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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 1998 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
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Denmark. E-mail addresses may be found on the last page of this report.
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authors.
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Introduction and Acknowledgements

The research of the "Condensed Matter Physics and Chemistry Department", is
performed within the Rise programme area "New functional materials".
Research
The research activities aim at creating an understanding of the relation between the
atomic and molecular structure of materials and their magnetical, electrical, optical,
chemical or biological properties. In 1998 the activities 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 program 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.
A scientific highlight of the programme was the crystallographic investigation of a
gyroid phase in shear treated block copolymers identifying a two dimensional powder.
The Danish Polymers Centre's (DPC) contract expired in 98 after a four-year period.
The results obtained within the Centre and in related MUP2 contracts have resulted in
a strong wish from industry and from the Ministry of Research to obtain a continuation
which is negotiated in late 98. The DPC hosted both industrial collaborations and a
strong effort in basic research. The industrial co-operation with Danish industries
NOVO Nordisk A/S, Coloplast A/S and others are continued under bilateral
agreements or national programme support.
The Project "ARTMUS" with Danfoss A/S and The Technical University started in 98
and in parallel the Technical Research Council granted a project in Microactuators.
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.
Also facilities for local probe (AFM) and chemical analysis of surfaces are available
A scientific highlight was the investigation of properties of directly bonded silicon
bicrystals with Topsil A/S and the Micoelectronics Centre.
Magnetic and Superconducting Materials
The purpose of this program is to investigate the relation between structure and the
magnetic and superconducting properties of material. The program is using and
neutron and synchrotron x-ray scattering techniques. A scientific highlight was the
very detailed studies of fluxline lattices in high temperature superconductors and the
observation of coexistence of magnetism and superconductivity in TmNi2B2C (see
front page figure)
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Neutron Program
The TMR program financed by the EC giving access to Ris0s Neutron Scattering
facilities at DR3 to European researchers was after an excellent evaluation renewed
until March 2000.
It is at present not decided how or in which form the EC Access to Large Scale
Facilities Programme will be continued in the fifth framework programme. The EC
supported neutron scattering facilities have organised a round table body (EC
Concerted Action on Neutron Sources) under the chairmanship of Rise.
Industrial collaboration and industrial consulting.
The main body of the Departments collaboration with industry occurs in programme
supported research.
Several tasks are however performed on commercial conditions or as a result of
bilateral agreement where industry directly sponsors post docs in the Department.
Noteworthy are also contracts with Malinckroth Ltd., The Netherlands where special
isotope labelled chemicals are prepared, and collaboration with Novo Nordisk A/S
related to investigation of surfaces of drug containers. In the latter several patent
disclosures are filed.
The Department develops and sells instrumentation, under certain conditions in
collaboration with an industrial partner.
Educational activities
5 PhD's obtained their degree in 98 and 13 PhD students are working on their degree
in the Department.
With the Niels Bohr Institute at the University of Copenhagen and the Danish Research
Academy Risos has engaged in a formal collaboration to establish Graduate School in
Biophysics. Groups at the Technical University and at the Royal Veterinarian
Highschool also participate.
With DTU and NBIFAG the Department organised a PhD course in advanced
magnetism.
Members of the Department have taught at several graduate summer schools.
The Department hosted 7 masters projects. It holds an external lectureship and
organised a large experimental course with the University of Copenhagen.
The Danish Polymer Centre offered a course in advanced polymer science to industry.
Exhibitions
The Department has developed material and experiments for the exhibition "From
Niels Bohr to the year 2000". It was first shown at "The Danish House in Paris" and is
now on display at Experimentarium in Copenhagen
Acknowledgements
The Department receives its basal budget through Ris0 National Laboratory from the
Ministry of Research. Additional financial support, which is gratefully acknowledged,
has been received from The Ministry of Energy, The Natural Science Council, The
Technical Science Council, The European Community (DG XII and DG XIII) and
Fabrikant Mads Clausens Fond.
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2.1
Theory of a New Magnetic Excitation in the Colossal-Magneto-Resistive
material
P.-A. Lindgard, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark
Recently a tremendous effort is being devoted to investigating the magnetism and the electric
conductivity of various non-stoichiometric oxides. One class is the high Tc superconducting
YBa2Cu306-i-:r materials, possibly doped with rare earth ions in place of Y 3+ . An other class is
the Lai-xCajMnOs materials, which show a very large, so called colossal magneto-resistance
(CMR), here Ca2+ may be replaced by other divalent ions as Sr2+ or Ba2+. In both cases are
we dealing with the phenomenon of mixed valence, either of the Cu2+ or of the Mn3+ ions. The
pure LaMnO3 is basically orthorhombic, but locally probably strongly Jahn-Teller distorted
around the Mn3+ ions, and the Mn moments are in the basal afr-plane forming ferromagnetic
planes, coupled antiferromagnetically in the c-direction. When introducing Ca2+ ions a resulting
moment in the c-direction is observed, and originally interpreted as a canted structure1.
In order to make a very simple model we shall assume that near a Ca2+ ion a Mn3+ ion will
be converted to a Mn4+ ion with the moment along the c-axis. Due to the Coulomb repulsion
the ions should attempt to form a quasi super-lattice with maximal distances between the Mn4+
ions. The local lattice around the Mn4+ and Ca2+ ions can be assumed to be very distorted,
and the symmetry low. Therefore, a Dzyaloshinski-Moriya(DM) interaction

between the Mn4+ spin, S F , and the neighboring Mn3+ spins, S^, is allowed. This is actually
able to stabilize (SF) in the c-direction when the (S^) are in the ab-plane. Hence it is suggested
that the 'canting' is a purely local effect, simply arising from the local Mn4+ moments which
are oriented in the c-direction, see fig.l. In fact this picture is essentially consistent with recent
data by Hennion et aP in which an inhomogeneous canting model is introduced.
With respect to the spin dynamics the Mn4+ quasi super-lattice will give rise to a new set
of excitations, weakly coupled to the antiferromagnetic excitations from the Mn3+ 'matrix'.
Because the energy scale of the new mode is given by the DM-interaction constant D, which
can be assumed smaller than the super exchange and crystal anisotropy acting in the Mn3+
system, the new excitation is likely to be below in energy of the antiferromagnetic excitations.
The presented simple model may contain a substantial part of the physics behind the observed
new magnetic low energy excitation2 in Lai_xCarMn03 for x = 0.05 and 0.08, see fig.2, showing
the antiferromagnetic branches and the new low-lying branch.

-0.8

Fig.l

0.8

Fig.2

1

2
E. O. Wollan and W. C. Koehler, Phys. Rev. 100, 545 (1955!),
M.Hennion, F.Moussa, G.Biotteau,
J.Rodrfguez-Carvajal, L.Pinsard'and A. Revcolevschi, Phys. Rev. Lett., 81 1957 (1998).
2
M.Hennion, F.Moussa, J.Rodrfgues-Carvajal, L.Pinsard and A.Revcolevschi, Phys. Rev. B 56, R497 (1997).
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2.1

Perturbing the Haldane State: Nd I Y 2 - a; BaNiO 5

P.-A. Lindgard, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark
A better understanding is important of the nature of the excitation giving rise to the Haldane
gap, A r , predicted to occur for integer spin chains1. It is a pure quantum phenomenon with no
counterpart in conventional (~ classical) spin wave theory. Recently an interesting realization of
essentially non-interacting S=l Ni chains was found2 in Y 2 BaNi0s, where Y 3+ may be replaced
by many Rare Earth (R) ions: Pr 3 + , Nd 3+ , Er 3+ and Ho 3+ . The S=l Ni 2+ ions interact strongly
along the chain with an exchange interaction JkiNi ~ 300K. The interaction with the rare earth
moment is an order of magnitude smaller, J ~ 10K, and that between the rare earth moments,
2+
J7RR, is negligible (~ IK) as is the interaction between the Haldane Ni -chains, JHH- Hence
the RIY2_:i:BaNi05 systems constitute a family in which one may 'tickle' the Haldane chains
on a local scale, thereby perhaps having it disclose some of the nature of the Haldane state.
At relatively high temperatures (25K-50K) the coupling gives rise to a superposed quasi long
range order of the Ni moments. A number of observed properties were not understood, viz.
an apparently universal, non-linear, temperature independent relation between the R-moments
and the Ni moment, a strong damping of the R-mode near the ordering temperature TN, a
weak dispersion of the R-mode - while there is a strong increase of the Haldane gap below TNSome of these have here been resolved.
The problem is that of two interacting dynamical systems, and the standard description is
in terms of static and dynamic susceptibilities. The development of quasi static neighboring Ni
moments, MH, will produce Zeeman-like splittings of the R-levels and introduce a moment, M R ,
given by MH = XH{XJMR + JHH-MH) and similarly M R = X^JRRMR
+ xJMH), assuming a
probability x for finding the R-ion. In the ordered phase it is necessary to consider the influence
of the induced magnetic moments on the susceptibilities. In mean field theory, below the
ordering temperature (indicated by <) the inverse susceptibility is increased near TN as 1/XR —
1/|XR|+C*'#2H
, where H is the molecular field from the Ni-moments and a' > 0 is a constant.
For the coupled system just below TN we may approximate 1/|XRI ^ 1/XR(^!/V)> the value at the
ordering temperature. We can therefore just below TN write 1/XR = 1 / X R ( 7 N ) [1 + Q M ^ H
],
where a > 0 is a known constant. The Haldane susceptibility in the ordered phase is expected
to have the same form: 1/XH = 1/XH(TN) [1 + 7 ^ R ] , where 7 is a positive constant. This
applies also well below TN since XH is essentially independent of temperature for T < TN.
Because 1/XH OC A*, we deduce that the Haldane gap in the ordered phase should behave as

A 7r (M R ) = A7r(TW)[l + 7M£].

