS

M.E. Vigild, K. Almdal, K. Mortensen, Condensed Matter Physics and Chemistry Department,
Ris0 National Laboratory, Denmark, I.W. Hamley, School of Chemistry, University of Leeds,
U.K., J.P.A. Fairclough, A.J. Ryan, Department of Chemistry, University of Sheffield, U.K.
The multiple phase behaviour of a poly(ethylene-a/£-propylene)-poly(dimethylsiloxane) (PEPPDMS) diblock copolymer blend of average volume fraction (/) = 0.69, was studied by smallangle x-ray scattering using the synchrotron facility at the Daresbury Laboratory, Warrington,
U.K. Upon heating this sample forms the following four phases before it disorders at 175 °C:
At -8 °C is transforms from the lamellar (LAM) phase to a metastable hexagonal perforated layered (HPL) phase, at 41 °C it transforms from the HPL to the gyroid (G) cubic
phase of IaZd symmetry, and
at 83 °C it transforms from
the G phase to the hexagonal
(HEX) phase. Figure 1 shows
SAXS patterns during a shearheat cycle that takes the sample from the HPL state to the
G phase and partly reverse.
-0.1
The sample was mounted in a
custom made shear cell that
facilitated manual shear alignment and the passage of the xray beam through kapton windows. The scattering from the
sample as mounted is shown
in (a). After shear alignment
the scattering pattern shown
in (b) develops, which clearly
shows the resulting orientation
of the sample yielding a highly
anisotropic scattering pattern.
No shear, 25°C
No shear, 64°C
This pattern is not fully underFigure 1: SAXS patterns from a shear-heat cycle.
stood nor indexed, but can be
interpretated as resulting from a alternating sequences of ABAB.. and ABCABC... stacking
of hexagonally perforated layers. Heating the sample to 64 °C the sample transforms epitaxially into the G phase and shows the scattering pattern in (c) which is characteristic of the
laZd structure (see section 2.S.7). Upon cooling a very complex scattering pattern (d) results
which can be seen as a superposition of the patterns in (b) and (c). This means that the HPL
structure partly reappears upon cooling and coexist with the G phase. This is a surprising
result and was not possible to detect from rheological measurements alone.
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2.8.6

Simultaneous SANS and in-situ Rheology Measurements of Phase Transitions in a PEP-PDMS Diblock Copolymer

M.E. Vigild, K. Almdal, K. Mortensen, Condensed Matter Physics and Chemistry Department,
Ris0 National Laboratory, Denmark,
For the first time the macroscopic properties of a polymer have been correlated in real
time with its structural characteristics. This was done to study the complex phase
behaviour of a poly(ethylene-a/£-propylene)-poly(dimethylsiloxane) (PEP-PDMS) diblock
copolymer. The mechanical properties of different ordered phases in diblock copolymer melts
are often significantly different, and rheology is a well suited technique to detect transitions between such ordered phases. A Rheometrics RSA 11 rheometer was modified and
installed on the small
angle neutron scattering
(SANS) beamline at the
research reactor DR3 at
Ris0. This setup offers a unique possibility to perform simultaneous scattering and insitu rheological experiments. Figure 1 shows
correlated data — in this
case a phase transition
from one ordered phase
to another in a sample
of PEP-PDMS of 0.69
volume fraction PEP. The
scattering pattern shown
in inset 1 is characteristic of a perforated lamellar (HPL) structure. The
sample was left to equilibrate at 40 °C, while
Figure 1: Simultaneous SANS and rheology data.
t h e s i m u l t a neous SANS
and rheology data were collected. Structural changes are detectable after approximately 2
hours as the off meridional peaks in inset 3 have changed position compared to insets 1 and
2. The rheology data shows the storage modulus G' and the loss modulus G" of the sample.
The storage modulus G' increases after the structural change has appeared and the transition
seem to be complete after approximately 10 hours. The sample gives a 10 spot scattering
pattern typical of the gyroid morphology of Iadd symmetry (see section 2.8.7). These data
show that the HPL state is unstable with respect to the gyroid phase at 40 °C.
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2.8.7

Mesomorphic Crystallographic Measurements of the Structure in a PEPPDMS Diblock Copolymer

M.E. Vigild, K. Almdal, K. Mortensen, Condensed Matter Physics and Chemistry Department,
Ris0 National Laboratory, Denmark,
The bicontinuous cubic phase (gyroid) of IaZd symmetry is observed in samples of poly(ethylenea//-propylene)-poly(dimethylsiloxane) (PEP-PDMS) diblock copolymer melts. When this
phase is grown in samples previously in other phases, an epitaxial
growth of the gyroid phase can be
observed. The 2D scattering pattern from such samples shows 10
azimuthally resolved spots of first
order reflections (see sections 2.8.5
and 2.8.6.). This scattering pattern cannot be explained as resulting from one projection of the gyroid morphology. The characteristic 10 spot gyroid pattern turns
out to originate from a directional
alignment of individual single crystal domains of the sample. The
sample is a 2D powder with the
[111] crystallographic directions of
single crystal domains aligned in
parallel with the shear direction of
the previously applied shear, but
otherwise randomly rotated round
the [111] direction. This is illustrated in Figure 1, which shows a
model of the reciprocal space together with experimental 2D SANS
data. A free rotation of the 24 first
order reflections ()211() round the
[111] direction gives five rings in reciprocal space as shown in (a). The
scattering plane is the x - z plane
and the neutron beam is conducted
down the y-axis. The x-axis indicates the direction of the previously
applied shear. In the original position the five "Bragg rings" intersect the x - y scattering plane in
Figure 1: Mesoscopic crystallography.
1Q S?Q^
explaining t h e scattering
pattern. Upon a rotation of 20° (b) of the [111] director in the x - y plane the rings intersect
the scattering plane yielding an eight spot pattern. A 45° rotation (c) yields six spots, and
a 90° rotation (d) results in a ring of scattering. A rotation round the x-axis of the sample
positioned as shown in (a) did not result in any change of the azimuthally positioning of the
spots, which confirms the sample to be a 2D powder.
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2.8.8

Polarimetric Investigation of Materials with both Linear and Circular Anisotropy

L. Nikolova, I. Naydenova, T. Todorov, Central Laboratory of Optical Storage and Processing of
Information, Bulgarian Academy of Sciences, Bulgaria, F. Andruzzi, CAT?, Chemical Engineering
Department, University of Pisa, Italy, S. Hvilsted, Condensed Matter Physics and Chemistry
Department, Rise National Laboratory, Denmark, and P.S. Ramanujam, Optics and Fluid Dynamics
Department, Rise National Laboratory, Denmark
The light propagation through materials with both linear and circular anisotropy have been
investigated. We have found a relation of the amplitude and polarization transfer functions to the
four anisotropic characteristics: linear and circular birefringence and linear and circular dichroism.
The experiments have been performed on films of the side-chain liquid crystalline polyester:
poly(2-[8-[4-[4-(cyanophenyl)azo]-phenoxy]-octyl]-l,3-propylenetetradecanedioate), P8al2. The
films are illuminated with an elliptically polarized 488 nm radiation from an argon ion laser with
different ellipticities. The Stokes parameters Sj out (j = 0, 1, 2, 3) of a weak HeNe probe beam at
633 nm are measured after passage through the film. We find that when the existing beam is
elliptically polarized, circular anisotropy is induced in the films in addition to linear anisotropy.
Table 1 summarizes the results of the measurements.1
Table 1. Results for films illuminated with various ellipticities
Ratio of circular to linear
dichroism
Ak cir /Ak lin

Ellipticities of
exciting light
e

Ratio of circular to linear
birefringence

0

0

0

0.2

0.17

0.18

0.7

1.28

1.8

0.97

2.96

10.0

An

ci/

An

lin

It is seen that the ratio of circular to linear anisotropy increases with increase in the exciting light
ellipticity. The determination of the optical constants of materials with both linear and circular
anisotropy is of importance for the design, analysis and synthesis of new optical polarization
elements such as polarization holographic gratings, beamsplitters and multiplexers.

1

I. Naydenova, L. Nikolova, T. Todorov, F. Andruzzi, S. Hvilsted, P.S. Ramanujam, J. Modern Opt. 44, 1643
(1997)
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2.8.9

An Analysis of the Anisotropic and Topographic Gratings in a Side-Chain Liquid
Crystalline Polyester

N.C.R. Holme, P.S. Ramanujam, Optics and Fluid Dynamics Department, Rise National
Laboratory, Denmark, L. Nikolova, Central Laboratory of Optical Storage and Processing of
Information, Bulgarian Academy of Sciences, Bulgaria, and S. Hvilsted, Condensed Matter Physics
and Chemistry Department, Rise National Laboratory, Denmark
Within the last two years it has become evident that thin films of azobenzene containing polymers
in general generate surface relief gratings upon the action of two interfering laser beams. Deep
surface relief gratings with a large aspect ratio have considerable potential as holographic optical
elements. We have recently reported the observation of strong surface relief features in an
azobenzene side-chain liquid crystalline polyester irradiated with two orthogonally polarized laser
beams in a polarization holographic set-up.1
The particular case studied dealt with a poly(2[6-[4-[4-(cyanophenyl)azo]-phenoxy]-hexyl]-l,3propylenetetradecanedioate), P6al2. Films of P6al2 with a typical thickness of 1.5 \Lm are spincoated onto glass substrates and exposed to two orthogonally circularly polarized beams at 488 nm
from an Argon ion laser. Both an anisotropic grating and a surface relief grating are found to result.
A weak, plane-polarized HeNe laser beam at 633 nm is used to measure the diffracted power in
various orders. The first-order diffracted beam is then passed through a Wollaston prism. Through
a measurement of the horizontal and vertical polarization contribution to the diffracted beam, it is
possible to separate the contribution to the diffraction efficiency into an anisotropic part and a
surface relief part.2 When the HeNe beam is vertically polarized, the intensities of the two beams
after the Wollaston prism are given by:
I vv = I a + be' 5 0 1 2 = a2 + b 2 + 2ab cos80 and Ivh = a2
where a = sin(Acp)/2 and b = cos(A(p)J,(Ay). A(p and A\j/ are the phase differences due to anisotropy and surface relief, respectively, in the films. Ji(A\y) is the first order Bessel function of the
first kind in A\j/. 5o accounts for a possible phase shift between the anisotropic and surface relief
gratings. When illuminated with a horizontally polarized probe beam, the intensities are given by:
I hv = a2 and Ihh = I-a + bei8° | 2 = a2 + b 2 - 2ab cos80
Thus by measuring the intensities Iw, Ivh. Ihv> and Ihh we can find the phase shifts A(p and A\|f.
Fig. 1 shows the calculated values of the anisotropy, A(p, and the phase difference due to surface
relief, A\j/, as a function of time for two different incident intensities. It is seen that the gratings due
to anisotropy and surface relief arise at the
(b)
same time. We also find strongly polarization
75 mW
dependent surface relief pattern. We believe
that the surface relief appears due to a modulation of the magnitude and direction of interfacial tension between regions illuminated with
~ 0.6 <
light of different polarization.
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Fig. 1. Calculated values of the anisotropy, A<p, and the
phase difference due to surface relief, Ay, as a function of
time, (a) for an incident intensity of 140 mW/cm2 and (b)
for an incident intensity of 1060 mW/cm2.

P.S. Ramanujam, N.C.R. Holme, S. Hvilsted, Appl. Phys. Lett. 68, 1329 (1996)
N.C.R. Holme, L. Nikolova, P.S. Ramanujam, S. Hvilsted, Appl. Phys. Lett. 70, 1518 (1997)
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2.8.10

Holographic Gratings in Azobenzene Side-Chain Polymethacrylates

L. Andruzzi, A. Altomare, F. Ciardelli, R. Solaro, Department of Chemistry and Industrial
Chemistry, University of Pisa, Italy, S. Hvilsted, Condensed Matter Physics and Chemistry
Department, Rise National Laboratory, Denmark, and P.S. Ramanujam, Optics and Fluid Dynamics
Department, Rise National Laboratory, Denmark
Polymers with pendant azobenzenes moieties in the side chains are potentially useful as materials
for optical information storage. Attractive features of these systems are the high birefringence
obtainable due to polarized laser beam irradiation and the erasability of the induced anisotropy on
irradiation with circularly polarized light. However, it seems that all the azobenzene containing
polymers exhibit a surface relief grating in addition to a birefringent grating (see also section 2.8.9),
when irradiated with two polarized light beams. The magnitude of the surface relief seems to vary
between the different systems. One of the aims of the current investigation is to examine the surface
relief introduced in the material as a function of the concentration of the azo dye.
Optical storage of thin unoriented liquid crystalline and amorphous side-chain azobenzene
polymethacrylates are examined through polarization holographic measurements. The investigated
materials are various copolymers obtained by free radical polymerization of two photochromic
monomers, l-methacryloxy-6-(4-oxy-4'-cyanoazobenzene)hexane (n = 6 in Fig. 1) or 1-methacryloxy-8-(4-oxy-4'-cyanoazobenzene)octane (n = 8) and a non photochromic optically active
comonomer, (-)-menthyl methacrylate; the fundamental composition of the copolymers is shown in
Fig. 1. The thermal behaviour and phase transitions of the polymers have been investigated in detail
through differential scanning calorimetry and polarizing optical microscopy. Atomic force
microscopy investigations have been carried out on the polarization holographic gratings recorded in
the polymethacrylate films. A surface relief grating has been found to appear in all the films after
irradiation. Surprisingly the copolymers with 50-75% dye content exhibit the largest surface relief
on the order of 1.2 \im in films originally 4 p.m thick. The stored information is partially erasable in
the copolymers characterized by an azo dye content of 75-100% by heating the samples up to 80
°C. In the low azo dye content copolymers the optical information is not thermally erasable up to
80 °C.
CH3

CH3

-fCH2-C-]m-fCH2-C-]p—

c=o

c=o

1

Figure 1. Fundamental composition of investigated copolymers.
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2.8.11

Models of Photoinduced Anisotropy and Formation of Surface Reliefs in Liquid
Crystalline Azobenzene Side-Chain Polyesters

T.G. Pedersen, P.M. Johansen, N.C.R. Holme, P.S. Ramanujam, Optics and Fluid Dynamics
Department, Rise National Laboratory, Denmark and S. Hvilsted, Condensed Matter Physics and
Chemistry Department, Riso National Laboratory, Denmark
Thin films of liquid crystalline azobenzene side-chain polyesters respond rapidly to irradiation with
polarized laser light. A number of interesting phenomena is observed. Thus, it has been shown that
both bulk anisotropy1 and surface relief structures2 are developed. Moreover, it has very recently
been demonstrated that anisotropy and surface reliefs arise at the same time,3 a detailed description
is provided in section 2.8.9.
In view of the importance of such materials for optical information storage a closer theoretical look
into these observations has been taken. A theoretical framework for the temporal behaviour of
photoinduced anisotropy in liquid crystalline azobenzene side-chain polyesters has been
constructed.4 The domain structure of the material has been taken into account and inter-molecular
interactions are included via a mean-field description. Photoinduced trans <-> cis isomerization is
taken as the dominating source of chromophore reorientation events and it is demonstrated how this
mechanism in conjunction with the multi-domain picture is able to account for the long-term
stability of the anisotropy. Using a truncated basis method the photoinduced birefringence has been
calculated and in addition the photo-stationary solution has been obtained. Comparison between
theory and experiment shows excellent agreement in the entire range of intensities used
experimentally.
Likewise a mean-field model of the photoinduced surface reliefs in these polyesters has been
developed.5 It is demonstrated that photoinduced ordering of dye molecules subject to anisotropic
inter-molecular interactions leads to mass transport even when the intensity of the light is spatially
uniform. Theoretical profiles are obtained using a simple variational method and excellent agreement
with experimental surface reliefs recorded under various polarization configurations is found.
Furthermore, the polarization dependence of both period and shape of the profiles is correctly
reproduced by the model.