(1)

This is in good agreement, using 7 = 0.158//ig, with the measured behavior for the Nd
compounds 2 . The induced Ni moment can then be found as

MNi «

X&JMR

= aMR/[l + 1MK).

(2)

This simple non-linear relationship fits the observed2 functional dependence M M ( M R ) excellently, using a — 1.2 obtained from other measurements. This then provides a linking between
the independently measured quantities A ^ ( M R ) and M N ; ( M R ) . Equation (2) replaces the arbitrary function MNi « A arctan(jBMR), which was assumed and found to fit effectively the data 2 .
It furthermore explains why the relation only depends on the magnitude of the R-moment, but
not on the temperature.
1
2

F . D. M. Haldane, Phys. Rev. Lett. 50, 1153 (1983).
T . Yokoo, S. Raymond, A. Zheludev, S. Maslov, E. Ressouche, I. Zalinsky, R. Erwin, M. Nakamura
and J. Akimitsu, Phys. Rev. B 58, 14424 (1998).
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2.1

Simple Solution to Problems Concerning Oxygen Ordering in

P.-A. Lindgard, N. H. Andersen, Condensed Matter Physics and Chemistry Department, Ris0
National Laboratory, Denmark and D. M0nster UNI-C, Aarhus, Denmark
Oxygen ordering in the incompletely filled CuO r layers is an important feature in the high-Tc
YBa 2 Cu 3 0 6 +i materials. Electron transfer to the superconducting CuO2 planes depends on the
local oxygen coordination of Cu ions in the neighboring CuO z planes. Numerous experiments
have aimed at determining the oxygen configurations: electron microscopy, x-ray and neutron
scattering. However, this has only yielded indirect information. Computer modeling is needed
in order to give the corresponding real space picture. Previous model studies are unable to
account for a number of pertinent details recently observed in scattering experiments. We have
demonstrated that this can be achieved by Monte Carlo simulations using a simple extension
of the ASYNNNI model, with a fixed and limited set of interaction parameters Vn, n=l-5.
The predominant interaction between occupied oxygens sites is the Coulomb repulsion directly between oxygen ions. This results in the parameters called Vi and V3; whereas V2
also includes the covalent interaction across a Cu ion for oxygens along the chains. Detailed
microscopic studies1 suggest that in particular the V2 parameter could be dependent on the
structural details such as the length of formed chains, and therefore of temperature T as well
as of composition x.
The figure shows, for x = 0.5, the concentration Q of C u ^ atoms with I nearest oxygen
neighbors (including two apical ones) obtained for V5 — 0, 0.02 and 0.0414 as a function of
T* - T/\Vi\kB. The average chain length (L) is simply (L) = l/c 3 ; it can also be found
directly from the length distribution. The arrows indicate the transition temperature Tf_u
between the O-I and O-II phases. We notice that a and (L) vary very smoothly through the
phase transitions, indicating that (L) is not a critical variable. For V5 = 0 we find a in exact
agreement with the Monte Carlo data (0) for the model in ref. 1 in which V2 is allowed to
vary with T and x. Thus at x = 0.5 the chain length, surprisingly, is independent of that
modification of the ASYNNNI model. The introduction of V5 has a large effect on Q . However, since T{_u decreases fast, as indicated by the arrows, the 2D simulated c3 decreases, and
hence (L) increases, as a function of V5 at 7i_n. Experimentally, Ti_n = 450 K, c3 = 0.19
or (L) = 5.3 and c4 ~ C2 ~ 0.41 (thin horizontal lines)2. For a proper comparison we must
include the 3D coupling, the effect of which on the phase diagram can be accounted for by
reducing |14| by 17%. Accordingly, the arrows in the figure move up in T* by up to 17%.
The result for V5 = 0.0214, shown as (•) gives good agreement with the experimental Ce values and (L) = 5.0. The introduction of a finite V5 produces a quite small (L) also for smaller
T*. This questions the validity of the infinite chain approximation used in several model studies.
The success of the present simple fixed parameter model indicates that the inherent
disorder in the oxygen structure, which is always observed in YBa 2 Cu 3 06+r, may not be
driven by the electron transfer between the
CuOj; and CuO 2 planes. But more simply,
that the variation in the copper valence is
dictated by the disorder given by the oxygen
interactions in YBa 2 Cu 3 06+i.
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H. Haugerud, G. Uimin and W. Selke, Physica C 275, 93 (1997), G. Uimin, Phys. Rev. B 50, 9531 (1994).
H. Liitgemeir et al, Physica C 267, 191 (1996).
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2.1

Phase Diagram for the Extended ASYNNNI Model

P.-A. Lindgard, N. H. Andersen, Condensed Matter Physics and Chemistry Department, Ris0
National Laboratory, Denmark and D. M0nster UNI-C, Aarhus, Denmark
Experimental investigations1 of YBa2Cu3O6+i have shown the existence of orthorhombic
phases characterized by superstructures consisting of O-Cu-0 chains. These are formed along
the 6-direction with various periodicities, na, in the a-direction of the plane. To explain these
so called 0-(N) orthorhombic structures one has to identify a Hamiltonian and we have chosen
to extend the ASYNNNI model with simply one parameter V5
NN

NNNCu

U = -Vi £ *(rMrO - V2 £
<rr')

NNNV

NNN2V

*(rMrO - V3 £ <r(r)*(i>) - VB £

(rr')

{rr'>

<r(r)<r(r').

(1)

<rr'>

The extra interaction parameter V5 couples pairs not bridged by a Cu and 2o apart (NNN2V)
and thus stabilizes the O-III structure by design. However, it explains much more: including
the 0-V and O-VIII, as well as seemingly incommensurate phases, which actually rather are
mixed phases. The figure shows the results of simulations using V5 = — 0.04Vi. The top shows
the ordering vectors found by the simulation and the bottom the corresponding phase diagram.,
which predicts only the T, O-I and O-II phases. The bars indicate the spread in q-values found
at certain values of x. The thin line shows the phase diagram for the ordinary ASYNNNI model
with V5 = 0. It is evident that a finite V5 suppresses the O-II phase. At x = 0.4 we observe
a variation with temperature (from high to low) of Q_ from 2/5 to 3/8 corresponding to the
O-V and O-VIII phases, whereas at x = 0.6, Q + = 3/8 and only the O-VIII phase is found. At
x = 0.9, where O-III and O-IV are degenerate in energy, we find a broad peak in the range
between q = l / 3 and 1/4. For x close to 1/2 we find regions of mixed phases with no clear peaks
in the structure factor, but a broad plateau (indicated by the bar) around q = 0.5.
With the introduction of one extra parameter the ASYNNNI model, thus extended, is
able to explain several experimentally observed properties of the oxygen ordering
in YBa 2 Cu 3 0 6 +x that the original ASYNNNI
model is unable to account for. The value
of the introduced extra parameter is chosen
as V5 = 0.04Vi. This clearly demonstrates a
large effect, but also introduces short range
correlations of O-(N) in the O-I, which are
not observed experimentally. Using the value
V5 = 0.0214, which is in accord with the
estimated interaction, based on a screened
Coulomb potential, these correlations disappear. Interactions to more distant neighbors
are even smaller and can be neglected because their possible effects on the phase diagram occur at such low temperatures that
the slowing down of the oxygen diffusion prevents a realization in YBa2Cu3O6+i .
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N. H. Andersen et al Physica C, to be published, P. Schleger et al., Phys. Rev. Lett. 74, 1446 (1995).
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2.1. Molecular properties calculated from a model of interacting atoms
Lasse Jensen and Kurt V. Mikkelsen, Chemical Laboratory III, H. C. 0rsted Institute, University of Copenhagen, Denmark, Per-Olof Astrand, Condensed Matter Physics and Chemistry
Department, Ris0 National Laboratory, Denmark
Quantum chemistry can today provide accurate calculations of molecular properties such as
frequency-dependent polarizabilities and magnetizabilities for small molecules. However, for
large molecules such as polymers, polyelectrolytes and molecular crystals less sophisticated
methods have to be applied.
It is well-known that many molecular properties are additive, which means they can be calculated
from a sum of atomic contributions. Properties of aromatic molecules, however, are assumed to
be dominated by ring-current effects, but recently we have demonstrated that magnetizabilities
and polarizabilities of aromatic compounds also can be described with an additive model1.
Deviations from an additive model may be included if atomic properties interact with each other
according to classical electrodynamics. Parameterization have been carried out of interacting
atomic polarizabilities from experimental molecular polarizabilities2, but problems arise since
often only the isotropic part of the polarizability is available from experiments. Furthermore,
experimental polarizabilities also contain contributions from pure vibrational and zero-point
vibrational effects which cannot be modelled with only a polarizability. If instead atomic polarizabilities are parameterized from accurate quantum chemical calculations on small molecules,
it is found that molecular polarizability tensors can be modelled with an interaction model. In
the figure it is demonstrated for the static polarizability of a set of fluoro- and chloroalkanes.
Current work deal with parameterizations of hyperpolarizabilities and their frequency-dependence. Furthermore, the inclusion of atomic capacitances improves not only the description of
the optical properties, but provides also a model for charge-transfer and conducting properties
of molecules and materials.
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Figure. The tensor components of the molecular polarizability (in atomic units) of 18 alkanes, fluoro
and chloroalkanes are shown of a parameterization of an interaction model and for quantum chemical
calculations. The obtained parameters are ac=6.6 au, aH=3.5 au, aF=1.7 au, and a c ' = 1 3 . 3 au. A
damping of the electrostatics according to Thole 3 has been employed.
1

Astrand P.-O., Mikkelsen K. V., Magn. Reson. Chem. 36, 92-97, 1998; Sylvestcr-Hvid K. O., Astrand P.-O.,
Ratner M. A., Mikkelscn K. V., J. Phys. Chem., in press
2
Sce e.g. Applequist J., Carl J. R., Fung K.-K., J. Am. Chem. Soc. 94, 2952-2960, 1972
3
Thole B. T., Chem. Phys. 59, 341-350, 1981
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2.1. Computer simulations of effective potentials between particles in a liquid
Per-Olof Astrand, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark, Per Linse, Steve Brdarski and Gunnar Karlstrom, Centre for Chemistry and
Chemical Engineering, Lund University, Sweden
A fully atomistic model of a liquid or a solution provides detailed information about for example
the structure of the liquid, the structure of the solvation shell around a solute or solvent effects on
molecular properties 1 . However, a fully atomistic description of more complex systems such as
electrolytes, polymers or polyelectrolytes requires extremely long simulation times and therefore
often more approximate models are applied. Effective potentials can be obtained from molecular
dynamics or Monte Carlo simulations of the potential of mean-force (PMF) between two particles
in a solution and PMF:s can be used for constructing more coarse-grained models.
We have implemented two methods for calculating PMF:s in the MOLSIM program 2 . In one
method the mean-force is calculated directly and the second method is a recent model for
constructing an automatic update of an umbrella potential 3 . Furthermore, the accuracy of
the intermolecular potential is crucial in a simulation, and the recent extensions of the NEMO
potential 4 have also been included in MOLSIM.
The methods have been tested for small systems. Results for a 'repulsive' configuration of the
water dimer (H2O - OH2) are shown in the figure and it is found that this configuration is
attractive in the liquid, which may explain some of the anomalous properties of water as a
solvent. Initial simulations on two chloride ions in an aqueous solution show that the Cl~ - Cl~
is attractive at about 3-4 A, which is in agreement with a previous investigation5 but contradicts
the text-book view that ion-ion interactions in a liquid are screened Coulombic interactions.
The attractive force may be explained qualitatively by considering the large polarizability of the
chloride ion. To create a large induced dipole moment, the chloride ion will move towards a
heterogeneous environment such as an interface or another charged species.
Future calculations of PMF:s will involve interactions between polymer and polyelectrolyte
segments, interactions at surfaces (where polarization effects are important) and ion transport
under an externally applied voltage.
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Figure. Probability distribution of the oxygen-oxygen distance
^ c c e.g. Astrand P.-O., Wallqvist A., Karlstrom G., J. Phys. Chern. 98, 8224-8233, 1994; Nymand T. M.,
Astrand P.-O., J. Chem. Phys. 106, 8332-8338. 1997
2
Linse P., Wallqvist A., Astrand P.-O., Nymand T. M., Lobaskin V., MOLSIM v. 2.6, Lund University, 1998
3
Engkvist O., Karlstrom G., Chem. Phys. 213, 63, 1996
4
Brdarski S., Karlstrom G., J. Phys. Chem. A 102, 8182-8192, 1998
5
Pettitt B. M., Rossky P. J.. J. Chem. Phys. 84. 5836, 1986
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2.1

Spin waves in the near-Ising ferromagnet CoCl2-2D2O

N. B. Christensen, K. Lefmann, I. Johannsen, 0 . J0rgensen, Condensed Matter Physics and
Chemistry Department, Ris0 National Laboratory, Denmark.
When a static electric field is applied to a conduction electron in a solid, the electron is driven
through the energy band until it reaches the zone boundary. The electron then reappears on
the other side of the Brillouin zone with equal and opposite momentum. Thus a static electric
field induces oscillatory motion, the so-called Bloch oscillations1. Following the development
of semiconductor heterostructures, in particular layered superlattices, the impurity scattering
rate has been reduced far enough for the oscillations to become observable2. Recently it has
been suggested3 that in one dimensional near-Ising ferromagnets with Jx ^ Jy, magnetic Bloch
oscillations should exist in the presence of a static magnetic field. In this case, the energies of
domain walls or solitons form bands in q-space, giving rise to oscillations of the domain walls
along the chains in much the same way as in the electronic case. The Bloch states have energies
in the meV region and should therefore be observable by inelastic neutron scattering.
CoCl2-2D2O consists of ferromagnetically ordered chains, and the coupling constants are estimated to be Jx = 0.95K, Jy — 4.65K and Jz = 18.3K. The ferromagnetic chains show 3D
antiferromagnetic ordering below T/v = 17.2K and is considered a good candidate material for
observing the magnetic Bloch oscillations. Experiments were carried out at TAS7 on a composite samle consisting of three good single crystals of size 5 x 5 x 25 mm 3 grown in the department.
In these measurements the magnetic field was IT and the temperature was just above TN- In
this field the oscillation amplitude is expected to be around one lattice constant (c = 3.55A)
and the energy is around 0.6 meV. We were not able to observe the Bloch oscillations.
In order to obtain a better characterization of the material we have studied spin waves in the
a — c plane, since only spinwaves in the b — c plane have been studied previously4 The goal is to
obtain better values for the coupling constants in the problem in order to estimate the effect of
inter-chain couplings on the Bloch oscillations. In the figure we show the measured dispersion
along the a-axis for / = 0.75. Two branches of the dispersion curve become distinguishable as
one moves away from h = 0.
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Fig.l. Spinwave dispersion along the aaxis in the one dimensional near-Ising ferromagnet
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Bloch, Z. Phys. 52, 555 (1928)
Feldmann et al., Phys. Rev. B 46, 7252 (1992)
Kyriakidis and D. Loss, Phys. Rev. B 58, 5568 (1998)
K. Kjems et al., Phys. Rev. B 12, 5190 (1975)
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2.2

Magnetic dynamics of NiO nano-particles

K. Lefmann, K. N. Clausen, N. B. Christensen, and P.-A. Lindgard, Condensed Matter Physics
and Chemistry Department, Ris0 National Laboratory, Denmark, F. B0dker, M. F. Hansen, and
S. M0rup, Department of Physics, Technical University of Denmark, 2800 Lyngby, Denmark,
H. Vazquez, Department of Physics, Universidad Autonoma de Madrid, Spain.
Nano-sized ferromagnetic particles displays thermally excited fluctuations. Two of the fluctuation modes are 1) reversal of magnetisation direction along an easy axis (superparamagnetic
relaxation), and 2) precession of the magnetisation around an easy axis (collective magnetic
oscillations). In antiferromagnetic nano-particles similar effects are seen - with the important
difference that the magnetic sublattices display coupled fluctuations around their respective
easy axes. Previously, we have studied these fluctuation effects in 15 nm nano-particles of
the canted antiferromagnet hematite (7-Fe2Os). Here we found signatures of both thermally
excited fluctuation modes mentioned above.1 The results were in good agreement with the
semi-classical Neel-Brown theory.2
Our present work concentrates on nano-particles of NiO, which in bulk form is a simple type-II
antiferromagnet on the fee lattice. Our sample consists of 8 nm particles in the form of a powder,
i.e. magnetic interaction between the particles should be expected. At the antiferromagnetic
q-value, QAF = 1-30 A" 1 , we have observed a broad magnetic powder line, decreasing with
temperature. At this q, we observe a thermally induced inelastic signal for |CJ| < 1.5 meV,
see Fig. 1. This is a signature of collective magnetic oscillations. We have not observed any
broadening of the quasielastic peak, which would have corresponded to superparamagnetism.
However, we observe a signal from the collective magnetic oscillations around the first nuclear
powder peak at Qnuc\ — 2.60 A" 1 . The two observed signals correspond to low-energy spinwaves with q — QAF and q = 0, respectively. Surprisingly, the q = 0 signal is present in NiO,
while it seems to be absent in hematite. 3 The inelastic data on NiO fits the damped harmonic
oscillator form expected for the precession mode, but the damping is much larger than for
hematite, smearing out the signal. This is most probably an effect of inter-particle interactions.

3a

Fig. 1. Inelastic neutron data of 8 nm NiO
particles at q = Q A F = 1-30 A" 1 shown on a
logarithmic intensity scale. The plot contains
data for three temperatures, T = 50 K, 170 K,
and 295 K, which are clearly separated around
|w| ss 0.5 meV, showing the signal from the
thermally excited collective magnetic oscilations. The 50 K data are indistinguishable
from reference scans at q = 1.60 A" 1 taken
at several temperatures, except that the former has a somewhat higher intensity in the
quasielastic peak due to antiferromagnetic order.
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2.2

High Field Phase of CuGeO 3

H. M. Ronnow, D. F. McMorrow Condensed Matter Physics and Chemistry Department,
Ris0 National Laboratory and M. Enderle, Univ. des Saarlandes
CuGeC>3 is the first known inorganic spin-Peierls system and as such undergoes a transition
to a dimerized phase where pairs of S = 1/2 spins couple to a nonmagnetic singlet ground
state. Associated with this is a commensurate (C) lattice distortion giving rise to additional
scattering at reciprocal lattice points (h + \, k, I + | ) . Above a magnetic field of about 12.5
Tesla a transition to an incommensurate (IC) phase takes place and the distortion peaks
are split into (h + \, k, I + \ ± 5) (See figure 1). This phase is believed to exhibit long range
magnetic order, although the related intensity is expected to be very weak.
Using x-ray techniques, Kiryukhin et al.1 have observed the splitting of (|, 1,|) in a
narrow field range up to 13 Tesla. Exploiting the slightly lower critical field in the Si-doped
system, Grenier et al.2 recorded the intensities of several satelite reflections, from which
they proposed a model for the structural distortion in the high field phase. We have used a
14.5 T vertical field magnet placed at the thermal tripple axis spectrometer El located at
the Hahn-Meitner Institut to study the high field phase of pure CuGeOs.
Using a soliton picture, Buzding et a/.3 have calculated the field dependence of the
splitting. We have measured this quantity up to 14.5 T and find good agreement with the
theory. The prediction which depens on the ratio between the spin wave velocity and the spin
wave gap was made for the XY system, but CuGeO3 is believed to be more Heisenberg like.
A difference of 10% in the overall amplitude of the splitting is within the uncertainy in this
experimentally determined ratio. From the intensity of the third order peaks (|, 1, \ ± 35),
the soliton width was found to be about 7 lattice spacings.
The structure of the modulated distortion was investigated by recording the intensity of
5 different structural satelite peaks when going from the C phase (11 T) to the IC phase
(14.5 T). The intensity ratios / i C / / c vary between 1.3 and 71 at ( | , 3 , \) and (|, 1, | ) , respectively. The origin of this unexpectedly large intensity change is not yet fully understood.
Interpretation through the model by Grenier et a/.yields shifts of the oxygen ions of up to
0.015 lattice spacings.
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Figure 1: The high field phase is associated
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[1] V. Kiryukhin, B. Keimer et al. Phys. Rev. B 54(10), 7269, sep 1996
[2] B. Grenier, L. P. Regnault et al. Europhys. Lett. 44(4), 511, Nov. 1998
[31 A. I. Buzdin, M. L. Kulic et al. Solid State Comm. 48(5), 483, 1983
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2.2