1
2
3
4
5

N.C.R. Holme, P.S. Ramanujam, S. Hvilsted, Appl. Opt. 35, 4622 (1996)
P.S. Ramanujam, N.C.R. Holme, S. Hvilsted, Appl. Phys. Lett. 68, 1329 (1996)
N.C.R. Holme, L. Nikolova, P.S. Ramanujam, S. Hvilsted, Appl. Phys. Lett. 70, 1518 (1997)
T.G. Pedersen, P.M. Johansen, N.C.R. Holme, P.S. Ramanujam, S. Hvilsted, J. Opt. Soc. Am. B, accepted (1997)
T.G. Pedersen, P.M. Johansen, N.C.R. Holme, P.S. Ramanujam, S. Hvilsted, Phys. Rev. Lett., accepted (1997)
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2.8.12 Effect of Pressure on Thermal Orderparameter Fluctuations and Phase Boundaries
in Polymer Blends and Diblock Copolymers
Kell Mortensen, Kristoffer Almdal, Condensed Matter Physics and Chemistry Department, Ris0
National Laboratory, Roskilde, Denmark. Dietmar Schwahn, Henrich Frielinghaus Institute fiir
Festkorperforschung, Forschungzentrum Jiilich, Germany.
In the homopolymer blends which has been studied up to the present, the spinodal transition
temperature changes in all cases to higher values when exposed to hydrostatic pressure. This
concerns upper critical (UCST) as well as lower critical solution temperature (LCST) type of
systems, and can be understood as a result of the vanishing entropic part of the Flory-Huggins
segmental interaction parameter'.
In block-copolymer systems the order-disorder transition temperature, TODT, have also shown
marked pressure dependence. It appears, however, that the pressure dependence is rather diverging,
with both positive and negative slopes of 7ODT versus P. While poly(butadiene)-poly(isoprene), PBPI and poly(styrene)-poly(isoprene) PS-PI copolymers have positive slope, the poly(ethylene
propylene)-poly(ethylene ethylene), PEP-PEE , is negative, for example. Most unusual is the phase
behavior of poly(dimethylsiloxane), PDMS-systems, showing first a decreases in 7ODT and then an
increase. This has been seen in PEP-PDMS of various molecular sizes, as well as in PEE-PDMS.
Some examples of the P7-phase diagram of various diblock copolymers are shown in the figure.
The divergent behavior of 7ODT versus P reflects that the free energy of the system is determined by
critical competition between entropic and enthalpic terms. By careful analysis of the scattering
function, we have studied the temperature and pressure dependence of the Flory-Huggins parameter,
and thereby shown that the initial lowering of the critical temperature reflects large increase in the
entropic part of this parameter.
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Fig.l Pressure dependence of various diblock
copolymers: PB-PI, PS-PB, PEP-PDMS, and
PEP-PEE
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1

Kell Mortensen, Kristoffer Almdal, Dietmar Schwahn, Henrich Frielinghaus Macromolecular Symposia 121:245
(1997).
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2.8.13 From Micelles to Randomly-Connected, Continuous Membranes in Dilute Block
Copolymer Blends \
Richard J. Spontak, Jonathan H. Laurer, Department of Materials Science & Engineering, North
Carolina State University, Jennifer C. Fung, John W. Sedat, David A. Agard, Biophysics, University
of California, San Francisco, Steven D. Schmit, Proctor and Gamble Co. Cincinnati, Oh., Jon
Samseth, Institute for Energy Research, Kjeller, Norway, Kell Mortensen Condensed Matter
Physics and Chemistry Department, Ris0 National Laboratory, Denmark.
As macromolecular surfactants, diblock copolymers order into a variety of morphologies in the
presence of a parent homopolymer, including both microshpase separated ordered structures and
macrophase separated domains of ordered and/or disordered systems. Here, we probe the effect of
chemical incompatibility and interfacial rigidity on the morphology of copolymer/homopolymer
blends at constant blend composition. Five copolymers, each processing a random sequence
midblock that is varied from 0 to 40 wt.% of the copolymer molecular weight, was synthesized at
Proctor and Gamble for this purpose. The resulting copolymer had the architecture
(SSS

SSS)-(IISISSIIS...ISSIISI)-(III...III)

where S and I represents styrene and isoprene monomers, respectively. In dilute, homopolymer rich
blends, copolymer micelles are observed, in agreement with the scattering data shown in the figure,
and transmission electron micrographs 1. For higher content of the midblock random S/I-bloc
complex bilayer morphologies, including both vesicles and the anomalous isotropic sponge phase,
are observed. Small-angle neutron scattering provides a quantitative assessment of characteristic
microstructural dimensions, while transmission electron microtomography yields, for the first time,
three-dimensional images of the randomly connected, bilayered membranes compromising the
sponge phase.
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Jonathan H. Laurer, Jennifer C. Fung, John W. Sedat, David A. Agard, Steven D. Schmit, Jon Samseth, Kell
Mortensen and Richard J. Spontak. Langmuir 13 2177 (1997).
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2.8.14. Polymeric Bicontinuous Microemulsions
Kristoffer Almdal, Kell Mortensen, Dept. of Solid state Physics and Chemistry, Ris0 National
Laboratory, Denmark, Frank .S. Bates, Wayne .W. Mauer, Paul M. Lipic, Mark A Hillmyer, Dept.
of Chemical Engineering and Materials Science, University of Minnesota, USA, Glenn H.
Fredrickson, Dept. of Chemical Engineering, University of California, Santa Barbara, USA, Tim P.
Lodge, Dept ofChemistry, University of Minnesota, USA
High molar mass block copolymers can be viewed as macromolecular surfactants when blended
with thermodynamically incompatible homopolymers. A bicontinuous microemulsion have been
identified in mixtures of a model diblock copolymer and the homopolymers1. Although the
development of this equilibrium morphology is attributed to fluctuation effects, mean-field theory
provides a quantitative strategy for preparing the bicontinuous state at blend compositions near an
isotropic Lifshitz-point. We have studied a mixture of equal size poly(ethylene) (PE) and
poly(ethylene propylene) (PEP) homopolymer
with equal degrees of polymerisation, N-400
and a symmetric PE-PEP diblock copolymer;
N-1925. The experiments where restricted to a
fixed ratio OPE/OP E P=1. Prior work on this
135
system reported critical scattering near the
anticipated isotropic Lifshitz point2. A more
detailed experimental study of this system near
130
the predicted Lifshitz point show a failure of
U
mean-field theory. Mean-field theory anticipates
three
thermodynamic states within the
Disorder
125
experimental
window
covered
by
the
experiments. A single homogeneous disordered
phase a high temperatures; two disordered liquid
^.. Bicontinuous
Lamellar
120
phases rich in PE and PEP, respectively, at high
Microemulsion
OH and low temperatures; and a single ordered
0.80
0.85
0.90
0.95
1.00
lamellar phase at low OH and low temperatures.
V
H
Close to the Lifshitz composition an equilibrium
Phase behaviour of symmetric PE-PEP/PE/PEP mixtures
where <J>H denotes the volume fraction of homopolymer.
Symbols (o) and (•) identify first- and second-order
transitions, respectively, and the curves delineates the
associated phase boundaries. A small two-phase region is

bicontinuous microemulsion is formed. The
composition window where bicontinuous
microemulsion exists have been identified
through small-angle neutron scattering (SANS)
and transmission electron microscopy (TEM).

associated with the dotted line. A mean-field theoretical
calculation, represented by the solid curves in the inset,
locates the unbinding (UT) transition, and two lines of
critical points that converges at an isotropic Lifshitz point
(LP, 0)

F. S. Bates, W. W. Mauer, P. M. Lipic, M. A. Hillmyer, K. Almdal, K. Mortensen, G. H. Fredrickson, T.
P. Lodge, Phys. Rev. Lett., 79, 849-852 (1997)
F.S. Bates, W.W. Mauer, T.P. Lodge, M.F. Schulz, M.W. Matsen, K. Almdal, K. Mortensen, Phys. Rev.
Lett., 75,4429-4432 (1995)
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2.8.15 A high-temperature cubic morphology in triblock copolymer gels.
Kell Mortensen, Kristoffer Almdal, Condensed Matter Physics and Chemistry Department, Ris0
National Laboratory, Denmark, Ralf Kleppinger, Nikolai Mischenko, E. Theunissen, Harry
Reynaers, Catholic University, Leuven, Belgium, M.H.J. Koch, EMBL, DESY-Laboratory,
Hamburg, Germany,
Block copolymers formed of two or more incompatible polymer blocks self-assemblies both in the
melts and when dissolved in selective solvents into well defined aggregates which may provide the
basis for networks and ordered mesophases. Triblock copolymers in a solvent, selective for their
middle blocks provide such basis for formation of novel physical networks where the cross-links
are formed by self-assembled domains of the end-blocks. Triblock copolymers of poly(styrene)poly(ethylene butylene)-poly(styrene), SEBS, dissolved in a mixture of aliphatic and alicyclic
compounds constitute such a network system.. We have previously studied this micelle formation
in this system, and measured the structural response to uniaxial stretching1. Using high resolution xray experiments at DESY, we found that within a narrow, high temperature range, these materials
form ordered cubic structures 2. These investigations were extended at Ris0, using a Rheometrics
RSA-2 instrument modified for in situ measurements of small-angle neutron scattering and
rheology, thus providing a unique possibility for detailed understanding the thermodynamics of such
gel. Using large amplitude oscillatory shear, we were in addition able to shear-align this
polycrystalline phase into mono- or twinned domain structure, depending on the detailed shear- and
temperature range. We hereby concluded that the micellar network knots are positioned on a bodycentered cubic (bcc) microstructure. In the figure we display the experimental results of
simultaneous rheological and scattering experiments near the high-temperature order-disorder
transition temperature3'4.
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Fig.l Simutaneous results of scattering and rheology near the order disorder transition in SEBS-gels.

1
2

3

4

N. Mischenko, K. Reynders, K. Mortensen, and H. Reynaers. J. Polymer Science, Polymer Physics 34, 2739 (1996).
R Kleppinger, K. Reynders, N. Mischenko, N. Overbergh, M.H.J. Koch, K. Mortensen, H. Reynaers.
Macromolecules 30 7008 (1997).
R. Kleppinger, N. Mischenko, E. Theunissen, H.L. Reynaers,M.H.J. Koch, K. Almdal, K. Mortensen.
Macromolecules, 30, 7012 (1997).
K. Mortensen, K. Almdal, R. Kleppinger, N. Mischenko, H.L. Reynaers. Physica B, in press.
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2.8.16 Structural properties of bulk and aqueous systems of PEO-PIB-PEO triblock
copolymers as studied by small-angle neutron scattering and cryo-transmission
electron microscopy.
Kell Mortensen, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory,
Denmark, Yeshayahu Talmon, Department of Chemical Engineering, Technion-Israel Institute of
Technology, Haifa, Israel, Bo Gao, J0rgen Kops, Department of Chemical Engineering, Technical
University of Denmark, Lyngby Denmark.
The phase behavior of a low molecular weight (Mw=6000) symmetric triblock copolymer of
poly(ethylene oxide) and poly(isobutylene), PEO-PIB-PEO, in the bulk as well in aqueous, D2O,
solutions has been studied using small-angle neutron scattering and cryo-transmission electron
microscopy. In aqueous solutions PEO-PIB-PEO self-associates into micelles. At low polymer
concentration, the micelles have predominantly thread-like form, with lengths of typically 1-2000A.
Those coexist, however, with spheroidal micelles of similar diameter. For polymer concentration
above roughly 20 wt.% the aggregates probably have more disc-like shape, as the micelles
organize in lamellar structure. The 30 wt% solution forms a bulk lamellar structure which, upon
shear, organizes in a mono-domain crystal. The bulk, PEO-PIB-PEO block copolymer forms at low
temperatures a lamellar ordered phase induced by the PEO-crystallization into lamellar sheets of
PEO-chains, presumably in helical form with a single fold. In a temperature regime near the
transition temperature of Tc = 45 °C, the PEO-chains unfolds, giving rise to significant swelling of
the lamellar system. Above Tc = 45 °C, a strong correlation peak is observed corresponding to that
observed in amorphous block copolymer systems, but it is still not clear whether this peak reflects
strong concentration fluctuations of a disordered phase, or the Bragg scattering of an ordered
mesophase of amorphous blocks.
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K. Mortensen, Y. Talmon, B. Gao, J. Kops. Macromolecules 30 6764 (1997).
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2.8.17. Influence of Shear on a Lamellar Triblock Copolymer Near the OrderDisorder-Transition
Tom Tepe, Damian A. Hajduk, Mark .A. Hillmyer, Pete A: Weimann, Matthew Tirrell, Frank S.
Bates, Dept. of Chemical Engineering and Materials Science, University of Minnesota, USA,
Kristoffer Almdal, Kell Mortensen, Dept. of Solid state Physics and Chemistry, Ris0 National
Laboratory, Denmark
The effect of a large amplitude (600%) reciprocating steady shear on the lamellae orientation and
the order-disorder transition of a nearly
symmetric
poly(ethylene
propylene)-5 i
i
i
ii
poly(ethylethylene)- poly(ethylene propylene)
disorder j
(PEP-PEE-PEP) triblock copolymer have
been studied using small-angle neutron
scattering and rheological measurements1.
Shearing in the ordered state produced
parallel lamellae under all steady-state
conditions investigated, and the lamellae-to10 H
.
_
H disorder transition temperature decreased
U
dramatically with increasing shear rate. Both
o
phenomena are qualitatively different from
p
O
the documented behaviour of PEP-PEE
parallel
lamellae
diblock copolymers. However, cooling the
•S 20
disordered material while shearing at a
relatively low deformation rate initially
induces perpendicular lamellae, analogous to
b 25
the diblock response. Experiments were
conducted as either of two types; namely
30heating
while
shearing
(the sample
temperature is changed at a constant rate
35 :
while dy/dt is kept constant) or isothermal
shear jump (at a constant temperature the
O.o
0.5
l.o
1.5
2.0
shear rate is stepped to a value and a steady
Idy/dtl/s*1
state SANS response is recorded). T h e
difference in orientation state (parallel
Order-disorder transitions relative to 7"ODT(dy/dt=0) as a
lamellae versus disordered) of the sample can
function of shear rate. 82% triblock sample (filled symbols);
be identified through the level of
100% triblock sample (open symbols). Heating while shearing i s o tropically scattered intensity.

J

(squares); isothermal shear jump (circles). The error bars
indicates the shear rate interval in which I(q*) changes between
levels typical from parallel and isotropic levels, respectively.
(dy/dt)x=<Mjl/27t is indicated by a dashed line, co^ is the frequency
at which G' and G" crosses.

T. Tepe, D.A. Hajduk, M.A. Hillmyer, P.A: Weimann, M. Tirrell, F.S. Bates, K. Almdal, K. Mortensen:
Influence of Shear on a Lamellar Triblock Copolymer Near the Order-Disorder-Transition. J. Rheoi, 41,
1147-1171(1997)
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2.8.18

The molecular characteristics of polypropyleneimide
intermolecular interactions in acid solutions.

dendrimers,

and

the

Rolf Scherrenberg, Aissa Ramzi, J. Joosten, Josephine Brackman, DSM Research.Geleen, The
Netherlands, Kell Mortensen, Condensed Matter Physics and Chemistry Department, Ris0 National
Laboratory, Denmark.
Dendrimers are synthetic polymeric macromolecules with complex, controlled, architecture. Their
structure is built by repetitive reaction steps starting from a central core under systematic introduction
of branching sites. We have investigated the molecular characteristics of the first five generations of
poly(propylene-imide)-dendrimers (Astramol™) with different types of end groups1, when dissolved
in aqueous systems. The dimensions of these dendrimers increase linearly with the generation, yielding
an approximate R~Mm, where M is the molar mass l. This relationship proves to be independent of
the end-groups investigated, and is, in contradiction to previous expectations, indicative of a compact,
isotropic structure with fractal dimension close to 3. In the figure we show the resulting molar volume
as a function of molar mass, for NH2- and CN-end-groups.
Further studies have focused on the effect of dendrimer concentration and solvent acidity, the forward
scattering, S(q=0), decreases progressively by increasing dendrimer concentration due to interdendrimer interference's, giving rise to a well-defined peak at scattering momentum #=gmax- Upon
increasing dendrimer concentration, a shift is observed in the peak position, qm^, with the empirical
scaling relation qm3X ~ f055*005, which is significant larger than that of a simple packing argument
117
7
~ f . At high ^-values, all data sets collapse to a master curve indicating that the internal structure of
the dendrimers are unaffected by interactions between neighboring molecules. Upon addition of acid,
HC1, the dendrimers become charged, giving rise to a pronounced interference peak. These Coulombinteractions can be screened by addition of either excess acid or salts, in agreement with results
observed on systems of polyelectrolytes.
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Fig.l The dendrimer size versus molar mass for DAB-dendrimer-(NH2)x and DAB-dendrimer-(CN)x.'
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Rolf Scherrenberg, Betty Coussens, Paul van Vliet, Guillaume Edouard, Josephine Brackman, Ellen de Brabander
Kell Mortensen, Macromolecules, in press.
A. Ramzi, R. Scherrenberg, J. Backman, J. Joosten, K. Mortensen. Macromolecules, submitted.
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2.8.19

Neutron scattering study of a polymer electrolyte: PPO-L1CIO4.