Possible Kosterlitz-Thoules transition in MnPS3

H. M. R0nnow, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, and A. Wildes, ILL, Grenoble

The absence of long range order at any finite temperature in the 2D Heisenberg and XY
systems have been rigorously proven by Mermin and Wagner in 19661. However, for the XY
system a kind of topological order was proposed in 1973 by Kosterlitz and Thoules 2 . Later
it has been shown that any finite amount of easy plane anisotropy results in topological
order below a transition temperature TKT which vanishes logarithmically in the isotropic
limit. Though in real materials TKT will be masked by 3D ordering, the KT-theory can be
adressed in terms of the correlations and fluctuations above TKT (and 7V).
In MnPS3, planes of S = 5/2 ions form a honeycomb lattice. The antiferromagnetic
intra plane coupling J = 0.77 meV is 400 times stronger than the inter plane coupling
J' — 0.0019 meV. The easy plane anisotropy amounts to about 1% of J. Above the 3D
order at T^ = 78 K, the 2D nature is believed to be restored.
The equal time structure factor S (k) was measured using an energy integrating configuration which has become a standard technique for two dimensional systems 3 . If the direction
of the scattered neutrons is kept perpendicular to the 2D planes, all energy transfers represent the same 2D momentum transfer, and the measured intensity becomes proportional to
/ _ ' S(k,u>) ~ S(k). By fitting the data to a resolution convoluted Lorentzian line shape,
the correlation length £ and amplitude So were extracted for temperatures up to 280 K.
B

The correlation length was found to follow the expression £KT = Ae ^ T ~ T K T that has been
predicted for the Kosterlitz-Thoules transition. The parameters A = 0.57 A, B = 1.87 and
TKT = 55 K are of the right order for a KT transition, but no precise numerical estimates
exist for the honeycomb lattice. Motivated by this discovery, calculations for the S = 5/2
honej'comb lattice have been initiated.
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2.2 Magnetic Structure of (Tmi.xYb^)Ni2B2C with x = 5,10 and 15%
K. Norgaard, M. R. Eskildsen, N. H. Andersen, Condensed Matter Physics and Chemistry
Department, Rise National Laboratory, Denmark, P. L. Gammel, A. P. Ramirez, Bell Laboratories,
Lucent Technologies, USA and P. C. Canfield, Ames Natl. Lab. & Iowa State University, USA.
TmNi2B2C is a member of the borocarbide superconductors with a Tc = 11 K. Futhermore this
material is magnetic, with the Tm3+ ions ordering in a "squared up" transverse antiferromagnetic
spin density wave below TN = 1.5 K1. The coexistence of superconductivity and magnetism makes
this material especially interesting, and leads to complex interactions between the magnetic order
and the superconducting flux line lattice2.
In order to vary the superconducting properties of TmNi2B2C in a systematic way without affecting
the magnetic state, crystals were grown with ytterbium doped on the thulium site. Ytterbium has a
larger ionic radius than thulium but similar magnetic properties, and is therefore expected to lead to
increased scattering and hence a reduction of Tc, while TN should stay essentially constant.
To verify that this was indeed the case, the magnetic ordered state was studied by magnetic neutron
scattering on single crystals of (Tmi.xYbx)Ni2B2C with x = 5, 10 and 15%, combined with specific
heat measurements of 7N and Tc. Table 1 lists TN and Tc for the doped elements as well as for pure
TmNi2B2C. One finds that TN is only changed slightly by the doping. As mentioned above the
magnetic structure of TmNi2B2C is a transverse spin density wave, with a magnetic ordering vector
qm = 0.094(a* + b*)1. The "squared up" nature of the spin density
wave is signalled by the presence of higher order reflections for
X
TC(K)
7N(K)
A
0
/
3 qm, 5 qm, etc. Figure 1 contains the results of our neutron
\J /Q
10.2
1.52
c 0/
scattering experiments. It shows scans along (hhO) in reciprocal
7.6
1.48
•J /0
space across the (110) reflection and magnetic sattelites on both
—
10% _
sides of the nuclear peak. Both the first and third order magnetic
—
15%
1.29
reflection are clearly visible. The results for the three different
Table 1. Superconducting and
dopings are identical to each other and to those for the pure
magnetic critical temperatures of
compound (not shown). We therefore conclude that the ordered
(Tmi.xYbx)Ni2B2C determined by
magnetic structure is unchanged by the doping.
specific heat measurements. Entries
marked by - were not measured
[110]

Cu200

0.4

0.5

15
Fig. 1. (hhO) scans for (Tmi.JtYb^)Ni2B2C for three different dopings obtained for temperatures T= 0.32 - 0.42 K. Both
the nuclear (110) Bragg reflection and the magnetic satellites are labelled together with the background scattering from
aluminum and copper.
1
2

B. Sternlieb et al., J. Appl. Phys. 81,4937-4939 (1997).
M. R. Eskildsen et al., Nature 393,242-245 (1998) and item in section 2.3 in this report.
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2.2 X-ray Scattering Study of Copper Magnetism in Non-superconducting PrBa2Cu3C>6.92
J.P. Hill, Department of Physics, Brookhaven National Laboratory, USA, D.F. McMorrow,
Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark, A.T.
Boothroyd, Clarendon Laboratory, Oxford University, UK, A. Stunault, C. Vettier, European
Synchrotron Radiation Facility, Grenoble, France, L.E. Bermann, NSLS, Brookhaven National
Laboratory, USA, M. von Zimmermann, Department of Physics, Brookhaven National Laboratory,
USA, Th. Wolf, Forschungszentrum Karlsruhe, Karlsruhe, Germany.
is anomalous in comparison with isostructural compounds containing other trivalent
rare earth ions. Flux grown single crystals and polycrystalline samples of PrBa2Cu3O6.9+^ do not
superconduct for any x, but single crystals grown using the floating zone method have been reported
to superconduct below Tc~85 K. The magnetic properties of PrBa2Cu3O6.9+x are also unusual, as
evidenced by a high transition temperature for the Pr ions of Tp r » 19 K, as compared to a typical
value of 0-2K. The magnetic structure of PrBa2Cu3O6+x has been the subject of numerous
investigations, including both neutron and x-ray magnetic scattering studies. In an earlier x-ray
study we found that the ordering of the Pr sublattice is incommensurate between 19 and 9 K, and
not commensurate as had previously been believed. Here we report new data on the ordering of the
Cu measured using resonant x-ray magnetic scattering techniques. The experiments were performed
on beamline ID20 at the ESRF. By tuning the x-ray photon energy to the Cu K-edge we have been
able to observe x-ray magnetic scattering from a high-Tc related compound for the first time. In Fig.
1 we show the intensity of the {lA,Vi,9) antiferromagnetic Bragg peak as a function of photon energy.
A peak in the scattering is observed close to the expected energy of the quadrupole resonance
(ls-»3d). Above Tpr the Cu ordering is commensurate, which we believe rules out stripe
correlations as a possible mechanism for suppressing superconductivity in this material. Below Tpr
the Cu ordering is incommensurate due to a coupling to the ordered Pr.
(0.5,0.5,9)