Patrik Carlsson, Lena M. Torrell, B. Mattson, Mikael, Kail, Lars Borjesson, B. Gabrys, Department
of Physics, Chalmers University of Technology, Gothenburg, Sweden, Robert L. McGreevy,
Studsvik, Linkoping, Sweeden, Kell Morttensen, Condensed Matter Physics and Chemistry
Department, Ris0 National Laboratory, Denmark.
Polymer electrolytes are regarded as a most promissing material system for the design of
environmentally friendly batteries. The structure and the dynamics of a prototype polymer
electrolyte based on poly(propylene oxide): PPO-LiClO4 and PP0-Mg(C104)2 have been
investigated using small-angle and quasi elastic neutron scattering. For comparison corresponding
studies of pure PPO has also been performed. The diffraction data reveal large structural changes
which are induced by the dopant salt and which may be explained by local segmental ordering and
contraction of neighboring chains via ionic crosslinks. SANS-scattering data of PPO-LiClO4, which
is a highly conducting electrolyte system, shows a low, structure less scattering function revealing
random, uncorrelated salt positions. In the PP0-Mg(C104)2, on the other hand a significant peak
appear in the scattering function. Depending on the concentration ether oxygens per cations, the
peak intensity varies, indicating that the salts induce phase separation on the 80A-length scale into
salt-rich and salt-depleted regimes. The quasi-elastic neutron scattering results indicate further that
the segmental motion of the polymer chains, which have been discussed to be of vital importance
for the ionic mobility slow down considerably when coordinated to cations.

Momentum transfer A- 1

Momentum transfer A- 1

Fig.l Scattering intensity of PPO-LiClO4 and PPO-Mg(ClO4)2. The concentrations are given in ether oxygens per cation.

1

Patrik Carlsson, Lena M. Torrell, B. Mattson, Mikael, Kail, Lars Borjesson, B. Gabrys, Robert L. McGreevy, Kell
Mortensen. Submitted.
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2.8.20

Polarization Holographic Measurements in Thin Films of New Azobenzene SideChain Polyesters

M. Pedersen, S. Hvilsted, Condensed Matter Physics and Chemistry Department, Ris0 National
Laboratory, Denmark, P.S. Ramanujam, N.C.R. Holme, Optics and Fluid Dynamics Department,
Ris0 National Laboratory, Denmark, J. Kops, Department of Chemical Engineering, The Technical
University of Denmark, Denmark

A great variety of materials has been proposed for reversible optical data storage. The possibility of
using a polymer for reversible optical storage was first suggested by Todorov et al.1
Azobenzene side-chain polyesters having different substituents in the para position of the
azobenzene unit have been synthesized in a transesterification process2 and have been investigated
for use in polarization holographic data storage. Diffraction gratings of thin unoriented films were
recorded in a two-beam set-up3 in order to measure the diffraction efficiency.
The copolyester (P6abl2) prepared from a mixture of CN- and NCVsubstituted azobenzene diols
(see section 2.9.6) resulted in the highest first-order diffraction efficiency (above 70 %).
Films spincoated from different copolymer concentrations have been exposed with a 50 mW argon
ion laser (488 nm) for 60 s with a simultaneous read-out of the diffracted power from a 5 mW HeNe
laser (633 nm). In Figure 1 the diffracted HeNe power is depicted as a function of time together with
the measured thicknesses of the films. In Figure 2 the maximum diffraction efficiency (steady state)
as a function of film thickness is depicted. It is clear that the diffraction efficiency depends strongly
on the film thickness, especially if the thickness is close to 3 fim in this polymer system. The
explanation for the decrease in diffraction efficiency (observed for the film thicker than 3.1 ^im) is a
decrease in transmission observed when the phase difference caused by birefringence is exceeding
71/2.
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Figure 1. Diffracted HeNe power as a function
of time in films of P6abl2.
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Figure 2. Diffraction efficiency (%) of films
of P6abl2 as a function of film thickness.

Todorov.T., Nikolova, L., Tomova, N., Appl. Opt. 23,4309 (1984)
M. Pedersen: "New Azobenzene Side-Chain Polyesters for Optical Information Storage", Ph. D. Thesis,
Technical University of Denmark (1997)
P.S. Ramanujam et al., Polymers for Advanced Technologies, 7,768 (1996)
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2.8.21

Polymerization of PDMS with Allyllithium and 1-Butenyllithium as Initiators

Ji Zhou, Walther Batsberg Pedersen, Lotte Nielsen, Kristoffer Almdal, Condensed Matter Physics
and Chemistry Department, Riso National Laboratory, Denmark
To prepare a functional star-shaped poly(dimethylsiloxane) ( PDMS ), living PDMS with a vinyl
group at one end has been designed as the starting step. This requires a initiator which contain such
a functional group. Allyllithium has been obtained by treating allyltriphenyltin with phenyllithium
in diethyl ether, based on a tin-lithium exchange reaction ( Fig. 1 ); whereas 1-butenyllithium has
been synthesized by reacting 4-bromo-l-butene with /-butyllithium also in diethyl ether, based on a
halogen-lithium exchange reaction (Fig. 2 ). 1/1 allyltriphenyltin/phenyllithium and 1/1.5 4-bromol-butene//-butyllithium are imperative for the formations of allyllithium and 1-butenyllithium,
without the interferences of phenyllithium and /-butyllithium.

CH2=CH-CH2Sn(C6H5)3 + C6H5Li ->
CH2=CH-CH2Li + Sn(C6H5)4
Fig. 1 Formation of allyllithium

CH2=CH-CH2-CH2Br + 2 C(CH3)3Li ->
CH2=CH-CH2-CH2Li + CH2=C(CH3)2 + CH(CH3)3 + LiBr
Fig. 2 Formation of 1-butenyllithium

Both PDMSs initiated by allyllithium
and 1-butenyllithium with low molar
masses ( 1,500 g/mol ) have been
characterized by ! H NMR. The result
demonstrates that the PDMSs have the
molar masses as expected, containing a
vinyl group at one end. Fig. 3 shows the
size exclusion chromatography ( SEC )
curve of the PDMS with molar mass
26,000 g/mol, initiated by allyllithium.
The distribution of the molar mass is
narrow, with Mw/Mn = 1.01.
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Fig. 3 SEC curve of PDMS initiated by allyllithium
in THF and terminated by methanol
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2.8.22

Preparation of allyldimethylsilanol

Ji Zhou, Walther Batsberg Pedersen, Kristoffer Almdal, Condensed Matter Physics and Chemistry
Department, Rise National Laboratory, Denmark
Silanols have been studied for more than 50 years . Many kinds of silanols have been obtained by
the hydrolysis of siloxymagnesium halides, which are formed by treating silicones with magnesium
alkyl- or aryl- halides in a boiling water bath or at much higher temperatures 3 . In our work,
allyldimethylsilanol has been prepared. Hexamethylcyclotrisiloxane ( D3 ) and magnesium
allylchloride have been chosen as starting compounds ( Fig. 1 ). The hydrolysis of ( I ) produces
allyldimethylsilanol. However, the yield is low. The investigations of the reaction conditions
demonstrate that the formation of ( I ) is optimized at 20°C for 48 hr. Fig. 2 shows the high
performance liquid chromatography ( HPLC ) curve of allyldimethylsilanol. Peak A arises from the
synthesized allyldimethylsilanol. The yield of the silanol does not vary while the values of pH
change between 1.5 and 7 in the hydrolysis.
Allyldimethylsilanol is a smell and colorless liquid. It is an acid, soluble in many organic solvents.

(CH3)2
.Si _
(CH:J)2Si,

S

CH3
3 CH2=CH-CH2MgCl -> 3 CH 2 =CH-CH 2 -Si-O-MgCl
CH3

(I)
Fig. 1 Formation of allyldimethylsiloxymagnesium chloride

Fig. 2 HPLC curve of allyldimethylsilanol
1

L. H. Sommer, E. W. Pietrusza, F. C. Whitmore, J. Am. Chem. Soc, 68(4), 2282-2284, 1946
Robert O. Sauer, J. Am. Chem. Soc., 66, 1707-1710, 1944
3
F. S. Kipping, J. E. Hackford, J. Am. Chem. Soc, 99, 138-145, 1911
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2.8.23

Artificial Muscles: Polymer Based Actuators.

P. Sommer-Larsen, E. Smela, I. Johannsen, Condensed Matter Physics and Chemistry Department,
Rise National Laboratory, Denmark, K. West, S. Skaarup, Department of Chemistry, Technical
University of Denmark, Denmark, P. Gravesen, Danfoss A/S, Denmark
Actuators deliver force to effect movement. Motors, solenoids, and pneumatic systems are the
actuators commonly utilised in machinery today. In most living beings, muscles are the actuators.
Muscles move smoothly and are very well controlled. They are able to adapt to a variety of
requirements ranging from explosive movement - large forces and large strokes - to slow, smooth
movements.
Numerous industries would benefit from a synthetic actuator that performs more like a muscle.
Examples of applications include flexible and dexterous robot hands, instruments for minimally
invasive surgery, micro-mechanical systems, and advanced consumer products. Presently available
actuators have a number of disadvantages for such applications; for example, they often have a
range of movement that is too small, require high voltage or high power, or are too large or heavy.
The department have examined the feasibility of polymeric materials for actuator purposes in
collaboration with DTU and Danfoss A/S. As a consequence, the three partners have launched a
four year R&D project partially funded by the THOR programme.1
The feasibility study concluded that two classes of materials fulfil the demands required by
actuators for precision mechanical and manufacturing automation applications. These are
conjugated polymers and electrostrictive rubbers or gels. Actuators made from the latter class of
materials is based on electrostatic contraction of an elastic polymer film. From the
phenomenological point of view, the actuators behave electrostrictively.
Electrostriction is the second order term in the relation between strain and
applied field. The first order term describes piezoelectricity. High
electrostrictive coefficients - as have been measured in polymer gels and
in certain rubbers - enhance the response of the actuators, but they do not
rely on materials showing electrostriction. The actuators are termed
Figure 1: Dielectric
dielectric elastomer actuators. As illustrated in figure 1, they are formed
elastomer actuator unit.
by an elastic thin film sandwiched between two compliant electrodes. At
sufficiently high electric fields, the elastic film is compressed by the electrostatic forces between the
electrodes. Simultaneously, the actuator expands in the plane of the electrodes. It is possible to get a
macroscopic response in these directions even for a film thickness as small as 1 micron, for instance
by rolling a tube from the film (see figure 2).

Tube

Roll

Fig. 2. Actuator configurations. The stack actuator contracts whereas the tube and the roll actuator expand.

1
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2.8.24 Micelles as Equilibrium Polyelectrolytes: Determination of the Persistence
Length using Small-Angle Neutron Scattering
Peter Schurtenberger, Luigi Cannavacciuolo, ETH Zurich, Switzerland, Jan Skov Pedersen,
Ris0 National Laboratory, Denmark
The effect of electrostatic interactions on the flexibility of polyelectrolytes has been the subject of intense experimental and theoretical investigations and resulted in highly controversial
results. The problem with most polyelectrolytes is their rather weak scattering power when
performing SANS or SAXS experiments. This is not the case for wormlike micelles, and we
therefore use aqueous solutions of polymer-like micelles "doped" with ionic surfactants which
can serve as ideal model systems for "equilibrium polyelectrolytes". We have started a systematic study of the structural properties of aqueous solutions of polymerlike micelles formed by
the nonionic surfactant Ci6E6 doped with a small amount of ionic surfactants (C^SC^Na). In
a first step we have conducted an investigation of the influence of ionic strength on the micellar
flexiblity for a constant linear charge density (constant weigh ratio [Ci6SO3Na]/[Ci6Ee] = 0.06).
At the same time we have started a series of Monte Carlo simulations on semi-flexible polyelectrolyte chains using a discrete representation of the wormlike chain model1 with interactions
described by a hard-core potential combined with a screened Coulomb potential in order to
study the influence of electrostatic interactions on the persistence length lp. A typical set of
SANS data for a surfactant concentration of 0.4 mg/ml at 4 different values of the ionic strength
is given in Fig. 1 in a 'Holtzer-plot', ql(q) vs. q. In such a representation, the crossover from
the asymptotic behavior for flexible chains (I(q) oc q~1'7) to that characteristic for rigid rods
(I(q) oc q'1) is clearly visible at around qlv » 1.9 for sufficiently large ratios of Z///p, where
L is the micellar contour length. While we have not yet performed a complete analysis of the
data at different surfactant concentrations using our recently developed numerical expressions
for the scattering funtion of wormlike chains with excluded volume effects2 in order to obtain
accurate numbers for lp, the data in Fig. 1 indicates the expected increase of lp with decreasing
salt content.
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Fig. 1. SANS data for aqueous solutions of Ci6E6 doped with ionic surfactant
= 0.06) at a total surfactant concentration of 0.4 mg/ml and 4 values of the ionic strength ([NaCl]
top to bottom: 0.05 M, 0.01 M, 0.007 M, 0.004 M).
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J.S. Pedersen, M. Laso, and P. Schurtenberger, Phys. Rev. E 54, R5917 (1996).
J.S. Pedersen and P. Schurtenberger, Macromolecules 29, 7602 (1996).
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2.8.25 A SANS Study of Segmentwise Deuterated Polystyrene Stars in a Good
Solvent and in a Theta Solvent
Jan Skov Pedersen, Sokol Ndoni, Kristoffer Almdal, Ris0 National Laboratory, Denmark, Stefan
U. Egelhaaf, Institute Laue-Langevin, Peter Schurtenberger, ETH Zurich, Switzerland
Six-, three- and two-armed polystyrene PS stars have been prepared by anionic polymerization1.
The arms have a molecular weight of about 100000 corresponding to about 120 statistical
segment (Kuhn) lengths per arm. In addition to the fully hydrogenated stars, partially labeled
stars were prepared my making each arm a di- or a tri-block of deuterated and hydrogenated PS.
Stars with the inner third, the middle third and the outer third hydrogenated were prepared
with the aim of studying the non-uniform expansions in a good solvent and residual steric
interactions caused by the star center in a theta solvent. During the last two years measurements
on all three types of stars in the good solvent d-tetrahydrofuran (d-THF) have been performed
at the Ris0 SANS instrument. In addition the the six-armed stars were measured in the theta
solvent d-cyclohexane. Fig. 1 shows the results for the fully hydrogenated star in both THF
and cyclohexane. A pronounced change in the scattering function is induced by the change in
the solvent quality. The full curves are results of Monte Carlo simulations on star polymers,
where the individual arms are described by a Kratky-Porod type model 2 ' 3 . For the THF the
excluded volume interactions are taking into account by placing hard spheres along the arms
with radius R/b = 0.1, where b is the Kuhn length. For the theta solvent simulations, the
excluded volume interactions were simply neglected. The relatively good agreement between
measurements and simulations shows that the residual steric interactions close to the star center
in the theta solvent are quite small for the present arm length. The Ris0 measurements cover
the q range down to 0.007 A" 1 for the THF measurements, which is not sufficiently low to give
good information on the overall size of the expanded stars in a good solvent. We have therefore
performed additional measurements on all four types of stars in both THF and cyclohexane at
the ILL. These data covers the q range down to about 0.002 A" 1 for THF and 0.004 A" 1 in
cyclohexane, which is sufficient to determine the overall size of the stars. The processing and
analysis of the ILL data is in progress.
10 3

Fig. 1. Scattering functions for fully hydrogenated six-armed stars in a good solvent (left/lower data) and a theta solvent.
The full curves are from Monte Carlo simulations.
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S. Ndoni, J.S. Pedersen, and K. Almdal (1996). Annual Progress Report of the Department of Solid
State Physics. Ed. M. Jorgensen et al., Ris0-R-933(EN), p. 116.
2
J.S. Pedersen, M. Laso, and P. Schurtenberger, Phys. Rev. E 54, R5917 (1996).
3
J.S. Pedersen and P. Schurtenberger, Macromolecules 29, 7602 (1996).
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2.8.26 A SANS Study of the Scattering Functions of Semidilute Solutions of
Polystyrene
Jan Skov Pedersen, Ris0 National Laboratory, Denmark, Peter Schurtenberger, ETH Zurich,
Switzerland
We have previously performed Monte Carlo simulations on semidilute solutions of semiflexible
chains1 on a model which describes the single chain properties of polystyrene PS 2>3. In this
work1 the scattering functions and the concentration dependence of the forward scattering
5(0) (inversely proportional to the osmotic compressibility) and the correlation length £ were
determined as a function of the reduced concentration X — I60I2M/9 oc c/c*, where c is
the polymer concentration, A2 the second virial coefficient, M the polymer mass, and c* the
overlap concentration. The parameters 5(0) and £ were found to be in good agreement with
renormalization group theory (RGT) calculations4. In order to check the applicability of the
model to semidilute solutions of PS we have performed a series of SANS measurements on
PS in d-toluene. The scattering functions for molecular weights of 2900, 13000, 28500, 68000,
120000 and 350000 were determined as a function of the polymer concentration c from about
0.55 g/ml down to concentrations below c*. For a Kuhn length of 20 A the molecular weights
correspond to contour lengths of L/b = 3.9,15,35,81,153 and 382, respectively which are in
the same range as the contour lengths used in the simulations. The forward scattering and the
correlation length were determined from the low q part of the data. The normalization of 5(0)
and the second virial coefficient were determined from a virial extrapolation of the forward
scattering, and 5(0) was plotted as a function of the reduced concentration X. Fig. 1 shows
that the data for different chain lengths scales perfectly and furthermore agree with the RGT
result of Schafer4. The data for £ were also normalized using a virial type extrapolation and
plotted versus X. The data also scales nicely (Fig. 2), however with characteristic deviations
for the data points for concentrations c > 0.2 g/ml. Similar deviations were found for the
simulation results1. Further analysis of the full q dependence of the scattering functions is in
progress.
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J.S. Pedersen, M. Laso P. Schurtenberger (1996). Annual Progress Report of the Department of
Solid State Physics. Ed. M. Jprgensen et al., Ris0-R-933(EN), p. 21.
2
J.S. Pedersen, M. Laso, and P. Schurtenberger, Phys. Rev. E 54, R5917 (1996).
3
J.S. Pedersen and P. Schurtenberger, Macromolecules 29, 7602 (1996).
4
L. Schafer, Macromolecules 17, 1357 (1984).
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2.8.27

Microfabrication with Conjugated Polymers

Elisabeth Smela, Condensed Matter Physics and Chemistry Department, Matthias Kallenbach and
Jens Holdenried, Fakultdt fur Maschinenbau, TU Ilmenau, Germany, , Yvette Kaminorz, Inst. Solid
State Physics, Univ. of Potsdam, Germany, Olle Inganas, Applied Physics, Linkoping University,
Sweden
Conjugated Polymer Micro-Actuators
Electrochemical oxidation/reduction of polypyrrole (a conjugated polymer) results in a change of its
volume of a few percent because of ion diffusion in or out of the polymer. These materials can
deliver substantial force, but in an aqueous electrolyte the required potentials are only between
approximately -1 V and +0.2 V (vs. Ag/AgCl). The volume change is converted to bending in a
bilayer structure, in which an inert metal such as gold is the second layer. The bilayers can serve as
hinges to lift other, rigid structures. Such devices can be miniaturized using silicon
microfabrication technology.
Figure 1. Silicon plates were etched
free from the wafer using reactive ion
etching. Conjugated polymer hinges
rotate the plates out of the plane of the
wafer. The oblique views are of the top,
hinge side of the wafer during actuation.
The plates have pyramidal-shaped
undersides due to isotropic etching.

Surface Emitting Conjugated Polymer Light Emitting Diodes
Conjugated polymers are semiconductors, and can therefore emit light by electroluminescence when
a voltage is applied. Light emitting diodes (LEDs) normally have a sandwich structure in which
light is emitted through one transparent electrode, typically indium tin oxide (ITO) on glass. It
would be advantageous to integrate a light source on silicon. Our approach was to use a structure in
which both electrodes were underneath the polymer. Such devices were fabricated and successfully
emitted light. In addition, they were used for basic studies. For example, the effect of oxygen
exposure was studied, the region of light emission was determined, and the effect of electrode
material and geometry was investigated.

LIGHT
electrodes

emitting
polymer

Figure 2. Cross sectional view of the
structure of a surface light emitting diode.
Electrodes were micro-fabricated on silicon
or glass, and the polymer cast over them.
Light was emitted up from the surface.

silicon
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2.8.28

Plasma Oxidation of PDMS Investigated with X-ray Reflectometry.

Erik Mejdal Lauridsen, Niels Bent Larsen, Patric Jannasch, Condensed Matter Physics and
Chemistry Department, Riso National Laboratory, Denmark.
Plasma treatment is a commonly used method for changing the properties of a polymer surface. The
processes involved are complex, and highly dependent on the exact conditions applied in the plasma
chamber. In order to obtain a better understanding of the influence of the individual parameters on
the thickness and degree of oxidation, we considered it informative to investigate a model system in
detail.
We have chosen polymer films of polydimethylsiloxane (PDMS, MW= 10000) as our model systems.
These films are produced by spin coating a solution of PDMS in chloroform on top of a substrate
yielding a film thickness of approximately 500 nm. These samples are treated in a rf plasma using
varying conditions including oxygen pressure, dissipated power and duration of treatment.
The primary effect of the plasma treatment is a change in the electron density within the upper region
of the film due to oxidation. This variation in the electron density is investigated by measuring the
specular reflectivity from the PDMS film, using the rotating anode at Ris0 at an energy of 8.05 keV.
As show in Figure 1, x-ray reflectometry can detect these relatively small changes in electron density.
Preliminary data analysis indicates that 10 minutes plasma treatment, with an oxygen pressure of 0.5
mbar and a dissipated power of 20 W, results in an oxide layer thickness of approximately 20 A.

0.2
0.3
q [r.l-ul

0.4

Figure 1: Left: The measured reflectivity curve for a PDMS-film spin coated on a silicon wafer. Circles correspond to
the nontreated film, and crosses to a plasmatreated film. Right: The same data set normalised to the Fresnel
reflectivity for clarity.
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2.9.1

Small Azobenzene Molecules for Holographic Data Storage

P. H. Rasmussen, S. Hvilsted, F. C. Krebs, M. Jergensen, R. H. Berg, Condensed Matter Physics
and Chemistry Department, Rise National Laboratory, Denmark, P. S. Ramanujam, Optics and Fluid
Dynamics Department, Rise National Laboratory, Denmark. A. Archut, F. Vogtle, Kekule-Institut
fur Organische Chemie und Biochemie, Germany
Optical holographic storage technology presently suffers from an absence of practical materials. We
have recently designed an entirely novel class of azobenzene peptides (DNO), which, by a number
of measures, performs better than materials currently investigated as optical-holographic-storage
media.1 Specifically, holograms with extraordinarily high diffraction efficiency and good thermal
stability can be produced in peptide films only a few micrometres thick. By other technologically
important measures, however, the performance of present DNOs does not fulfill practical needs. In
particular, the response time is long. The potential of this approach therefore expands considerably
with the finding that the response time can be accelerated by orders of magnitude by
conformationally constraining the backbone in a small DNO molecule. We have shown that such a
"rigid" DNO can be recorded on in hundreds of milliseconds.2 To our knowledge, this is much faster
than previously reported for an organic material in which stable holograms can be recorded and
erased optically. Another important result is that the rigid DNOs are soluble in solvents compatible
with peptide synthesis. Thus they can be prepared by solution-phase synthesis which is
mandatory for large-scale fabrication. By contrast, previous DNOs could only be prepared by solidphase synthesis which is difficult (or impossible) to scale up to more than milligram quantities.
As an extension of this work, we are currently investigating the possible use of other small and
rationally designed, rigid azobenzene molecules, e. g., calixarene-based ones, as holographic recording
materials. Furthermore, a collaboration has been initiated to examine the holographic recording
properties of small dendritic azobenzene molecules.

1

R. H. Berg, S. Hvilsted, and P. S. Ramanujam, Nature 383, 505 (1996)
2 P. H. Rasmussen, P. S. Ramanujam, S. Hvilsted, and R. H. Berg, submitted for publication.
^ A. Archut et al., Eur. J. Chem., in press.
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2.9.2

Organometallic Creatinine Receptor

M. Jergensen, Condensed Matter Physics and Chemistry Department, Riso National Laboratory,
Denmark and L. Hoffensets, Technical University of Denmark, Denmark
Creatinine is an important molecule in the blood that indicates how well the kidneys function. The
concentration of creatinine is therefore constantly monitored in seriously ill patients. Current
methods lack specificity and are subject to interference from other blood components. Since
creatinine is a small well defined molecule with few functionalities it is an obvious target for
synthetic receptors based on supramolecular interactions. We have found that creatinine binds
reversibly to a complex between Cu2+ and glycylglycine with a visible color change (See Fig. 1).
Creatinine forms three weak bonds with the receptor through a nitrogen-copper interaction and two
hydrogen bonds. This makes the receptor specific for creatinine. The glycylglycine-Cu2+ compound
was further elaborated with various N-terminal arylmethyl groups to create a series of artificial
receptors. Binding studies showed that the arylmethyl groups further enhanced the binding strength
of the receptor especially for the naphthylmethyl compound.
CH 3
N

H

N

Creatinine
Fig. 1. Binding of creatinine to the receptor.
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Fig. 2. Bindingconstants for various
arylmethyl derivatives of the receptor and
creatinine
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2.9.3

Calixarene Based Receptors for Nitroarenes

M. Jorgensen, Condensed Mater Physics and Chemistry Department, Rise National Laboratory,
Denmark
In the past few years we have investigated a class of bowl shaped molecules called calixarenes that
are well suited as templates for preparing host molecules. ' New efficient procedures have been
found to substitute the calixarenes at the so-called upper rim with bromine to lithium exchange
followed by reaction with electrophiles.2 Building on this work the calixarene was extended at two
opposite positions with arylamide groups to form a deep cavity that could include guest molecules.3
In this work the calixarene has been extended with two /?ara-phenylenedimine groups. These
groups are good electron donors that can interact with electron acceptors such as 1,3,5trinitrobenzen or 2,4,6-trinitrotoluene (TNT) and form charge transfer complexes (see Fig. 1).

NO,

Calixarene host
with two opposite
electron donor groups

Trinitro toluene (TNT)
electron acceptor

Guest molecule sanwiched
in the host

Fig. 1. Calixarene host molecule forms charge transfer complex with TNT guest molecule.

The binding constants for various nitroarenes like TNT with the receptor were measured by NMR
-l
titration experiments and found to be in the range of 2 - 6 M ' .

1

2
3

See contributions 2.9.5 to 2.9.8 in the last years Annual Progress Report of the Department of Solid State Physics 1
January- 31 December 1996, ed. M. Jorgensen, K. Bechgaard, K.N. Clausen, R. Feidenhans'l and I. Johannsen.
M. Larsen and M. Jergensen, J. Org. Chem. 61,6651 (1996)
M. Jargensen, M. Larsen, P. Sommer-Larsen, W. B. Petersen and H. Eggert. J. Chem. Soc, Perkin Trans. 1. 2851
(1997)
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2.9.4. Purification of 2,3>6,7,10,ll-hexamethoxytriphenylene and Preparation of
hexakiscarbonylmethyl
and hexakiscyanomethyl
derivatives
of
2,3,6,7,10,11-hexahydroxytriphenyIene.
F. C. Krebs, N. C. Schi0dt, W. Batsberg and K. Bechgaard, Condensed Matter
Physics and Chemistry Department, Rise National Laboratory, Denmark.
2,3,6,7,10,11-Hexamethoxytriphenylene (1) was subjected to an improved
purification
procedure
and
demethylated
to
give
2,3,6,7,10,11hexahydroxytriphenylene (2) which can be stored as the relatively stable trihydrate.
Compound 2 was alkylated with a-halocarboxylic acid derivatives and ctchloroacetonitrile to give 2,3,6,7,10,1 l-hexakis(cyanomethyl)triphenylene (3),
2,3,6,7,10,1 l-hexakis(N,N-diethylcarbamoylmethyloxy)
triphenylene
(4)
and
2,3,6,7,10,1 l-hexakis(ethoxycarbonylmethyloxy)triphenylene (5). Reduction of 4
gave 2,3,6,7,10,1 l-hexakis(diethylaminoethyloxy)triphenylene (6) and reduction of 5
followed by acetylation gave 2,3,6,7,10,11-hexakis (acetyloxyethyloxy)triphenylene
(7). Hydrolysis of 5 gave 2,3,6,7,10,11-hexakis (carboxymethyloxy)triphenylene (8).
Compound 8 could be converted to its corresponding active N-hydroxysuccinimide
ester
to
give
2,3,6,7,10,ll-hexakis(N-succinimidyloxycarbonylmethyloxy)
triphenylene (9). Compound 9 was reacted with glycine-t-butyl ester, L-phenylalanine
and L-phenylalanine-t-butyl
ester. This gave
2,3,6,7,10,11-hexakis(N-(tbutyloxycarbonylmethyl)carbamoylmethyloxy) triphenylene (10), 2,3,6,7,10,11hexakis(N-(carboxybenzylmethyl)carbamoyl
methyloxy)triphenylene (11) and
2,3,6,7,10,11 -hexakis(N-(t-butyloxycarbonyl-benzylrnethyl)carbamoylmethyloxy)
triphenylene (12).'

OR

OH

RO

HO

OH
3 (R = CH2CN)
4(R = CH2CON(Et)2)
5 (R = CH2COOEt)
6(R = CH2CH2N(Et)2)
7(R = CH2CH2OAc)
8 (R = CH2COOH)
9 (R = CH2COONHS)
10 (R = CH2CO-Gly-/Bu)
11(R = CH2CO-Phe)
12(R = CH2CO-Phe-/Bu)
Krebs, F.C.; Schiodt, N.C.jBatsberg, W.jBechgaard, K. Synthesis, 1997, 1285-1291.
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2.9.5

Organometallic Catalysed Polymerisation

A. Faldt, M. Jorgensen, K. Almdal, Department of Solid State Physics, Riso National Laboratory,
Denmark, C. McKenzie, University ofOdense, Denmark.
Since the discovery that certain transition metal complexes have the ability of catalysing the
polymerisation of ethene1 and propene there has been an extensive research within this field of
interest. In the beginning, the catalyst was heterogeneous but soon soluble organometallic catalysts
were developed. These soluble catalysts were primary based on cyclopentadienyl-substituents
(derived as Cp) that were derivatised in a number of ways in order to produce more or less isotactic
polypropene. The cyclopentadienyl-functionality has been used either as an independent unit or as a
part of a larger aromatic system, e.g. fluorene or indene. The typical transition metal used are
titanium (Ti), zirconium (Zr) and in some degree hafnium (Hf). The catalytic activity increases
normally in the order Zr > Hf > Ti but the activity also depend on the used monomer.
We attempted to synthesise N,N'-bis(TMS)ethylenediamine titaniumdichloride (where TMS are
trimethylsilane) which was reported2 to have a surprising high activity when initiated with MAO
(methylaluminoxane) towards ethylene. This would be very interesting since this compound do not
have any Cp-ligands. However, these types of compounds are very air and moisture sensitive and
the synthesis therefore require the use of a glove-box. Another problem concerning the
polymerisation reaction are that normally the reaction are performed in bulk monomer but ethylene
and propene have a very large partial pressure at room temperature which demands that you have
access to an autoclave reaction vessel. Since this is not the case, we have now turned to the
synthesis of less air and moisture sensitive compounds. The original idea was to use calix[4]arene
as a ligand in order to examine whether the known ability of calix-arenes to perform complexes
with solvents (CHCI3, benzene etc.) also could be used to arrange the monomer selectively and
thereby increasing the amount of stereo-isomeric polymers. One target molecule can be pictured in
Figure 1 and this is presently being prepared.