D -

8.96

8.97

8.98
Energy (keV)

6.99
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Fig. 1. Intensity of the O/V/2,9) antiferromagnetic Bragg peak at 20 K as a function of incident
photon energy. Solid line: Cu fluorescence. The dashed line is a guide to the eye.
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2.2 X-ray resonant scattering study of the quadrupolar order in UPd3
D.F. McMorrow, Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
Denmark, K.A. McEwen, Department of Physics and Astronomy, University College London, UK,
U. Steigenberger, Rutherford Appleton Laboratory, ISIS Facility, UK, H. M. Ronnow, Condensed
Matter Physics and Chemistry Department, Riso National Laboratory, Denmark, F. Yakhou,
European Synchrotron Radiation Facility, Grenoble, France
Neutron scattering studies of quadrupolar order are limited by the fact that there is no interaction
between the neutron and the quadrupole within the dipole approximation. (The peaks that are
observed in neutron scattering studies result from a lattice distortion that accompanies the
quadrupolar order.) The situation for x-rays is less clear, but the same restrictions do not apply so
that it should be possible to study directly quadrupolar order with x-rays. It has been shown recently
that x-ray resonant scattering may be used to study orbital ordering, a phenomenon closely related to
quadrupolar order.
From a combination of neutron scattering and bulk measurements it had earlier been deduced that
antiferro-quadrupolar order occurs in UPd3 below 7 K. We have recently studied UPd3 using
beamline ID20 at the ESRF. In the first part of the experiment the energy and polarization
dependence of the scattering was determined for energies around the Miv edge of U (E=3.724
keV). Two distinct types of satellite peak were observed at positions given by (I/2 0 L) with L even
or odd, in agreement with earlier neutron scattering experiments. Both types of peak displayed a
resonance at the U Miv edge, as shown in Fig. 1. Rather surprisingly it was found by performing
polarization analysis that the L odd peaks rotate the incident polarization, whereas the L even peaks
do not. Far from resonance (E= 11.248 keV) neither type of peak was found to rotate the
polarization. The results are currently being analyzed, and when this is complete we expect to obtain
a better understanding of the quadrupolar order in this material.
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taken at 1.6 K without an analyser crystal. The fluorescence measured in the background of the
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2.2 X-ray resonant scattering study of spin-density waves in a superlattice
J. P. Goff, R. S. Sarthour, R. C. C. Ward, M. R. Wells, Oxford Physics, Clarendon Laboratory,
UK, D. F. McMorrow, Condensed Matter Physics and Chemistry Department, Rise National
Laboratory, Denmark, F. Yakhou, A. Stunault, European Synchrotron Radiation Facility,
Grenoble, France, and A. Vigliante, Department of Physics, Brookhaven National Laboratory,
USA.
The discovery of the propagation of magnetic ordering through nonmagnetic spacer layers in
rare-earth superlattices has opened a new window on the nature of exchange coupling in the
metallic state. X-ray magnetic resonant scattering affords the opportunity to study the magnetic
ordering of both components of a superlattice separately. The resonances at the L edges of the
rare earths are dominated by virtual electric dipole transitions from a 2p core level to the 5d
band. Magnetic x-ray diffraction therefore gives direct information on the conduction-electron
spin-density wave responsible for the propagation of magnetic order.
The magnetic structures of Nd/Pr superlattices have been investigated at the magnetic scattering
beam line ID20 at the ESRF. Magnetic resonances were detected at both the Nd and Pr Ln
edges, proving that a coherent spin-density wave is established in the 5d bands of both elements.
The two components of the superlattice were found to adopt identical multi-^ magnetic
structures. Magnetic superlattice peaks were observed in g-scans at both edges, and these are
shown at selected temperatures in Fig. 1. It is possible to model the magnetic polarization profile
of each element independently, and to determine the magnetic correlation length, using these
data. The polarization profile follows the concentration profile at all temperatures at the Nd
resonance. The results for Pr at T~ 3 K show that an almost uniform moment is induced across
the lOOA-thick Pr block at low temperature. However, by T~ 10 K the induced polarization at
the centre of the Pr block is small. The fall in induced polarization in the Pr is accompanied by a
broadening of the peaks at both edges, indicating a decrease in the coherence of the magnetism.
This directly confirms that the observed Pr conduction-electron spin-density wave is responsible
for the propagation of the Nd magnetic order.

(a)PrLn

Fig. 1. Scans of Q in the c* direction
through a magnetic Bragg reflection
(a) at the Pr Ln and (b) at the Nd Lu
edges. The solid lines show the
calculated scattering.
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2.2 Magnon Dispersion of Copper Tetramine Sulfate in the Antiferromagnetic Phase
M. Enderle, A. Klopperpieper, Technische Physik, Universitat des Saarlandes, Gremany, K.
Lefmann, D.F. McMorrow, Condensed Matter Physics and Chemistry Department, Rise National
Laboratory, Denmark.
Specific heat and susceptibility of Copper Tetrammine Sulfate display the broad maximum
characteristic of low-dimensional antiferromagnetism, these results as well as NMR experiments
have been interpreted in favour of a quasi-one dimensional Heisenberg antiferromagnet with main
exchange along the crystallographic c-direction. From ESR results a two-dimensional
antiferromagnetic Heisenberg exchange interaction in the ab-plane of the orthorhombic system has
been concluded.
In order to find out whether copper tetrammine sulfate is mainly one- or two-dimensional we have
investigated the magnon dispersion of a deuterated sample at about 40mK in the long-range ordered
phase. Starting at the antiferromagnetic Bragg position, we observe a steep increase of the
dispersion along (h 0 0), but very small dispersion along (0 k 2k) (Fig. 1). A previous experiment
had shown no dispersion along (001). Together with these new results both strong exchange along (0
01) and (0 k 0) can be excluded, and the main exchange path is along the a-direction. This evidence
for quasi-one dimensionality makes the system interesting for magnetic field studies which are
planned as the next step of investigation.
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Fig. 1. Dispersion of deuterated Copper Tetrammine Sulfate in the (h k 2k) plane at 40mK.
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.* thin-film alloys

2.2 Magnetic phase diagram

R. S. Sarthour, R. A. Cowley, R. C. C. Ward, M. R. Wells, Oxford Physics, Clarendon
Laboratory, UK, D. F. McMorrow, Condensed Matter Physics and Chemistry Department, Rise
National Laboratory, and J. Jensen, 0rsted Laboratory, Niels Bohr Institute, Denmark.
Bulk Ho orders below TN ~ 132 K forming a basal-plane spiral and then a cone phase below T~
22 K. In contrast, bulk Tm adopts a longitudinally modulated magnetic phase below 7JV ~ 58 K.
The aim of the experiment was to determine the magnetic phase diagram of Ho/Tm alloys, and
to see whether this system exhibits the unusual multi-critical point displayed by the related
Ho/Er alloys [1].
Single crystal alloys of Ho^Tm;.* were grown by molecular beam epitaxy at Oxford, with the
nominal compositions x = 0.75, 0.65, 0.55, 0.42, 0.30 and 0.15. Elastic neutron diffraction
experiments were performed using the triple-axis spectrometer TAS1. It was possible to
determine the magnetic structures, by performing scans along the [001] and [101] directions of
the hep reciprocal lattice. The measurements revealed the presence of five distinct phases with
long-range magnetic order: cone, basal-plane helix, tilted helix, cycloid and longitudinally
modulated. The phase diagram determined using neutron diffraction is compared with the
predictions of mean-field calculations in figure 1. This shows good agreement between
experiment and mean-field theory, and we conclude that Ho;<Tmy.x has a penta-critical point at
x~0.32.

140

00

0.2

0.4
0.6
Ho-concentration (x)

0.8

Figure 1. The magnetic phase diagram of Ho^Tm/.* thin-film alloys. The circles show the
transitions determined using neutron diffraction and the solid lines are mean-field calculations.

[1] R. A. Cowley, J. A. Simpson, C. Bryn-Jacobsen, R. C. C. Ward, M. R. Wells and D. F.
McMorrow, (1998) Phys. Rev. B 57 8394.
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2.2 Unusual High-Field Phase in a ID Frustrated Antiferromagnet
R. Coldea, Oak Ridge National Laboratoiy, USA, and ISIS Facility, RAL, UK, D.A. Tennant, D.F.
McMorrow, Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
Denmark.
The S=l/2 Heisenberg antiferromagnetic chain is at a quantum critical point. The ground and
excited states undergo drastic changes in the presence of symmetry reducing perturbations.
Magnetic fields are known to induce incommensurate soft modes in the system understood in terms
of filling a band of S=l/2 states. Simple interchain coupling leads to long-range order in the ground
state with low energy spin-wave excitations and longitudinal modes predicted. On the other hand,
the consequences of frustrated coupling are less well understood but from next nearest neighbour
chain models exotic behaviour is expected. In our experiment, we measured the ground state
ordering of a frustrated array of chains in a magnetic field. We made our measurements using a
dilution fridge and 9T magnet on TAS 7 to examine the ordering in CS2CUCI4 in fields of up to 6 T
and temperatures as low as 28mK. In zero field below 600mK cycloidal order occurs in the be easy
plane. Applying a magnetic field in the c direction has no observable effect on the ordering until a
critical field of 1.45 T. A first order transition occurs to a new phase characterized by a sinusoidal
ordering in the field direction. The incommensurate ordering wavevector increases linearly with
field and the ordering decreases monotically until it disappears at a field of 2 T. This behaviour is
consistent with a new phase of stabilized spinon ground states in the chains, with this alignment
being destroyed by the field above 2 Tesla leading to a decoupled chain phase up to the fully
alignment field of 7.98 T. The excitations in the intemediate field phase (IFP) have been measured
already in CS2CUCI4 and were found to be well described by a spinon picture for the pure ID chain.
The measurements reported here provide direct evidence of a new quantum phase below 2T and
observation of the chains decoupling at 2T.
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Fig. 1. Left panel shows inplane component (circles) and along field component (triangles). Right
panel shows incommensurate ordering wavevector vs field.
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2.2 Magnetic Microstructure of Nanocrystalline Ni from Small-Angle Neutron
Scattering
A. Michels, J. Weissmiiller, Universitdt des Saarlandes, Saarbriicken, Germany, J. Skov Pedersen, Ris0 National Laboratory, Roskilde, Denmark, J.G. Barker, National Institute of Standards
and Technology, Gaithersburg, USA, and U. Erb, University of Toronto, Toronto, Canada
In nanometer grain size polycrystalline ('nanocrystalline') ferromagnets, the magnetic anisotropy
field, i.e. the derivative of a volumetric energy density with respect to the local direction of the
magnetization, suffers random jumps at grain boundaries. The present study aims at exploring the nature and origin of the deviation from the homogeneously magnetized state resulting
from this nonuniform anisotropy field microstructure. The dependence of the differential SANS
cross-section on applied magnetic field vector H and on magnitude and direction of the scattering vector k, in the limit where all the spins are nearly aligned in a common direction, can be
derived from the theory of micromagnetics1'2. Here, we investigated nanocrystalline Ni of high
mass density and purity at low temperatures, where the magnetocrystalline anisotropy is strong.
The experiment was carried out at the Ris0 SANS instrument with a 5 T magnet/cryostat,
which unfortunately gives a high background. The circular averaged SANS cross section was
found to be excellently described by theory (Figure 1). In particular, the results indicate that
the theory supplies a good fit to the data down to the lowest magnetic fields applied. This
is compatible with a recent assessment of the limits of validity2 of the micromagnetics theory.
Figure 2 indicates that the scattering pattern is roughly independent of ip for applied field
values below about 1000 Oe, but at higher fields the experiment indicates a tendency for higher
intensity in the direction parallel to the field. According to theory in reference2, the transition
at 1000 Oe suggests a grain size of 22 nm, roughly compatible with the result, 18(3) nm, derived
from x-ray line broadening. The good agreement of the results with theory is an indication for
the validity of the micromagnetics model, and of its predictions on magnetic microstructure.
1OOOOO -i

0.03

0.2

100

H
Fig. 1. Cross section verus k. Small symbols: experiment, at H = 0.01 (filled D), 0.24 (•), 0.45 (A), 0.71
(V), 2.4 (o), 5.0 (+), 7.3 ( x ) , and 20.0 kOe (*). Lines:
Model fits. D; Anisotropy field interference function (cf.
[1]); O : Combined nuclear and magnetic scattering from
nonuniform mass density.
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Fig. 2. •: experimental ratio, Ij^flp, of
intensity normal over intensity parallel to
applied magnetic field, versus magnitude
H of applied field. Line: micromagnetics
theory (small misalignment limit).
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J. Weissmiiller, R.D. McMichael, J. Barker, H.J. Brown, H. U. Erb, and R.D. Shull, MRS Symp. Proc. 457,
231 (1997)
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2.2 Genuine Cluster Contribution in SANS of FeZr-based Amorphous Alloys
L. Fernandez Barquin, J. C. Gomez Sal, CITIMAC, F. Ciencias, Univ. Cantabria, Spain,
and J. Skov Pedersen, Condensed Matter Physics and Chemistry Department, Ris0 National
Laboratory, Denmark
FeZr-based (Fe-rich) amorphous alloys present an attractive magnetic phase diagramme, showing a re-entrant spin-glass behaviour at low temperatures 1 . Previous in-field and zero field
SANS studies provided experimental evidence of magnetic inhomogeneities, which could be
give rise to such a behaviour2. Before performing a deep study of those previous patterns, it
is desirable to study surface effects in our alloys, especially bearing their ribbon shape 3 . Thus,
deuterated methanol and D—20 have been used in a cell containing Fe9iZr9. D2O contrast: A
clear conclusion is that the surface contribution does not alter largely the SANS intensity, especially regarding the shape of the I(Q) pattern. This is deduced from the comparison between
the sample in air and immersed in D 2 0 (see Figure). CD3OD contrast: A change respect to
the original sample is clear for the 100% CD3OD solution (maximum contrast and good surface
wetting). The pattern from a sample that had been immersed in methanol but without any
liquid in the cell (i.e.: in an empty cell), is very similar to the one of the sample immersed in
the methanol but amazingly different to the one coming from the original sample. This means
that methanol has removed or 'attacked' anything in the ribbon, and thus, the results for the
samples in methanol should be considered as related to an alloy in a different state. Note, that
a change of the deuterated methanol percentage to 6%, does not alter the pattern respect to
the one at 100%. This allows to state that the surface contribution is not relevant again, in
this case, for a methanol modified sample. Finally, the methanol 'attacked' sample was sanded
and put in air in the cell. The shape change is again very small. This reinforces the fact that
the modification induced by the methanol have affected the bulk alloy. In this situation, we
carried forward with the experiment and characterised what it is, in principle, an 'attacked'
sample. Low temperature runs show alternatively that the signal change is not drastic at the
FM (150 K) and SG (30 K) regimes. In short, the most reasonable finding that the signal is
not significantly altered in our alloys by the surface and consequently, we are working on the
previous results to perform the In-field - ZF subtractions to get the magnetic scattering and
check I(Q) variations typical of Spin Glasses.