R=

OPr

OPr

Fig. 1

1
2

Ziegler.K.; Holzkamp.E.; Breil.H.; Martin,H.; Angew.Chem.Int.Ed.Engl:, 19 (20); 541-547; 1955
Tinkler.S.; Deeth,RJ.; Duncalf.D.J.; McCamley.A.; Chem.Comm.; 2623-2624; 1996
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2.9.6

Functional Liquid Crystalline Diols - Potential Photochromic Material Building
Blocks

M. Pedersen, S. Hvilsted, Condensed Matter Physics and Chemistry Department, Rise National
Laboratory, Denmark, and F. Andruzzi, CAT?, Chemical Engineering Department, University of
Pisa, Italy
An extensive range of mesogenic 2-azobenzenealkoxy-l,3-propanediols with different substitution
on the azophenyl and varying alkyl spacer length have been prepared.1 This new class of liquid
crystalline (LC) diols is very versatile and challenging due to both chemical and physical
functionality. The chemical functionality is furnished by the reactive diol terminal. The physical
functionality, on the other hand, is provided by the azobenzene moiety able to undergo trans-cistrans conformational changes in response to external light sources e.g. laser irradiation. This latter
property is the fundamental feature in optical information storage process due to the resulting
material local change in refractive index. A number of these mesogenic diols have already been
incorporated into the corresponding polyesters resulting in a range of useful optical storage
materials.1'2
A very thorough study of the phase behaviour was undertaking aiming at understanding the
structural influences governing the mesophase nature. A long range of diols with cyano, nitro,
methoxy, hydrogen, methyl, butyl, phenyl, fluoro, chloro, bromo and trifluoromethyl substituents
and varying alkoxy chains have been studied by differential scanning calorimetry (DSC) and
polarizing optical microscopy (POM). Interestingly, the basic prerequisite for liquid crystallinity in
the present case, the rigid rod core of azobenzene, is not alone sufficient to provide LC behaviour.
This is easily seen since the substituted azobenzene precursors, the corresponding phenols, in all
cases are only crystalline compounds. Adding an alkoxy substituent of a certain length is normally
sufficient to promote the LC character. However, even in structures where the LC behaviour is
normally observed (with hexoxy spacer) some substituents e.g. hydrogen and methyl, do not lead to
mesogeniety. Some diols with hexoxy spacer (cyano, methoxy, butyl, and fluoro) are only monotropic (phase behaviour only observable under cooling from isotropic melt) whereas others are
enantiotropic (nitro, phenyl, chloro, bromo and trifluoromethyl). Many diols exhibit both nematic
and smectic A phases. In the bromo diol a smectic E phase (Fig. 1) has been observed and identified
in addition to the smectic A phase. In general, no simple correlation between shape, symmetry, size
and electronegativity of the particular substituent and the corresponding LC character in homologues structures has so far been extracted and established.

Fig. 1. Photomicrographs of optical textures of a thin film of 2-[6-(4-(4-bromophenylazo)phenoxy)hexyl]-l,3-propanediol (bromo diol) observed through crossed polarizers at 320 times magnification, a) Fan-focal conic texture of the
smectic A phase at 145°C formed on cooling (3°C min"1) the isotropic melt from 150°C. b) Paramorphic arced fen-focal
conic texture of the smectic E phase at 87°C obtained on further cooling the fan-focal texture of the smectic A phase.
M. Pedersen, Ph. D. Thesis, Technical University of Denmark, (1997)
P.S.Ramanujam et al, Proc. SPIE 3011, 319 (1997)
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2.10.1

Compound Refractive Optics for the Imaging and Focussing of Long Wavelength
Neutrons

M. R. Eskildsen, K. Mortensen, Ris0 National Laboratory, P. L. Gammel, E. D. Isaacs, D. J.
Bishop, Bell Labs., Lucent Technologies, Murray Hill, USA, and C. Detlefs, Iowa State University,
Ames, USA.
We have designed, built and tested a prototype neutron compound refractive lens (CRL) from ofthe-shelf optical components1. The CRL had a wavelength depedent focal length of 1-6 m, well
matched to small angle neutron scattering geometries. Here one possible utilization would be to
magnify the pattern of scattered neutrons from a sample, shortening the flight path used to spread
the diffraction pattern over the detector.
Refractive optics for neutrons resemble those for visible light in that they rely on the difference in
refractive index 1-n = 8 between air and the lens material. For unpolarized neutrons of wavelength
X, 8 = pbcX2/2n, where p is the density of atomic nuclei. The bound coherent scattering length, bc, is
generally positive and of order 5-10 fin. The refractive index is correspondingly less than one,
making a converging lens concave rather than the familiar convex shape. For a single, symmetric
biconcave lens the focal length isf0 ~ RI2h where R is the radius of curvature of the lens. This focal
length is typically very long (~100 m) as 8 < 1.5xlO"4. However, shorter focal lengths can be
achieved with an array of thin lenses. For N identical elements, the focal length is f=fo/N.
We used an array of 30 spherical biconcave MgF2 lenses intended for 4-5 \±m infrared optics. Each
lens had a diameter of 25 mm, a radius of curvature of 25 mm, and center thickness of 1 mm. For
MgF2, 8 = 8.9x10"5 at X = 10 A, corresponding to a focal length/= 5.2 m. The overall transmission
of this CRL was acceptable, 77% at A, = 9.5 A and 50% at 16 A. A demonstration of the CRL is
shown in figure 1.
The most important measure of a lens system is its gain, defined as the ratio of the intensity in the
focal spot divided by the intensity in a spot of the same area, replacing the CRL with a pinhole.
Gains relative to pinhole optics well in excess of 15 are easily achieved, and the CRL can be
tailored to maximize the gain at any wavelength from 9-20 A.
Neutrons from
velocity selector

"RIS0"-mask made
" '
"
Polariod taken with
from Cd. 0 25 mm.
30 lens CRL.
neutron camera.
Fig. 1. Experimental setup demonstrating the picture forming capabilities of our CRL by imaging a Cd mask onto a
neutron scintillation camera in the focal plane. The photograph in the middle show the 30 element array of lenses
making up the CRL.
M. R. Eskildsen et a!., to appear in Nature.
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2.10.2 Performance of Plastically Deformed Germanium Single Crystal Wafers when used as
Composite Neutron Monochromators
B. Lebech, K. Theodor, S. Aa. Sarensen, Condensed Matter Physics and Chemistry Department,
Rise National Laboratory, Denmark, P. G. Kealey, School of Physics and Space Research, University of Birmingham, UK and B. Hauback, Physics Department, Institute for Energy Technology,
Kjeller, Norway
The facility described in section 2.10.3 was used to deform plastically 120 single crystal germanium
wafers to be used for neutron monochromators. By soldering twenty wafers together using thin tin
foil, six composite germanium single crystal slabs (8 mm thick, 70 mm diameter) were produced.
Eighteen strips cut from five of the composite crystals strips (two wxh = 70x12 mm2 and two 54x12
mm2 strips from each crystal) were mounted in focusing monochromator assemblies and installed as
monochromators at the PUS powder diffractometer at Kjeller
1.50
Finished monochromator - Ge/511
in Norway and at the TAS3 multi purpose diffractometer at
> As sample for perfect monochromator
Lorentzian fit
Ris0 in Denmark. Before making the composite crystals, each
1.25
wafer had been through the following sequence: deformation
up - flattening - deformation down - flattening and finally
individual flattening between carefully machined ceramic plates.
Furthermore, each wafer had been tested individually by neu10.75
FWHM « 0.26*
tron diffraction. For these tests we used a perfect Ge(333)
monochromator with open incident and exit collimation. This
0.50
geometry gives extreme resolution for the Ge(511) reflection
as illustrated by the measured width of 0.23' for a single un025
deformed wafer. The rocking curve of the Rise monochromator measured by this set up is shown to the right. The FWHM
000
corresponds to a mosaicity of ~16'. The mosaicity of the
-08
0.0
08
CRYSTAL ROTATION (degrees)
Kjeller monochromator is ~12\ The inset shows the peak
shape for rotation around a horizontal axis (tilt).
The figure below illustrates the difference between the bulk squashed Ge monochromator and theplastically deformed Ge wafer monochromator when rotated in the white neutron beam under identical conditions. The intensities were measured by the beam monitor placed just outside the monochromator shielding. The monochromator take off angle is 70°. For a take off angle of 90°, the
intensities of the Ge(311) and Ge(511) reflections are almost equal. The data described in sections
2.2.1, 2.2.2, 2.2.3, 2.4.1, 2.4.2 and 2.4.3 have all been collected by using the Ge(311) or Ge(511)
reflection from the new plastically deformed Ge composite wafer monochromator.
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2.10.3 The Facility for Plastically deformed Germanium Single Crystal Wafers
K. Theodor, B. Lebech, and K. N. Clausen, Condensed Matter Physics and Chemistry Department,
Riso National Laboratory, Denmark
The design and commissioning of the Ris0 facility for plastically deformed germanium single crystal
wafers was inspired by Axe et al.1 and motivated by the wish to optimise the neutron flux at the
thermal neutron beams at Ris0 as cost effectively as possible by producing better optimised monochromators. It consists of a commercial tube furnace with a maximum operating temperature of
1200°C. The furnace can radiate heat to the tools used for deformation or flattening of the wafers.
These tools are exchangeable and mounted inside evacuated quartz glass enclosures which fit into
the furnace. All movements are done by a robot controlled by a PLC-control system which also
controls the temperature. The initial deformations and flattenings can be done on four wafers simultaneously.
The present facility has two evacuated glass enclosures and two sets
of corresponding tools. The computer drawing to the left shows the
facility. One glass enclosure with
bending tools is ready to be moved
into the furnace. The other enclosure is stored in the cooling box
mounted on the front of the furnace.
So far the facility has been used to
deform wafers for two focussing
monochromators, one for Ris0 and
one for EFE at Kjeller in Norway. It
operates routinely and there is
occasional spare capacity which
may be made available to other
neutron scattering facilities at cost
price. At the moment the facility is
used to deform 225 wafers for
BENSC at HMI in Berlin and 45
wafers for Demokritos in Greece.
Further description of the facility is
given in Lebech et al..2

J. D. Axe, S. Cheung, D.E. Cox, L. Passell, T. Vogt and S. Bar-Ziv, Neutron Research 2, 85 (1994)
B. Lebech, K. Theodor, B. Breiting, P. G. Kealey, B. Hauback, J. Lebech, S. Aa. Sorensen and K. N. Clausen, A
facility for plastic deformation of germanium single crystal wafers, to be published in the proceedings of ICNS'97,
Toronto, Canada, August 17-21 (1997)
2
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2.10.4

MCSTAS - a meta-language for neutron Monte-Carlo simulations

K. Lefmann, H. M. R,0nnow, N. B. Christensen, E. M. Lauridsen, A. Abrahamsen, and K.
N. Clausen, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory,
Denmark, and K. Nielsen, Electronics Department, Ris0 National Laboratory, Denmark
For conventional triple-axis spectrometers, performance parameters as e.g. the (q,w) resolution
are calculated analytically as a matter of routine. For more advanced spectrometers, like the
newly commissioned RITA on TAS6, or for time-of-flight installations, analytical treatment
seems pointless, and ray-tracing Monte-Carlo simulations have often been employed. However,
these simulation programs have mostly been non-general in nature, and much effort has been
needed before each new spectrometer simulation.
We have created the high-level meta-language MCSTAS1 (Monte-Carlo simulation of TripleAxis Spectrometers) in order to minimize the programming effort that goes into each spectrometer simulation. Here, a spectrometer consists of a series of low-level coded neutron-optical
components which are connected by a geometrical description programmed in the MCSTAS
language. The components are in turn placed on a number of axes, which are able to rotate
relative to one another. This makes MCSTAS especially suited for triple-axis simulations, but
it will also be applicable for a general spectrometer. As many components are standard, much
code can be reused, and general-purpose components are collected into a library. In many respects, our approach is similar to an American effort based upon the existing packages MCLIB
and MCRUN, which, however, is mostly focussed upon time-of-flight installations.2
In the first simulations performed, emphasis has been on reducing the simulation time.
Hence, the components are programmed in a "quick-and-dirty" scheme, so that e.g. backgroundcontributing events are neglected. Simulating the conventional triple-axis spectrometer TASl
on the departments new HP-J280 workstation, we have thus been able to beat the experimental time on an energy scan with a V-sample. The experimental data and the results of these
simulations are shown in Fig. 1.
In the near future, we will expand the existing component library to include neutron
beam guides (TAS7), non-ideal monochromators (TAS3), and composite analyzer systems
(RITA/TAS6). It is our aim that MCSTAS will become embedded in our control software,
TASCOM, so that data taking and simulations may run simultaneously, and so that MCSTAS
will become a tool for selecting the optimal experimental configuration.
ISO

w

400
3S0

Fig. 1. An analyzer energy scan of a standard
V-sample on TASl. Circles shows the experimental results using 10 seconds/point, while the
full line shows a preliminary MCSTAS simulation of these experiments using 35 seconds/point.
To obtain the same statistical quality as the
data the simulations would have needed only
4 seconds/point. The energy widths are comparable within 1%. The broader experimental
tails are probably caused by non-idealities in the
monochromator.
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2.11

Training and Mobility of Researchers - Access to Large Installations

K.N. Clausen, Condensed Matter Physics and Chemistry Department, Rise
Laboratory, Denmark

National

The CEC Large Installation Programme was initiated in order to make large national facilities
available to users from the whole EU, to promote European collaboration and to make more
facilities available to the less favoured regions in the EU. The cold neutron facilities at DR3 has
been included in this programme since early, 1992. The present TMR programme expires early
2000. The programme is in collaboration with the neutron scattering laboratory NFL at Studsvik
in Sweden. News about the programme, information about the facilities and deadline for
proposals can be found on the WWW pages: http://www.risoe.dk/fys/lip.html and
http://www.studsvik.uu.se
Proposals for experiments are refereed by a group of six international experts, chaired by Prof.
Jens Als-Nielsen from the University of Copenhagen. The TMR programme covers marginal
costs in connection with neutron scattering experiments at Rise. These costs are (1) Travel and
subsistence for the users, (2) salaries to staff employed to run the user programme, (3)
consumables and other running costs in connection with the experiments.
During 1997 a total of 59 experiments were performed, and 73 users from EU-countries or
associated states (Norway, Iceland, Liechtenstein or Israel) were supported by the programme.
The experiments carried out at Rise with support from the Commission of the European
Communities during 1997 are listed below in chronological order. The column marked applicant
is the name of the principal applicant.
Applicant
B.D. Rainford
M Gradzielski
B.D. Rainford
A. Boothroyd
A. Harrison
S. Coad
L. Torell
V. Caignaert
U. Olsson
R.A. Cowley
R.A. Cowley
J. Samseth
C. Cascales
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Title
Anomalous spin dynamics of CePdSb
Bilayers inside the La-phase : the vesicle / bilayer transition
Low temperature excitations in CeRu2Si2-xGex alloys
Magnetic ordering in NdBa2Cu3O6+x
Dispersion of spin-waves in the S=l/2 square Heisenberg antiferromagnet
Cu(DCO2)2.4D2O
Magnetic behaviour of quantum spin-chain paramagnets
Micro-phase separation in polymer electrolyte models PPO-LiClO4 and
PP0-Mg(C104)2 studies by SANS
Irreversibility changes in crystal & magnetic structure of Ndi.xCax.y
SryMnC«3 compounds after application of a magnetic field
Structure and dynamics of surfactant fluid surfaces
Magnetic structure of rare earth superlattices & alloys
Magnetic structure of rare earth superlattices & alloys
Dynamical SANS studies of silica gels
Magnetic structure of FeRGe2C<7 (R=La,Er,Ho)
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Applicant
E.M. Miguelez
R.A. Cowley
F. Malizia
M. Alano-Franco
S. Coad
A. Schroder
S. Coad
D. Visser
H. Reynaers
F. J. Mompeân
G. Balakrishnan
A. Campbell
P.J. Withers
B.D. Rainford
M. Lösche
B.D. Rainford

J.P. Goff
J.G. Booth
A. Schroder
M. Lees
K. Kamenev
K. Kamenev
A. T. Boothroyd
M. Losche
M. Lees
G. Briicbier
E. Woldt
I. Feiner
R. Kleppinger
A.A. van Well

J.P. Goff
C.A.C. Dreismann
P. Müller

Title
Structure determination of La2NiCuOs+x
Longitudinal mode of doped CuGeO}
Morphological characterization of granular magnetic systems
Phase transition T/0 <=>T" in La1.5Ndo.5Cu4
Magnetic behaviour of quantum spin-chain paramagnets
Magnetic order in CeNii.xCuxSn
Magnetic behaviour of quantum spin-chain paramagnets
Acoustic phonon branches in hexagonal perovskite type ABX3 halides
around the zone-center.
Dense core versus dense shell structure in dendrimer systems: a high
resolution study using contrast variation experiments
Determination of the Haldane gap in Y2BaNii.xZnx05
Investigations on the new RENÌ2B2C (RE=Rare Earth) superconductors
below Tc
Spin waves in La(Mni.xGax) O3
Internal stress and its effect on the Bauschinger effect
Magnetism of Tm-Y and Tm-Lu superlattices
Mushroom to brush transition of polyoxazolines tethered to lipid
monolayers at the air/water interface
Magnetism of Tm-Y and Tm-Lu superlattices
Magnetism and superconductivity in Nd/La superlattices
Helical Magnetic Structures in intermetallic B20 compounds
Gap anisotropy in superconducting La2-xSrxCu04
Investigation of the role of oxygen stoichiometry on the structural and
magnetic properties of PrMnO3±a
Field dependent correlations between magnetic ordering and structural
distortions in La(.xSrxMn03 (0.12<x<0.17)
Magnetic field induced structural changes in La2/3(Ca/Sr)i/3MnC>3
The magnetic structures in AJ-free crystals of PrBa2Cu3C»6+x
Mushroom to brush transition of polyoxazolines tethered to lipid
monolayers at the air/water interface
Magnetic field dependent structural and magnetic properties of
Ri.xAxMn03 (R=Pr or Nd and A =Sr or Ca)
In situ measurement of the transformation texture of a micro alloyed steel
Correlation of texture changes and release of stored energy during the
recrystallization of deformed copper
Magnetic structure of the new magnetic-superconductor
Simultaneous smal angle neutron/rheological studies on physical networks
of block copolymer solutions
SryMnC«3 compounds after application of a magnetic field
Adsorption of proteins under equilibrium and non-equilibrium conditions
Magnetic ordering in dhcp Ho:Ce alloys
Protonic quantum entanglement at the quartz /H2O-D2O interface
measured by neutron reflectivity
Structure determination of NaôMnSe4 and structure determination of
Ca8Ir4Dz, Rb3RuDz and Rb3OsD*
Magnetic structure of the new magnetic-superconductor

I. Feiner
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Applicant
A. Schroder
D. Schwahn
R. Bijlsma
A.R. Hillman
A. Glidle
R.L. McGreevy
F. Fabrizio
P. Klimanek
I.W.Hamley
R.A. Cowley
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Title
Gap anisotropy in superconducting La2-xSrxCu04
Pressure dependence of the phase behavior in polymer blends and block
copolymers
Water volume-fraction in multilayers of PVP+/PSS'as dependent on air
humidity and growth-solution ionic strength
Structure and solvent content of poly-o-toluidine films as a function of
oxidation state
Examination of the extent penetration of odour molecules into thin film
polymer sensors used in electronic nose devices
Dynamical anomaly in fast ion conducting AgBr
Residual stress determination in several MMC subjected to different
operating conditions
Investigation of isothermal grain growth in the austenitic steel X50Ni24
A Small-Angle Neutron Scattering study of the structure of soft sphere
polymer micelles
Magnetic structure of rare earth superlattices & alloys
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Publication, Educational and Organisational Activities, Colloquia

3.1.

Publications in International Refereed Periodicals

Aeppli, G.; Broholm, C; Di Tusa, J.F.; Hayden, S.M.; Ito, T.; Lee, S.-H.; Mason, T.E; Mook,
H.A.; Oka, K.; Perring, T.G.; Schröder, A.; Takagi, H.; Xu, G., Magnetic coherence in the
transition metal oxides. PhysicaB (1997) 237/238, 30-35.
Andersen, N.H.; Uimin, G., Model for the magnetic phases observed at low temperatures in reduced
YBa2Cu3O6+x materials with Al substitution for Cu or rare earth ions for Ba. Physica C (1997)
282/287, 1289-1290.
Andersen, N.H.; Uimin, G., Model for the low-temperature magnetic phases observed in doped
YBa 2 Cu 3 CW Phys. Rev. B. (1997) 56, 10840-10843.
Arlelh, L; Posselt, D.; Gazeau, D.; Larpent, C; Zemb, T.; Mortensen, K.; Pedersen, J.S., Smallangle scattering study of TAC8: A surfactant with cation complexing potential. Langmuir (1997)
13, 1887-1896.
Bagger-Jorgensen, H.; Olsson, U.; Mortensen, K., Microstructure in a ternary microemulsion
studied by small-angle neutron scattering. Langmuir (1997) 13, 1413-1421.
Bagger-Jorgensen, H.; Coppola, L; Thuresson, K.; Olsson, Li.; Mortensen, K., Phase behavior,
microstructure, and dynamics in a nonionic microemulsion on addition of hydrophobically endcapped poly(ethylene oxide). Langmuir (1997) 13, 4204-4218.
Bagger-Jorgensen, H.; Olsson, U.; Iliopoulos, I.; Mortensen, K., A nonionic microemulsion with
adsorbing polyelectrolyte. Langmuir (1997) 13, 5820-5829.
Bates, F.S.; Maurer, W.W.; Lipic, P.M.; Hillmyer, M.A.; Almdal, K.; Mortensen, K.; Fredhckson,
G.H.; Lodge, T.P., Polymeric bicontinuous microemulsions. Phys. Rev. Lett. (1997) 79, 849-852.
Bergström, M., Reversibly formed bilayer vesicles: Energetics and polydispersity. Prog. Colloid
Polym. Sci. (1997) 105, 214-219.
Blesa, M.C.; Moran, E.; Amador, U.; Andersen, N.H., Crystal and magnetic structures of a nickelrich ferrite obtained by ionic exchange from alpha-NaFeO2. J. Sol. Stat. Chem. (1997) 129, 123129.
Boothroyd, A.T.; Longnwre, A.; Andersen, N.H.; Brecht, E.; Wolf, T., Novel Pr-Cu magnetic phase
at low temperature in PrBa2Cu3Oö+x observed by neutron diffraction. Phys. Rev. Lett. (1997) 78,
130-133.
Bouwman, W.G.; Vigild, M.E.; Findeisen, E; Kjœr, K.; Feidenhans'l, R.; Mol, E.A.L., Two-axis
neutron and x-ray reflectivity: How to avoid alignment pitfalls and how to correct for them. J.
Neutron Res. (1997) 5, 133-146.
Brecht, E.; Schmahl, W.W.; Fuess, H.; Schmenn, S.; Lulgemeier, H.; Andersen, N.H.; Lebech, B.;
Wolf, T., Neutron diffraction and NQR study of the intermediate turn angle phase formed during
AFI to AFII reordering in YBa2Cu3-xAlx06. Phys. Rev. B (1997) 56, 940-948.
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Bryn-Jacobsen, C ; Cowky, R.A.; McMorrow, D.F.; Goff, J.P.; Ward, R.C.C.; Wells, M.R.,
Structural and magnetic properties of holmium-scandium alloys and superlattices. Phys. Rev. B
(1997)55,317-329.
Bryn-Jacobsen, C; Cowley, R.A.; McMorrow, D.F.; Goff J.P.; Ward, R.C.C.; Wells, M.R.,
Coherent magnetic structures in terbium/holmium superlattices. Phys. Rev. B (1997) 55, 1436014369.
Bryn-Jacobsen, C; Cowley, R.A.; McMorrow, D.F.; Goff, J.P.; Ward, R.C.C.; Wels, M.R., The
structural and magnetic properties of holmium/scandium superlattices. Physica B (1997) 234/236,
495-497.
Bryn-Jacobsen, C; McMorrow, D.F.; Ward, R.C.C.; Wells, M.R., The magnetic properties of
gadolinium/holmium superlattices. J. Phys. Condens. Matter (1997) 9, 8727-8735.
Burkhardl, N; Diedrich, G.; Nierhaus, K.H.; Meerwinck, W.; Stuhrmann, H.B.; Pedersen, J.S.;
Koch, M.H.J.; Volkov, V.V.; Kozin, M.B.; Svergini, D.I., Architecture of the E.coli 70S
ribosome. Physica B (1997) 234/236, 199-201.
Coad, S.; Petrenko, O.; Paul, D.M.; Fak, B.; Lussier, J.G.; McMorrow, D.F., Magnetic excitations
in single crystals of Cui.xNixGeO3. Physica B (1997) 239, 350-357.
Coldea, R.; Tennant, D.A.; Cowley, R.A.; McMorrow, D.F.; Dorner, B.; Tylczynski, Z, Quasi-1D
s = 1/2 antiferromagnet Cs2CuCl4 in a magnetic field. Phys. Rev. Lett. (1997) 79, 151-154.
Elloouze, C;, Kim, H.-K; Maeshima, K; Tu He, E.; Morimatsu, M.; Horii, T.; Mortensen, K.;
Nordén, B.; Takahashi, M., Nucleotide cofactor dependent structutal change of Zenopus laevis
Rad51 protein filament detected by small-angle neutron scattering measurements in solution.
Biochemistry /1997) 36, 13524-13529.
Einarsrud, M.A.; Kirkedelen, M.B.; Samseth, J.; Mortensen, K; Grande, T.; Pedersen, S., Washing
of multicomponent gels prior to drying. J. Non-Cryst. Solids (1997) 215, 169-175.
Eskildsen, M.R.; Gammel, P.L.; Barber, B.P.; Yawn, U.; Ramirez, A.P.; Huse, D.A.; Bishop, DJ;
Bolle, C; Lieber, CM.; Oxx, S.; Sridhar, S; Andersen, N.H.; Mortensen, K; Canfield, P.C.,
Observation of a field-driven structural phase transition in the flux line lattice in ErNÌ2B2C. Phys.
Rev. Lett. (1997) 78, 1968-1971.
Eskildsen, M.R.; Gammel, P.L.; Barber, B.P.; Ramirez, A.P.; Bishop, DJ.; Andersen, N.H.;
Mortensen, K.; Bolle, CA.; Liber, CM.; Canfield, P.C., Structural stability of the square flux
line lattice in YNÌ2B2C and LUNÌ2B2C studied with small-angle neutron scattering. Phys. Rev.
Lett. (1997) 79, 487-490.
Everitt, B.A.; Salomon, M.B.; Borchers, JA.; Erwin, R.W.; Rhyne, J.J.; Park, B.J.; O'Donovan,
K.V.; McMorrow, D.F.; Flynn, C.P., Helimagnetic structures in epitaxial Nd/Y superlattices and
alloys. Phys. Rev. B (1997) 56, 5452-5460.
Falcao, A.N.; Pedersen, J.S.; Mortensen, K, Neutron scattering experiments on swollen, uniaxially
stretched polymer networks. Jour. Mol. Struct. (1996) 383, 69-74.
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Frello, T.; Poulsen, H.F.; Andersen, N.H.; Abrahamsen, A.; Garbe, S.; Bentzon, M.D.;
Zimmermann, M. von, Annealling of Ag-clad BISCCO tapes studied in-situ by high energy
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Frielinghaus, H; Schwahn, D.; Mortensen, K.; Wiliner, L; Almdal, K., Pressure and temperature
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Goff, J.P.; Bryn-Jacobsen, C; McMorrow, D.F.; Ward, R.C.C.; Wells, M.R., Formation of uniform
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Kossuth, M.B.; Hillmyer, M.A.; Bates, F.S.; Almdal, K., Rheology of the gyroid phase in block
copolymers (Paper O30-1). 1997 March meeting of the American Physical Society, Kansas City,
MO (US), 17-21 March 1997. Bull. Am. Phys. Soc. (1997) 42, 696.
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Larsen, N.B., Self-assembled molecular monolayers. Danish Institute of Fundamental Metrology,
Lyngby(DK), May 1997.
Lebech, B.; Sorensen, S.Aa., SANS studies of magnetic structures with long periods. XV
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Lemmich, J.; Richter, F; Honger, T., Small-angle and wide angle x-ray scattering studies on
equimolar suspensions of palmitic acid (PA) and 1-lyso-palmitoyl phosphatidylcholine (LysoPPC). 2th European Biophysics Congress, Orleans (FR), July 1997.
Lemmich, J.; Richter, F; Honger, T., Small-angle x-ray scattering studies of phospholipase. An
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Gesellschaft, Münster (DE), March 1997.
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Protein crystallography in 2D: Grazing incidence x-ray diffraction from purple membrane patches
at the air/water interface. 9th International Conference on Surface and Colloid Science, Sofia
(BG), July 1997.

3.4. Lectures and Seminars
Almdal, K, Thermodynamics in block copolymers and polymer blends. Department of Chemical
Engineering. Polytechnic University, Brooklyn, NY (US), March 1997.
Almdal, K, Solubility parameters from block copolymer order-disorder transitions. Conformational
asymmetry. PDMS synthesis. Seminar, Exxon Corporate Research Center, Annandale, NJ (US),
March 1997.
Almdal, K, Solubility parameters from block copolymer order-disorder transitions. Conformational
asymmetry. PDMS synthesis. Seminar, Exxon Corporate Research Center, Annandale New Jersey
(US), March 1997.
Almdal K, Thermodynamics in block copolymers and polymers blends. Seminar, Department of
Chemical Engineering, Polytechnic University, NY (US), March 1997.
Almdal, K., Fluctuations effects in ordered and disordered diblock copolymers. Institut Laue
Langevin, Grenoble (FR), October 1997.
Almdal, K., Composition fluctuations in an ordered state of a poly(ethylene)-alt-propylene-blockdimethylsiloxane) (PEP-PDMS) diblock copolymer. Department of Chemical Engineering and
Materials Science, University of Minnesota, MN (US), November 1997.
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Andersen, N.H., Recent experimental studies of high-T c superconductors, Mini Symposium on High
Temperature Superconductivity, Copenhagen (DK), April 1997.
Berg, R.H., Peptider til optisk lagring af information. Jysk Selskab for Kemi & Fysik, Institute of
Chemistry, University of Arhus (DK), February 1997.
Berg, R.H., Peptider for optisk data storage. Carlsberg Research Center, Copenhagen (DK),
February 1997.
Berg, R.H., Data storage using peptides. Workshop "Molekularelektronik", Stuttgart (DE), October
1997.
Berg, R.H., Azobenzene peptides for holographic storage. Panasonic, Osaka (JP), December 1997.
Clausen K.N., The RITA spectrometer at Risa National Laboratory - Design and recent results.
Hahn-Meitner-Institute, Berlin (DE), December 1997.
Clausen, K. N., Software development at Rise National Laboratory - Status and thoughts. Workshop
on Monte Carlo simulation of neutron scattering instruments. Chicago, IL (US), November 1997.
Feidenhans'l,

R., Scattering from internal and external facets, Arhus (DK), January 1997.