1000 Fig.
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SANS patterns
of samples in original condition (Fe91 ori), original condition in D2O (Fe91 100%
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(Fe91 100% met) and 'attacked' by methanol in 6%
CD3OD (Fe91 6% met).
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D. H. Ryan et al., Phys. Rev. B35, 830 (1987)
L. Fernandez Barquin et al., J. Appl. Phys. 79, 5146 (1996)
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Magnetic Structure Determinations and Phase Transitions in (Mni_xFex)Sn2
A. Menshikov, Institute of Metal Physics RAS, Ural Division, Ekaterinburg, Russia, B. Lebech
Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark, A.
Vokhmyanin, Institute of Metal Physics RAS, Ural Division, Ekaterinburg, Russia and H.
Shiraishi Shibaura Institute of Technology, Oomiya, Soitama 330, Japan
In our previous work1 we have studied the magnetic structures of (Mni-xFex)Sn2 intermetallic
compounds with x = 0.2, 0.7, 0.85 and 0.9 by neutron scattering techniques in order to
understand the concentration dependence of the phase transition close to xc = 0.8, where the
antiferromagnetic order with wave vector k\ = ('A Vi 0) changes to another magnetic structure
with wave vector fo = (1 0 0). It was shown, that a non-collinear magnetic structure occurs for
the alloys with x = 0.85 and 0.9, which may be described by two co-existing wave vectors k\ and
fo. However, it was difficult to explain the change of the paramagnetic Curie temperature from
positive to negative with concentration2 because of the limited number of the investigated alloys.
In the present work we have expanded the concentration range of the investigated alloys in order
to understand the evolution of the antiferromagnetic structure from MnSn2 to FeSn2. These
additional alloys, with x = 0,0.1,0.4,0.6,0.975, were studied in the temperature range from 7 to
300 K. The majority of the neutron diffraction patterns were obtained using the multi-dectector
powder diffractometer TAS3 installed at DR3 reactor at Rise National Laboratory. When these
data are fully analysed the average magnetic moments per atom will be determined and the
complete magnetic phase diagram can be drawn. With special attention we have studied the
phase transitions in the MnSn2 and Mno.9Feo.1Sn2 compounds, which was discovered by Corliss
and Hastings3. Unexpectedly, we did not find the transition from an antiferromagnetic structure
with wave vector k\ = QA V2 0) to an antiferromagnetic structure with a wave vector A3 = (54 54 0)
for Mno.9Feo.1Sn2, which occurs in MnSn2 as seen in the powder diffraction patterns shown
below.
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A. Menshikov, A. Vokhmyanin, A. Teplykh, B. Lebech and H. Shiraishi, Physica B 241-243,724 (1998).
H. Shiraishi et al., International Conference on Physics of Transition Metals, volume II, 867 (1992).
3
L. M. Corliss and J. M. Hastings, J. Appl. Phys. 39,461 (1968).
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Neutron diffraction studies of ftET^Alg, (RE = Dy and Nd)
B. Lebech, Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
Denmark, J. A. Paixao. University of Coimbra, Coimbra, Portugal, G. H. Lander, Institute for
Transuranium Elements, Karlsruhe, Germany and P. J. Brown, Institute Laue Langevin,
Grenoble, France
The compound family M ^ A l g where M is either a rare earth or an actinide element has
interesting magnetic properties that are of importance for the understanding of the interplay
between 3 J-electrons and 4/75/:electrons. The crystal structure of these compounds is the bet
ThMni2 structure and they order magnetically below ambient temperatures with different
ordering temperatures for the Fe and the rare earth/actinide sites. UFe4Alg was the first compound to be studied in single crystal form by neutron scattering1. In a field of 4.6 T parallel to
the 6-axis1, the magnetic structure is ferrimagnetic with ordered moments of 0.47 and 1.00 (IB
on the U and Fe sites, respectively. A single crystal of DyFe4Alg has been studied extensively
by neutron scattering techniques at Rise and ILL, Grenoble as well as by synchrotron x-ray
scattering techniques at ESRF, Genoble and NSLS, Brookhaven2. Below TN ~ 180 K, the Fesites orders in an antiferromagnetic structure with modulation vector q = (2/15 2/15 0). The
Dy-sites orders below ~25 K with the same q. Below 10 to 15 K, higher order satellites appear
in the diffraction patterns as well. The temperature dependence of the (~\±q -\±q 0) magnetic
satellites observed using TAS3 at Ris0 for scans parallel to the [-1 -1 0] direction are shown
in Fig. 1. These data agrees with previous data sets obtained using TAS1 and TAS3 at Ris0.
However, similar data determined from scans transverse to <1 1 0> using D10 at ILL shows a
pronounced peak at ~10 K. The reason for this discrepancy is uncertain. Recently, a single
crystal of a light rare earth family compound NdFe4Alg has been studied using D10 at ILL.
The Fe-sites orders at T^ ~ 170 K in an antiferromagnetic structure with modulation vector q
~ (4/17 4/17 0). In addition magnetic transitions are observed at ~85 K and 30 to 40 K.
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Fig. 1. Temperature dependence of the peak area and modulation vector for the {-\±q -\±q 0) magnetic
satellites observed in DyFe4Alg using TAS3 at Ris0. The displayed data has been determined from scans
longitudinal to [-1 -1 0] close to (-1 -1 0). A similar dependence is observed for data obtained for scans
taken transverse to the [-1 -1 0] direction.
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J. A. Paixao, B. Lebech, A. P. Goncalves, P. J. Brown, G. H. Lander, P. J. Bown, P.Burlet, A. Delapalme and
J. C. Spirlet, Phys. Rev. B 55, 14370 (1997)
2
S. Langridge, J. A. Paixao, N. Bernhoeft, C. Vettier, G. H. Lander, Doon Gibbs, S. Aa. Sorensen, A. Stunault,
D. Wermeille and E. Talik, Changes in 5rf-band polarisation in rare-earth compounds. Submitted for publication.
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Neutron Diffraction Studies of pure CeSb Single Crystals
B. Lebech, Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
Denmark, P. C. Canfield, T. Wiener, Ames Laboratory, Iowa State University, Iowa, USA, A.
Wnek and J. Wolny, University of Mining and Metallurgy, Cracow, Poland
The intermetallic compound CeSb has a rich magnetic phase diagram1'2 which has been
extensively studied by different experimental techniques. At the Neel temperature, the NaCl
crystal structure transforms to a tetragonal crystal structure. As a result, the magnetic order
has a direction of strong uniaxial anisotropy along which the Ce3+ moments align. The magnetic structures are commensurate with propagation vectors (0 0 qc) where qc = 2/3, 8/13, 4/7,
5/9, 6/11 and 1/2. Based on neutron scattering studies, the magnetic structures has traditionally been described by stacking of differing sequences of ordered ferromagnetic sheets («- or
—>) or completely disordered ( o ) sheets. Although the measured magnetic intensities are
equally well modelled by modulated sinusoidal structures, that square up with decreasing
temperatures, the concept of disordered sheets were originally introduced in order to keep the
moment of any given atom below the free ion value of cerium, hi particular, it was difficult to
model the magnetic structure just below T^ (qc = 2/3) without allowing for a small ferromagnetic component. In order to find a more satisfactorily model for the magnetic structure of
CeSb, a new pure single crystal grown at Ames Laboratory was investigated by means of
magnetisation and neutron scattering techniques. The data confirm the previously measured
magnetic phase diagram on single crystals from other sources. In addition, detailed neutron
diffraction data were collected for the (1 1 1) weak nuclear Bragg peak between 1.7 K and 25
K (see Fig. 1). The data shows increased scattering between 1.7 K and 7N -16.35 K and a
sharp peak (-0.14 [IQ) in the temperature region where qc is equal to 2/3 (see Fig. lb). This
intensity is evidence of a ferromagnetic component that is particularly pronounced just below
7N. Hence, the model for the magnetic structure for CeSb needs to be revised accordingly.
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Fig. 1. The temperature dependence of the (1 1 1) Bragg peak observed in a pure single crystal of CeSb. The
sharp peak that is centred at -16.2 K (right and left hand figures) corresponds to a ferromagnetic moment
component of (0.14 ± 0.04) uB. The intensity observed above TN -16.35 K is caused by the (1 1 1) nuclear
Bragg peak. The intensity below TN is caused a nuclear and ferromagnetic contribution to the (1 1 1) Bragg
peak. The right hand figure shows the temperature dependence of the (1 1 1) peak on an expanded temperature scale.
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P. Fischer, B. Lebech, G. Meier, B. D. Rainford and O. Vogt, J. Phys. C: 11, 345 (1978)
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Neutron Diffraction Study of Single-Crystal PuxUi-xSb
P.S. Normille, W. G. Stirling Department of Physics, University of Liverpool, U.K., B. Lebech, Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
Denmark and G. H. Lander, Institute for Transuranium Elements, Karlsruhe, Germany
Until now, most studies of the magnetism in actinide solid solutions have been on systems
with a constant 5/electron count on the metal site (e.g. USbi.xTex) or on systems where the
actinide site (mainly U) has been diluted with thorium (e.g. Ui.xThxSb)''2. However, also
exploration of systems where the S^electron count is changed by doping for instance the
uranium site with a transuranium element will provide valuable insight into the magnetism of
the 5/electrons. Both PuSb and USb have the NaCl crystal structure and they form complete
solid solutions. The end compounds in the PuxUi.xSb system has been studied extensively1,
but the solid solutions have not. USb is an antiferromagnet with a 3q magnetic structure (q =
1) below TN = 215 K. PuSb is an antiferromagnet at high temperature with 7N = 85 K. Below
67 K, it becomes a ferromagnet with q = 0. Two Pu-rich single crystal samples (x = 0.50 and
0.75) have been characterised by resistivity measurements at EITU in Karlsruhe and by magnetisation measurements at ETH in Zurich. Rather surprisingly, the x = 0.75 showed no signs
of ferromagnetism at low temperatures. However, two antiferromagnetic transitions could be
observed in the data; at T^ ~ 110 K and T ~ 50 K, respectively. Neutron diffraction studies
performed at Riso on the same crystal revealed that the antiferromagnetic order is modulated
with q = (0 0 lA) below 7N. Figure l(a) illustrates the temperature dependence of the (1 1 \-lA)
magnetic satellite peak in Puo.75Uo.25Sb close to the Neel temperature. In contrast to the results
found for the resistivity and magnetisation measurements, we did not observe any trace of the
transition at T ~ 50 K in the neutron diffraction data, but a third order magnetic satellite was
observed as the temperature was lowered. This indicates squaring up of the modulated structure in Puo.75Uo.25Sb. The neutron diffraction studies at Rise also included single crystal
samples with x = 0.50 and 0.25. It was found that both samples have antiferromagnetic order
of type I (q =1) below TN = 152.5(10) K and 198.9(1) K, respectively. Figure l(b) shows the
peak intensity of the (1 1 0) magnetic peak in Pu0.50U0.50Sb close to the Neel temperature upon
heating the sample from 8 K. Similar data was observed for the Puo.25Uo.75Sb sample.
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Fig. 1. (a) The temperature dependence of the (1 1 1-14) magnetic satellite in Puo.75U0.25Sb determined on
heating (/-scans). The solid curves are Gaussian fits to the data and neighbouring peaks have been offset by
240 counts, (b) The temperature dependence of the peak intensity for the (1 1 0 ) magnetic peak in
Puo.50U0.50Sb obtained on heating the sample. The solid curve is a power law fit to I{peak) <* (r N -7) 2 e .
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2.3 Microstructure Evolution in BiSCCO/Ag Tapes
T. Frello, N.H. Andersen, Condensed Matter Physics and Chemistry Dept., Rise National Laboratory,
Denmark, H.F. Poulsen, L. Gottschalck Andersen, Materials Research Department, Rise National
Laboratory, Denmark, M.D. Bentzon, Nordic Superconductor Technologies, Denmark and J.
Schmidberger, HASYLAB, Germany
Significant information about the phase transformations and structural changes occurring during
thermal processing of Ag clad BiSCCO (Bi-Sr-Ca-Cu-O) high-rc superconducting tapes may be
obtained from structural studies with x-ray diffraction using high-energy photons from a
synchrotron1. During the process the (Bi,Pb)2Sr2CaCu2Ox (2212) phase reacts with additives to
form the ((Bi,Pb)2Sr2Ca2Cu3Ox) (2223) phase. Here we report on results obtained on a monofilament tape during initial heating and annealing at a constant operating temperature of 835 °C in
air. We have used the 100 keV x-ray diffraction set-up at the BW5 beam line at HASYLAB for the
studies. Details are given in Ref. 1. Results of the phase development are shown in Fig. 1. Here the
2201 phase refers to (Bi,Pb)2Sr2CuOx. During heating the (Ca,Sr)2PbC>4 additive decomposes
between 700 °C and 820 °C. Simultaneously, the residual strain in the 2212 grains is relieved and
the c axis alignment of the grains is substantially improved. Moreover, the Pb content of the 2212
structure increases continuously. We interpret these results as related to a temperature dependent
solubility limit of Pb in 2212, leading to a substantial grain growth of the phase. Above 812 °C the
2212 decomposes partly to form (Ca,Sr)2Cu03 and a liquid phase. At the operating temperature
2212 and (Ca,Sr)2Cu03 reacts with the liquid to form 2223. During the conversion the 2212 lattice
expands, indicating that the remaining 2212 grains contain less and less Pb. The final 2212 and
2223 texture is approximately identical, and Avrami plots of the transformation kinetics give
exponents m in the range 1< m <2. During the annealing the 2212 line-width is constant, implying
that there is neither strain nor finite-size broadening of the 2212 peaks during the transformation.
This points to a transformation mechanism where only a few 2212 grains transform at a given time.
As such the results may be consistent with both intercalation and nucleation-and-growth type of
models, as well as models in which the 2212 grains melts fast (but at different times) followed by a
slow precipitation of 2223.

900

Fig. 1. Relative concentrations of
2212 (•), 2223 (a), 2201 (O),
(Ca,Sr)2PbO< (0) and (Ca,Sr)2Cu03
(*) during in-situ annealing. To
ease visualisation the 2201
concentration is multiplied by 10.
The analysis is based on the (115)
reflection of the 2212, 2223, and
2201 phases, the (110) reflection
for (Ca,Sr)2Pb04, and the (011)
reflection for (Ca,Sr)2Cu03. The
line marks the temperature profile
with reference to the temperature
scale at the right hand side of the
figure.
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2.3 Equilibrium Phenomena and Kinetics in a BiSCCO/Ag Tape
H.F. Poulsen, L. Gottschalck Andersen, S. Garbe, Materials Research Department, Rise National
Laboratory, Denmark, T. Frello, S. Pratontep, N.H. Andersen, J. Madsen, A. Abrahamsen, Condensed
Matter Physics and Chemistry Department, Rise Naional Laboratory, Denmark, M.D. Bentzon, Nordic
Superconductor Technologies, Denmark and M. von Zimmermann, HASYLAB, Germany.