Feidenhans'l,
1997.

R., Unusual strain relaxation in thin Cu films on Ni(100), Miinchen (DE), October

Frello, T., Structural investigation of high-T c cupraters by hard x-ray and neutron diffraction.
Colloquium at University of Oslo (NO), September 1997.
Gerstenberg, M., Surface induced ordering of the pluronic triblock copolymer, IBM, Zurich (CH),
January 1997.
Gerstenberg, M , A neutron scattering study of triblock copolymer micelles. Princeton University,
NJ(US), September 1997.
Hvilsted, S., Azobenzene side-chain liquid crystalline polyesters with outstanding optical storage
properties. Laser-Laboratorium Gottingen e.V., Gottingen (DE), October 1997.
Kjcer, K., Potential of x-ray and neutron reflection and grazing-incidence diffraction for studying
lipase interaction with lipid films at the air/water interface. Novo Nordisk Ltd., Copenhagen
(DK), September 1997.
Lemmich J., Interacting soft membranes. Workshop on Topology, Geometry and Mechanical
Flexibility in Biology, Department of Chemistry, The Technical University of Copenhagen,
Lyngby (DK), May 1997.
Lindgard, P.-A., Theory of magnetic nanoparticles. GNAST Workshop on Magnetomitery of Metal
Nanoparticles. Niels Bohr Institute, Copenhagen (DK), May 1997.
Lindgard, P.-A., Magnetic switching in nanoscale Ising ferromagnetism Workshop on Cooperative
Behavior of Small Systems (Ph.D. School on Non Linear Science). The Danish Technical
University, Lyngby (DK), December 1997.
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Pedersen, J.S., Spredningseksperimenter i biofysik, Januarkursus Biologiske Systemers Fysiske
Kemi, The Danish Technical University, Lyngby (DK), January 1997.
Pedersen, J.S., Small-angle scattering: structure of macromolecular. Aggregates in Solution. A full
day teaching in the cross-institutional. Ph.d. Course in Molecular Biophysics organized by O.G.
Mouritsen and R...Bauer. Ris0 National Laboratory, (DK), February 1997.
Pedersen, J.S., Soft condensed matter (polymers, colloids, microemulsions) studied by SANS,
SAXS, and reflectometry. Faculty of Chemistry, University of Konstanz, (DE), August 1997.
Papadakis, CM., Identification of an intermediate segregation regime in a diblock copolymer
system. Max-Planck-Institute for Polymer Research, Mainz (DE), August 1997.
Papadakis, CM., The intermediate segregation regime in a diblock copolymer system. Forschungszentrum, Julich (DE), October 1997.
Papadakis, CM., The intermediate segregation regime in diblock copolymer systems. A small-angle
neutron and light scattering study on polystyrene-polybutadiene diblock copolymers. Universitat
Leipzig (DE), November 1997.
Sommer-Larsen, P., Artificial muscles. Proceeding of MMC/MIC seminar on Micro Machines, The
Danish Technical University, Lyngby (DK) June 1997.
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3.5.

Meetings and Courses Organised by the Department

3.5.1. Rise/Studsvik Large Scale Facilities User's Meeting
March, 1997, Palace Hotel, St. Eriksgatan 115, Stockholm, (SE).
The fourth annual user's meeting was attended by 50 scientists from the EU member states. The
programme consisted of eight plenary lectures listed below and a poster session with 25
contributions.
Organisation:
McGreevy, R., The Studsvik Neutron Research Laboratory (NFL), University of Uppsala, Nykoping,
(SE)
Clausen, KN., Rise National Laboratory, (DK)
Programme:
Harris, M , ISIS Facility, Rutherford Appleton Laboratory, (GB). Lattice Melting at Structural
Phase Transitions.
Winter, R., University of Dortmund, (DE). Structure and Dynamics of Liquid Metals and Alloys.
Schroder, A., University of Karlsruhe, (DE). Magnetic Fluctuations in Heavy Fermion Compounds.
Roefs, S., NIZO, (NL). Association Behaviour of Native P-lactoglobulin.
Clausen, K.N.; McGreevy, /?., Rise National Laboratory, (DK)/The Studsvik Neutron Research
Laboratory, (SE). Information from Rise and Studsvik.
Mordn, E., Universidad Complutense de Madrid, (ES). Structural Chemistry of Room Temperature
Oxidised La2CuO.j based Superconducting Materials.
Webster,P., Salford University, (GB). Strain Scanning.
Sorensen, S.Aa., Rise National Laboratory, (DK). Magnetic Structure of DyFe4AJg Studied by
Neutron Scattering and X-Ray Magnetic Resonance Scattering.
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3.5.2. Nordic Summer School on the Application of Synchrotron Radiation in Biology
June, 1997 Sandbjerg Castle, (DK)
The summer school was organized by Robert Feidenhans'l, Rise National Laboratory (DK) and Axel
Norlund Christensen and Finn Krebs Larsen, The Institute of Chemistry, Aarhus University, (DK).
37 Students and post-docs participated in the summer school. There were 19 lectures followed by
discussions and a one-day excursion to the synchrotron radiation laboratory Hasylab at DESY in
Hamburg, Germany.
Progamme
Schneider, J., Hasylab, DESY, Hamburg (DE). Synchrotron Radiation. Production and properties.
Als-Nielsen, J., The Niels Bohr Institute, University of Copenhagen (DK). Crystal Optics.
Kvick, A., ESRF, Grenoble (FR). Materials Science at European Synchrotron Facility (ESRF).
Lindley, P., ESRF, Grenoble (FR). Synchrotron Radiation in Biology - Overview.
Feidenhans'l, R., Rise National Laboratory (DK). Surface Studies.
Iversen, B.B., University of California, Santa Barbara (US). Studies of Charge Densities.
Nyborg, J., University of Arhus (DK). Protein Crystallography.
Biou, V. EMBL, Grenoble (FR). Multiple Wave Length Anomalous.
Haussermann, D., ESRF, Grenoble (FR). Physics and Chemistry at High Pressures.
Fitch, A., ESRF, Grenoble (FR). Powder Diffraction.
Clausen, B., Haldor Topsae A/S, Lyngby (DK). Industrial Application of Synchrotron Radiation.
Poulsen, H.F., Rise National Laboratory (DK). High Energy X-Ray Scattering for Materials
Science.
Fjellvag, H., University of Oslo (NO). Synchrotron Radiation in Norway.
Muiikainen, I., University of Helsinki (FI). Synchrotron Radiation in Finland.
Jensen, A.F., Institute of Chemistry, University of Arhus (DK). Modulated Structures or Anomalous
Scattering in Element-Selective Diffraction.
Norby, P., Chemistry Department, Brookhaven National Laboratory, NY (US). Time Resolved and
In-Situ Diffraction.
Riekel, C, ESRF, Grenoble (FR). Microfocus Diffraction.
Svensson, A., Chemical Center, Lund (SE). Synchrotron Radiation in Sweden.
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3.5.3. Neutronspredning i Danmark - hvad kan vi nu og hvad er fremtidsperspektiverne.
September 1997, Riso National Laboratory
Programme
Clausen, K.N., Rise National Laboratory (DK) Hvorfor neutronspredning?
Lorentzen, T., Ris0 National Laboratory (DK) Ingeniervidenskabelige anvendelser af neutronspredning.
Lebech, B., Rise National Laboratory (DK). Krystallografi.
Kjcer, K., Rise National Laboratory (DK). Neutronreflektonsstudier af tynde film pa vajskeoverflader.
Mortensen, K. Rise National Laboratory (DK). Store strukturer.
Kjems, J. Rise National Laboratory (DK). European Spallation Source - Europas neutronfremtid.

3.5.4. Experimental Course on Neutron Scattering
Ronnow, H.M.; Lefmann, K.; Clausen, K.N., Experimental course on neutron scattering. Rise
National Laboratory and University of Copenhagen (DK) Autumn 1997.

3.5.5. Danish Polymer Centre Meeting
December 1997
Volkmar, T., The Technical University of Denmark (DK). Surface modification of polymer
membranes using photoreactive PEG-derivates.
Madsen, N.B., Rise National Laboratory (DK).Hydrotermal asldning af glasfiberfyldte PS og Pa
kompositter.
Vallentin, L, ABB IC Meller (DK) Characterization of polymer foam..
Lindquist, M., The Technical University of Denmark (DK). Udvikling af overflademorfologi i
flerface polymersystemer.
Mortensen, K., Rise National Laboratory (DK). Cubic mesophases in networks of triblock
copolymer micelles.
Gregorius, K.; M&E A/S (DK). Covalently immobilized biomolecules used in solid phase
immunoassays.
Jannasch, P., Novo Nordisk A/S (DK). Development of plastic materials for administration of
Pharmaceuticals.
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3.6. Memberships of Committees and Boards
Andersen, N.H.,
Consultant for the Swedish Superconductivity Consortium
Bechgaard, K.,
Chairman of the Danish National Committee for Chemistry
Member of the Advisory Board of Journal of Materials Chemistry
Member of the EEC-COST D-4 Committee
Berg, R.H.,
Member of the Editorial Advisory Board, Journal of Peptide Science
Councilor of the European Peptide Society
Member of the Danish Academy of Natural Science
Clausen, K.N.,
Member of the Rise Board of Governors
Member of the EC-Round Table for Neutron Sources
Member of the IUPAP C.9 - Commission on Magnetism
Editorial Board for Journal of Neutron Research
Feidenhans'l, R.,
Member of the Danish National Committee for Crystallography (chairman from September 1997)
Member of the Forschungsbeirat Synchrotronstrahlung HASYLAB, DESY, Hamburg
Member of IUCr Commission on Synchrotron Radiation
Danish Representative in Nordsync.
Council Member of the European Synchrotron Radiation Society
Chairman of DANSYNC
Hvilsled, S.,
Treasurer of the Danish Society for Polymer Technology
Contributor to "The Great Danish Encyclopedia" (in Danish: Den Store Danske Encyclopasdi"),
Copenhagen
Local Organising Committee for 12th International Congress on the Thermal Analysis and
Calorimetry (ICTAC 2000), Copenhagen, August 2000
Member of the EU Cost 518 Committee on Molecular Materials and Functional Polymers for
Advanced Devices
Kjcer, K.,

Member of the European Synchrotron Radiation Facility (ESRF) Review Committee on Soft
Condensed Matter.
Lebech, B.,
Member of the European Neutron Scattering Association (ENS A) Executive Board (secretary)
Danish Representative in the European Neutron Scattering Association (ENSA) Committee
Member of the Danish National Committee for Crystallography
Member of the Programme Committee for NFL Studsvik, Sweden
Member of the User Allocation Committee for BENSC, Berlin, Germany

Riso-R-1014(EN)

167

Lindgard, P.-A.,
Member of the EU TMR Evaluation Panel
Member of the Execution Committee of the European Physical Society
Chairman of EPS-interdivisional Relation Group
McMorrow, D.,
Member of ISIS Scheduling Panel, RAL, UK
Mortensen, K,
Member of Advisory Committee for European Polymer Federation, EPF-96 Meeting on Crete,
September 1996
Member of the Advisory Committee for 8th European Macromolecular Club Meeting: Physical
Aspects of Macromolecules:Polymers and Polyelectrolytes
Organized IAEA-supported Workshop at the BADAN-Facility for Neutron Beam Research;
Lisbon, September 1997
Member of the Board of Solid State Division of the Danish Physical Society
Member of the Board of Engineers at Ris0, FRI
Pedersen, J. S.,
Coeditor of Journal of Applied Crystallography
Member of the IUCr Commission on Neutron Scattering

3.7. Colloquia Held at the Department
Luntz, A.C., University of Odense, Physics Department, (DK). Chemistry at surfaces: a dynamics
perspective, January 1997.
Miiller, B., Institut de Physique Experimentale, (CH). A microscopic insight into heteroepitaxial
growth of metals, January 1997.
Bates, F..S., Minnesota University, MI (US). Controlling Morphology in Polymer-Polymer Blends,
January 1997.
Forrest, J., Chalmers Tekniska Hogskola, Goteborg, (SE). Glass Transition Temperature of Thin
Polymer Films, March 1997.
Spontak, R.J., North Carolina State University, Department of Materials Science & Engineering, NC
(US), Morphological Evidence of Fluctuation-Induced Interactions in Disordered Block
Copolymer/ Homopolymer Blends, March 1997.
Motokawa, M., Tohoku University, Sendai, (JP). Structure and Correlation of Quantum Spin
Systems in High Magnetic Fields, May 1997.
Brun, T., Los Alamos National Laboratory, NM (US), High Power Neutron Spallation Sources, May
1997.
Marks, L., Northwestern University, Department of Materials Science and Engineering, NM (US).
Solving the Surface Phase Problem, June 1997
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Eckhardt, C.J., University of Nebraska-Lincoln, Department of Chemistry and Physics and Center
for Materials Research and Analysis, N (US). Crystal Engineering in two Dimensions: The Design
of New Amphiphiles to Obtain Monolayers with Novel Physical Properties, August 1997
Zabel, H., Ruhr-Universitat Bochum, Experimentalphysik, (DE). Proximity Effects and Spin Density
Waves in Thin Epitaxial Cr Films with Magnetic Boundary Layers, August 1997
Richardson, R., School of Chemistry, Cantock's Close, Bristol, (GB). Reflectivity Studies of
Polymers at Liquid/Liquid Interfaces, October 1997.
Nielsen, M , Forschungszentrum Jiilich, (DE). Surface Alloying: A LEED Study of Alkali Metal
Adsorption on Aluminium Surfaces, October 1997.
Zhou, T., Max-Planck-Institut, Stuttgart, (DE). Optical Spectroscopic Study of CuGeO3 under High
Pressure., November 1997.
Kawano, S., Kyoto University Research KURRI, Osaka, (JP). Magnetic Structure and Phase
Diagram of TbRu2Si2, November 1997.
Hasegawa, S., University of Tokyo, (JP). Electrical Conduction at Silicon Surfaces., December 1997
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4.

Staff and Guest Scientists

4.1.

Staff

4.1.1. Scientific Staff
Aeppli, Gabriel (Consltant)
Almdal, Kristoffer
Als-Nielsen, Jens (Consultant)
Andersen, Niels Hessel
Bechgaard, Klaus (Head of the Department)
Berg, Rolf H.
Clausen, Kurt N. (Head of Research Programme)
Feidenhans'l, Robert (Head of Research Programme)
Hvilsted, Seren
Jensen, Jens (Consultant)
Johannsen, Ib (Head of Research Programme)
J0rgensen, Mikkel
Kjeer, Kristian
Lebech, Bente
Lebech, Jens
Lefmann, Kim
Lindgard, Per-Anker
McMorrow, Des
Mortensen, Kell (Research Professor)
Nielsen, Mounts
Pedersen, Jan Skov
Pedersen, Walther Batsberg
Smela, Elisabeth (From August 1)
Sommer-Larsen, Peter

4.1.2. Post-Docs
Baker, Jeff (Until October 6)
Bergstrom, Magnus
Geisler, Tommy (From September 16)
Howes, Paul B.
Jannasch, Patric
Jcrgensen, Erling Bonne
Larsen, Niels B.
Lemmich, Jesper (Until April 30 and from November 1)
Ndoni, Sokol
Nielsen, Martin Meedom (From November 3)
Papadakis, Christine Maria
Pedersen, Marianne (From March 1)
Rasmussen, Frank Berg
Sahlen, Fredrik (From September 1)
Schiadt, Niels Christian
Vejby-Christensen, Lise (From October 15)
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4.1.3. Ph.D. Students and Other Students
Abrahamsen, Asger(From September 1)
Arleth, Lise (On leave until July 31)
Christensen, Morten Jagd (Until May 1)
Christensen, Niels Bech (From September 1)
Eskildsen, Morten Ring
Faldt, Andre
Frello, Thomas
Gadegard, Nikolaj (From September 1)
Gerstenberg, Michael C. (Until November 30)
Hansen, Kristoffer
Krebs, Frederik
Larsen, Mogens
Larsen, Thomas Bjerggaard
Lauridsen, Erik Mejdal (From February 16)
Madsen, Nils Berg
Rasmussen, Palle H.
Rannow, Henrik M.
Schmidt, Ole (Until September 1)
Schultz, Thomas
Sorensen, Steen Aagaard (Until May 31)
Vigild, Martin E.
Zhou, Ji
4.1.4.Technical Staff
Bang, Steen
Berntsen, Allan Nertoft
Bultoft, Hanne (Trainee until March 30)
Hansen, Thomas Agertoft (From February 1)
Harder, Britt Joanna (Trainee from September 1 until December 22)
Hubert, Lene
Jensen, Birgit
Johansen, Arne (Until August 31)
J0rgensen, Ole
Kjaer, Kristine (From June 18 until July 15)
Kjsr, Torben
Lund, Morits (Until June 30)
Nielsen, Anne Banke
Nielsen, Lotte
Nielsen, Steen
Olsen, Carina Nykjaer (Trainee from December 1)
Pedersen, Kennet Munk (Trainee from September 1 until December 22)
Rasmussen, Helle D.
Rasmussen, Ove
Saxild, Finn
Stahl, Kim
Theodor, Keld
Thygesen, Maria (From January 1 until June 20)
Topp, John Erik (Until March 15)
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4.1.5. Secretaries
Frederiksen, Lajla
Liljenstrom, Anette
Schlichting, Bente O.
Studinski, Ca

4.1.6. Guest Scientists, Temporary Scientific Staff and Long Time Visitors
Lottermoser, Lars (From November 19 until December 18)
Madsen, Jesper (Until July 31)
Matas, Slavomir (Until January 31)
Motokawa, Mitsuhiro (From May 10 until May 30)
Steiner, Michael (From January 1 until January 31)

4.1.7. Temporary Students Assistants
Blicher, Thomas (From June 16 to August 29)
Abrahamsen, Asger (from July 7 until august 31)

4.2. Guest Scientists
4.2.1. Short Time Visitors 1997
Andreasen, J.W.
Bishop, D.
Cannavacciuolo, L.
Chahid, A .
Chang, L.J.
Coldea, R.
Detlefs, C.
Fukui, S.
Gammel, P.
Hayden, S.
Isshiki, M
Juel, I. A .
Kamenev, K.
Kawatw, S.
Kreitschmann, M.
Le, Thao
Makovicky, E.
Mason, T.
Matsiioka, Y.
Motokawa, M.
Nielsen, K.
Nohora, M.
Oedegaard, A .
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University of Copenhagen, Geological Institute (DK)
Bell Laboratories, Innovations for Lucent Technologies, NJ (US)
Institut fur Polymer, ETH Zentrum, Zurich (CH)
Uppsala University, NFL Studsvik (SE)
Warwick University, Department of Physics (GB)
Oxford Univeristy, Clarendon Laboratory (GB)
Bell Laboratories, Innovations for Lucent Technologies, NJ (US)
Research Reactor Institute, Kyoto University, Osaka (JP)
Bell Laboratories, Innovations for Lucent Technologies, NJ (US)
Bristol University, H.H. Wills Physics Laboratory (GB)
Tokyo University (JP)
University of Copenhagen, Geological Institute (DK)
Warwick University, Department of Physics (GB)
Research Reactor Institute, Kyoto University, Osaka (JP)
Institut fur Festkorperforschung, Forschungszentrum Jiilich GmbH (DE)
Lund University, Center for Chemistry (SE)
University of Copenhagen, Geological Institute (DK)
Toronto University, Department of Physics (CA)
Tohoku University, Institute for Materials Research, Sendai (JP)
Tohoku University, Institute for Materials Research, Sendai (JP)
Technical University of Denmark, Chemical Institute (DK)
Tokyo University, ISSP (JP)
Institutt for Energiteknikk, Kjeller (NO)
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Paris, O.
Ramzi, A.
Sarkar, J.
Sarthour, R.
Scherrenberg, R.
Schoenfeld, B.
Spontak, R.

Institut fur Angewandte Physik, Zurich (CH)
DSM Research, Structure & Morphology of Materials Section, Geleen (NL)
Cambridge University, Department of Materials Science & Metallurgy (NL)
Oxford Univeristy, Clarendon Laboratory (GB)
DSM Research, Structure & Morphology of Materials Section, Geleen (NL)
Insttit fur Angewandte Physik, Zurich (CH)
North Carolina State University, Raleigh (US)

4.2.2. Short Time Visitors under the EC-TMR Programme 1997
Abbas, B.
Amador, U.

Asaf, U.
Bailey, L.
Balakrishnan, G.
Bijlsma, R.
Booth, G.
Boothroyd, A.
Boirwman, W.
Brecht, E.
Brinkhof, R.
Bruckner, G.
Caignaert, V.
Campbell, A.
Carlsson, P.
Cascales, C.
Coad, S.
Cowley, R.
Costa, M. da
Daub, C.
Deriu, A.
Dreismann, C.
Felner, I.
Frenzen, A.
Frielinghaus, H.
Glidle, A.

Goff,J.
Gonsalves, M.
Gradzielski, M.
Gutierrez, E.
Hamley.I.W.
Hanke, M.
Huebner, S.
Jaca, J.G.
Keuerleber, J.
Kierkedelen, M.
Klemm, V.
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Institut fur Festkdrperforschung, Forschungszentrum Julich GmbH (DE)
Universidad Complutense, C.A.I. Difracion Rayos-X, Madrid (ES)
The Hebrew University, Racah Institute of Physics, Jerusalem (IL)
Leicester University, Department of Chemistry (GB)
Warwick University, Department of Physics (GB)
Delft University of Technology, Department of Radiation Physics (NL)
University of Salford, Joule Laboratory (GB)
Oxford University, Clarendon Laboratory (GB)
Technische Universiteit, Interfacultair Reactor Institute, Delft (NL)
Institut fur Nuklear Festkbrperphysik, Forschungszentrum Karlsruhe (DE)
Interfacultair Reac, Delft University of Technology (NL)
RWTH Aachen, Instute fur Metallkunde und Metallphysik (DE)
ISMRA, Laboratoire CRISMAT, Caen (FR)
University of Warwick, Physics Department (GB)
Chalmers University of Technology, Material Physics, Goteborg (SE)
Instituto de Ciencia de Materiales de Madrid, Consejo Superior de Investigaciones Cientificas, Madrid (ES)
Warwick University, Department of Physics (GB)
Oxford University, Clarendon Laboratory (GB)
Coimbra University, Physics Department, Coimbra (PT)
Technical University of Berlin, I.N. Stranski-Institute (DE)
Universita degli Studi di Parma, Dipartimento di Fisica, Parma (IT)
Technical University of Berlin, I.N. Stranski-Institute (DE)
The Hebrew University, Racah Institute of Physics, Jerusalem (IL)
Universitat Leipzig, Fakultat flir Physik & Geowissenschaften (DE)
Institut fur Festkorperforschung, Forschungszentrum Julich GmbH (DE)
Glasgow University, Department of Bioelectronics (GB)
Clarendon Laboratory, Oxford Physics (GB)
University of Leicester, Department of Chemistry (GB)
Universitat Bayreuth, Lehrstuhl fur Physikalische Chemie I (DE)
Instituto de Ciencia de Materiales de Madrid, Consejo Superior de Investigaciones Cientificas, Madrid (ES)
University of Leeds, School of Chemistry (GB)
Universitat Braunschweig, Institut fur WerkstofFe (DE)
Technische Universitat Miinchen, Medizinische Biophysik (DE)
Universidad Complutense, C.A.I. Diffraction Rayos-X., Madrid (ES)
Freiberg University, Institute of Physical Metallurgy (DE)
Institutt for Energiteknikk, Kjeller (NO)
Freiberg University , Institute of Physical, Metallurgy (DE)
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Kleppinger, R.
Königes, A.
Lake, I.A.
Lees, M.
Lösche, M.
Loureiro, M. F.
Martinez, J.L.
Malizia, F.
Mattsson, B.
McGreevy, R.
Millange, F.
Mompeân, F.J.
Monge, M.A.
Monteith, A.
Müller, P.
Olsson, U.
Paul, Don McK.
Pohlitsch, E.
Pople, J.
Preston, R.
Rainford, B.
Redah, T.
Reynolds, J.
Samseth, J.
Sattler, K.
Schröder, A.
Schwahn, D.
Swann, M.
van Well, A.
Visser, D.
Weygand, M.
Wilkins, C.
Wills, A.
Withers, P.
Woldt, E.E.
Zetterström, P

K.U. Leuven, Department of Chemistry (BE)
RWTH Aachen, Institut für Metallkunde und Metallphysik (DE)
Oxford University, Claraendon Laboratory (GB)
University of Warwick, Department of Physics (GB)
Universität Leipzig, Physik der Biomembrane (DE)
Coimbra University, Physics Department, Coimbra (PT)
Institut de Estructura de la Materia, CSIC, Madrid (ES)
University of Ferrara, Physics Department, Farrara (IT)
Chalmers University of Technology, Material Physics, Madrid (SE)
Uppsala University, NFL Studsvik (SE)
ISMRA, Laboratoire CRISMAT, Caen (FR)
Institut de Estructura de la Materia, CSIC, Madrid (ES)
Instituto de Ciencia de Materiales de Madrid, Consejo Superior de Investigaciones Cientificas (ES)
The Royal Institution of Great Britain, London W1X 4BS (GB)
RWTH Aachen, Institut for Anorg Chemie (DE)
Lund University, Center for Chemistry (SE)
Warwick University, Department of Physics (GB)
Technische Universität München, Medizinische Biophysik (DE)
University of Leeds, School of Chemistry (GB)
Cambridge University, Department of Materials Science and Metallurgy, (GB)
University of Southampton, Physics Department (GB)
Technical University of Berlin, I.N. Stranski-Institute (DE)
Oxford University, Clarendon Laboratory (GB)
Institutt for energiteknikk, Kjeller (NO)
Universität Bayreuth, Lehrstuhl fur Physikalische Chemie I (DE)
Institute of Physics, University of Karlsruhe (DE)
Institut ftir Festkörperforschung, Forschungszentrum Jülich (DE)
Glasgow University, Department of Electronics (GB)
Delft University of Technology, Interfacultair Reactor Inst. (NL)
Warwick University, Department of Physics (GB)
University of Leipzig, Fakultät fur Physik und Geowissenschaften (DE)
University of Southampton, Physics Department (GB)
University of Edinburgh, Department of Chemistry (GB)
University of Cambridge, Department of Materials Science & Metallurgy (GB)
Technical Universität. Braunschweig, Institut für Werkstoffe (DE)
Uppsala University, NFL Studsvik (SE)

4.3. Degrees and Awards
Bechgaard, Klaus, NKT's forskerpris
Christensen, Morten Jagd, Ph.D. degree
Gerstenberg, Michael C , Ph.D. degree
Pedersen, Marianne., Ph.D. degree
Vigild, Martin E., Ph.D. degree
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Direct phone numbers, fax numbers and e-mail addresses of the scientific staff of
Condensed Matter Physics and Chemistry Department
Name
Almdal, Kristoffer
Andersen, Niels Hessel
Arleth, Lise
Bechgaard, Klaus
Berg, Rolf H.
Bergström, Magnus
Clausen, Kurt N.
Eskildsen, Morten Ring
Faldt, André
Feidenhans'l, Robert
Frello, Thomas
Geisler, Tommy
Howes, Paul
Hvilsted, Soren
Jannasch, Patrie
Johannsen, Ib
Jergensen, Erling Bonne
Jargensen, Mikkel
Kjaer, Kristian
Krebs, Frederik
Larsen, Mogens
Larsen, Niels B.
Lebech, Bente
Lebech,Jens
Lefmann, Kim
Lemmich, Jesper
Lindgârd, Per-Anker
Madsen, Nils Berg
McMorrow, Des
Mortensen, Kell
Ndoni, Sokol
Nielsen, Martin Meedom
Nielsen, Mounts
Papadakis, Christine M.
Pedersen, Jan Skov
Pedersen, Marianne
Pedersen, Walther Batsberg
Rasmussen, Frank Berg
Rasmussen, Palle H.
Rcnnow, Henrik M.
Sahlén, Fredrik
Schultz, Thomas
Smela, Elisabeth
Sommer-Larsen, Peter
Vejby-Christensen, Lise
Vigild, Martin
Zhou, Ji
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Direct phone
+45 4677 4785
+45 4677 4711
+45 4677 4726
+45 4677 4701
+45 4677 4782
+45 4677 4745
+45 4677 4704
+45 4677 4713
+45 4677 4261
+45 4677 4708
+45 4677 4719
+45 4677 4753
+45 4677 4726
+45 4677 4784
+45 4677 4748
+45 4677 4747
+45 4677 4748
+45 4677 4717
+45 4677 4709
+45 4677 4261
+45 4677 4261
+45 4677 4721
+45 4677 4705
+45 4677 4761
+45 4677 4713
+45 4677 4719
+45 4677 4706
+45 4677 4743
+45 4677 4723
+45 4677 4710
+45 4677 4746
+45 4677 4741
+45 4677 4703
+45 4677 4712
+45 4677 4718
+45 4677 4779
+45 4677 4783
+45 4677 4745
+45 4677 4776
+45 4677 4715
+45 4677 4779
+45 4677 4715
+45 4677 4787
+45 4677 4744
+45 4677 4716
+45 4677 4712
+45 4677 4754

Fax no.
+45 4677 4791
+45 4677 4790
+45 4677 4790
+45 4677 4790
+45 4677 4791
+45 4677 4790
+45 4677 4790
+45 4677 4790
+45 4677 4791
+45 4677 4790
+45 4677 4790
+45 4677 4791
+45 4677 4790
+45 4677 4791
+45 4677 4791
+45 4677 4791
+45 4677 4791
+45 4677 4791
+45 4677 4790
+45 4677 4791
+45 4677 4791
+45 4677 4790
+45 4677 4790
+45 4677 4792
+45 4677 4790
+45 4677 4790
+45 4677 4790
+45 4677 4791
+45 4677 4790
+45 4677 4790
+45 4677 4791
+45 4677 4791
+45 4677 4790
+45 4677 4790
+45 4677 4790
+45 4677 4791
+45 4677 4791
+45 4677 4790
+45 4677 4791
+45 4677 4790
+45 4677 4791
+45 4677 4790
+45 4677 4791
+45 4677 4791
+45 4677 4790
+45 4677 4790
+45 4677 4791

e-mail address
k.almdal@risoe.dk
niels.hessel@risoe.dk
lise.arleth@risoe.dk
klaus.bechgaard@risoe.dk
rolf.berg@risoe.dk
magnus.bergstroem@risoe.dk
kurt.clausen@risoe.dk
morten.eskildsen@risoe.dk
andre.faldt@risoe.dk
robert.feidenhansl@risoe.dk
thomas.frello@risoe.dk
tommy.geisler@risoe.dk
paul.howes@risoe.dk
s.hvilsted@risoe.dk
patric.jannasch@risoe.dk
ib.johannsen@risoe.dk
bonne.joergensen@risoe.dk
mikkel.joergensen@risoe.dk
kristian.kjaer@risoe.dk
frederik.krebs@risoe.dk
mogens.larsen@risoe.dk
niels.b.larsen@risoe.dk
bente.lebech@risoe.dk
jens.lebech@risoe.dk
kim.lefmann@risoe.dk
jesper.lemmich@risoe.dk
p.a.lindgard@risoe.dk
mak-nibm@risoe.dk
des.mcmorrow@fys-hp-1 .risoe.dk
kell.mortensen@risoe.dk
sokol.ndoni@risoe.dk
martin.m.nielsen@risoe.dk
mourits.nielsen@risoe.dk
christine.papadakis@risoe.dk
jan.skov.pedersen@risoe.dk
marianne.pedersen@risoe.dk
walther.batsberg@risoe.dk
frank.berg.rasmussen@risoe.dk
palle.rasmussen@risoe.dk
henrik.roennow@risoe.dk
f.sahlen@risoe.dk
thomas.schultz@risoe.dk
elisabeth.smela@risoe.dk
peter.sommer.larsen@risoe.dk
lise.vejby@risoe.dk
martin.vigild@risoe.dk
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