Tapes containing polycrystalline high-r c material have the potential of replacing conventional Cu
wires for electrical power transport. The tapes studied are manufactured by filling a randomly
oriented precursor powder, containing the so-called 2212 phase - (Bi,Pb)2Sr2CaCu2Ox - into a Ag
tube. Following a series of rolling and annealing procedures the powder is converted into
(Bi,Pb)2Sr2Ca2Cu3Ox (2223). In addition the c axis of the 2223 grains becomes partly aligned. The
choice of temperatures and ramp rates strongly influence the 2223 phase purity and alignment as
well as the connectivity between the grains. These features are essential for optimisation of the
superconducting critical current density in the tapes.
In continuation of earlier efforts several hundred tapes have been investigated by x-ray diffraction
at the high-energy (80-100keV) beam-line BW5 at HASYLAB. The high-energy x-rays can
penetrate the Silver and the superconductor materials, allowing in-situ observations during
annealing processes. Using a CCD camera the variations in texture, phase composition and
stoichiometry can be monitored during annealing (1-3 days) with a time resolution of 1-5 minutes.
Here we present results of the phase equilibrium and kinetics of the transformation during high
temperature cycling at the end of an annealing process. The evolution of the dominant crystalline
and liquid phases is shown along with the temperature profile in Fig 1. The 2212 to 2223
conversion is seen to take place on heating at all temperatures, while (Ca,Sr)2Cu03 appears above
833 °C. The cycling between 845 °C and 860 °C reveals fast, nearly reversible changes, indicative
of several eutectics involving the 2212, 2223, (Ca,Sr)2CuC>3 and liquid phases. By thermal cycling
the lattice constants of 2212 (not shown) are shifted substantially compared to the values obtained
during the initial heating. The changes are interpreted to result from an irreversible loss of Ca and
Pb that are incorporated into 2212 during heating. The lattice constants of 2223 are less effected.
The tape was also cooled in steps: 845 °C, 820 °C, and 660 °C (not shown on figure). At the former
two steps (Ca,Sr)2Cu03 and the liquid phases are converted into 2212 and 2223, while at 660 °C
they are rapidly transformed into 2212 and - primarily - (Bi,Pb)2Sr2Cu0x. Also at 660 °C, 2223
decomposes to Bi3.yPbySr3Ca2CuOx or (Ca,Sr)2Pb04 at a rate of approximately 40 % per hour.
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Fig 1. The relative concentrations of 2212 (•), 2223 ( • ) , and (Ca,Sr)2Pb04 (0) are shown above as function of
annealing time, and the numbers proportional to (Ca,Sr)2Cu03 (O) and a liquid phase (•) are given below. The line
marks the temperature profile with respect to the temperature scale at the right hand side of the figure.
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2.3 Magnetic Field Penetration and Critical Currents in BiSCCO/Ag Tapes
Investigated by Magneto-optical Field Imaging.
T. Frello, N.H. Andersen, Condensed Matter Physics and Chemistry Department, Riso National
Laboratory, Denmark, H.F. Poulsen, Materials Research Department, Rise National Laboratory,
Denmark, M. Baziljevich, T.H. Johansen, Department of Physics, University of Oslo, Norway and
P. Bodin, Nordic Superconductor Technologies, Denmark.
An important issue in the development of superconducting tapes of the BiSCCO/Ag type is
obtaining good electrical connectivity between the individual BiSCCO ((Bi,Pb)2Sr2Ca2Cu3Ox)
grains in the tape. It is essential to be able to distinguish between improvements caused by better
flux pinning in the individual grains (the intragrain critical current) and improvements caused by
better grain connectivity (the mtergrain critical current).
A simple and powerful method to address these issues is offered by the high-resohition magnetooptical technique, which utilises Faraday-rotation in Bi-doped Yttrium-Iron-Garnet indicator films.
By this method the magnetic field above a superconductor can be directly imaged with very high
spatial resolution (~ 2 |im). In areas of good grain connectivity a supercurrent can flow freely to
completely shield off an applied field, and these areas will appear as dark zones in the magnetooptical images. In areas of low connectivity the flux can more easily penetrate into the sample,
which is seen as bright areas in the images. We have combined magneto-optical investigations and
hard x-ray diffraction (100 keV photon energy) to obtain information on both superconducting and
structural variations for tapes with different processing histories.
We find that an extra thermomechanical treatment nearly triples the critical transport current from
12 A to 33 A. The diffraction results reveal that the extra thermomechanical treatment causes no
structural or chemical changes to the tapes, while the magneto-optical images show a great
improvement in the field-shielding properties, see Fig. 1. The field shielding behaviour of individual
BiSCCO grains is almost identical for the two samples, meaning that there is no appreciable
improvement of the flux pinning properties. From this we conclude that the main importance of the
second thermomechanical step is to increase the grain connectivity.

a)
b)
Fig. 1. Magneto-optical images of field penetration into two superconducting BiSCCO/Ag tapes. The applied field
strength was 4 mT and the temperature was 15K. Areas of high magnetic field appear bright in the images, dark areas
correspond to no magnetic field. The tape in a) has been pressed and heat-treated once only, the tape in b) has been
given an additional pressing and heat-treatment. The crack running vertically through the tape in b) is not representative
for the tape.
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2.3

X-Ray Scattering of Charge Stripes and Phonons in Lai.6-xNdo.4SrICu04.

T. Niemoller, H. Hunnefeld, S. Keitel, J.R. Schneider, HASYLAB, Germany, T. Frello, N.H.
Andersen, Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
Denmark, N. Ichikawa and S. Uchida, University of Tokyo, Japan.
Stripes of holes and spins in the CuO2 planes of Lai.6.xNdo.4SrxCu04 have been reported by neutron
and x-ray scattering in the low temperature tetragonal phase (LTT). Whereas the antiferromagnetic
ordering cannot be observed by x-rays, the superstructure reflections due to the charge stripes have
been found in experiments at the 3-axes diffractometer for hard x-rays (« 100 keV) at the BW5
beamline at HASYLAB. The first studies on a LawgNdcuSro.nCuCU crystal revealed that the stripe
ordering peaks have a pronounced but broad intensity modulation along the / direction indicating
correlation between the stripes in different CuO2 layers. These measurements were performed with
the CuO2 layers close to the scattering plane of the instrument. A significant integration along the /
direction is performed because the resolution perpendicular to the scattering plane is rather low (~
0.1 A"1).
We have performed similar measurements on a LaMsNdcuSro.isCuC^ crystal. In Fig. 1 is shown /
scans through the superstructure reflections (1.74, 0, 1) at 9 K and 31 K, below the transition
temperature to the LTT phase, and at 65 K above. At 9 K and 31 K there are three peaks at / = -2.5,
-0.5 and 0.5 significant of stripe ordering. They vanish at 65 K indicating that the strip order
disappears along with the LTT phase. The data taken at 65 K show a minimum at / = 0 which is
related to scattering by phonons. Only longitudinal phonons contribute to the scattering intensity at /
= 0, whereas the contribution from the transverse phonons increases with /. This conclusion is
corroborated by measurements of similar / scans in reciprocal space where the be plane coincides
with the instrument scattering plane. With this instrumental setting we observe a broad double peak
structure at / « ± 0.75, which increases significantly with temperature also above 65 K. We have
calculated the intensity of single phonon scattering of the acoustic phonons and found quantitative
agreement with the experimentally observed / and temperature dependence. The reason why the
charge stripe orders is not observed in these data is the very small scattering intensity. Since the
scattering volume of the stripe ordering is elongated along the / direction, the superstructure
reflections are only observed if the / direction is perpendicular to the scattering plane where the
instrumental resolution is reduced.
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Fig. 1. Scattering intensity of / scans at (1.74, 0, /) performed at T= 9 K (•), 31 K (A) and 65 K (•) with the ab plane
close to the scattering plane. Stripe order superstructure peaks are observed at / = ± 0.5, and -2.5 at T = 9 K and 31 K,
but not at 65 K.
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2.3

Superstructure Reflections in

,: Indication for Stripe Ordering?

T. Niemoller, H. Hunnefeld, J.R. Schneider, HASYLAB, Germany, T. Frello, N.H. Andersen,
Condensed Matter Physics and Chemistry Department, Riso National Laboratory, Denmark, B.
Bucher, M. Hiicker, //. Physikalisches Institut, Universitdt zu Kbln, Germany, U. Ammerahl and A.
Revcolevschi, Laboratoire de Chimie des Solides, Universite Paris Sud, France.
Doping La2-xSrxCu04 (LSCO) with smaller rare earth atoms like Nd or Eu leads to a tetragonal
structure at low temperatures called the LTT phase. Neutron diffraction studies of Nd-doped LSCO
have shown the presence of antiferromagnetic domains with charged stripes as anti-phase domain
boundaries, which are constricted to the LTT structure. These stripes are one-dimensional chains of
holes in the CuO2 planes, which have been observed with x-ray diffraction using the high energy
photons (« 100 keV) at the BW5 beamline at HASYLAB. A simple rule says that the distance d
between these stripes is d = a/(2x) (a is the lattice constant) because only every second site in the
stripes is occupied by a hole. In reciprocal space the superstructure reflections of the stripe ordering
are shifted by (±2e, 0, ±0.5) relative to the Bragg reflections with e ~x. The fact that the reflections
peak at / = ±0.5 proves that the stripes in different CuO2 planes are ordered along the c axis.
To verify the idea of stripe ordering as a general feature in LSCO materials in the LTT phase, we
have studied several samples with the composition Lai.8-xEuo.2SrxCu04. Since Eu is smaller than Nd,
Euo.2 introduces the LTT phase at even higher temperatures than Nd<u. We have searched for
superstructure reflections typical of stripe ordering in samples with x = 0.04, 0.08, 0.12 and 0.15.
Fig. 1 shows results for the sample with the nearly optimum value for stripe pinning of x = 0.12.
There is a pronounced signal at (2s, 0, 0.5) with 2e = 0.264(2). The agreement with the expected
value of 0.24 is rather good. For example the streak peak position in Lai.4gNdo.4Sro.i2Cu04 has Is =
0.234. Scans along the /-direction show two clear peaks at about ± 0.5. We have found eight more
reflections at the typical stripe peak positions, always with 2s = 0.264(2). In the sample with x =
0.08 we observed reflections with 2s= 0.20(1). Nothing has been found in the sample with x = 0.15,
probably due to insufficient crystal quality, and the data from the lowest Sr content remains to be
analyzed.
A comparison of the positions in reciprocal space of the superstructure reflections in Eu-doped and
Nd-doped LSCO suggests stripe ordering in both systems. However, the overall picture is different.
The peak intensity of the superstructure reflections in the Eu-doped crystals is one order of
magnitude larger than in the Nd-doped material, and even more important, they do not vanish at the
transition from the LTT phase into the orthorhombic LTO phase as in the Nd-doped system.
Measurements performed up to 460 K show that the superstructure reflections are present even in
the high temperature tetragonal phase. This indicates that the major contribution to the observed
reflections may have another origin or the stripe order exists in all structural phases in Eu-doped
LSCO.
4000

Figure 1. h scan through the superstructure reflection
(1.736, 0, 0.5) in Lai.6gEuo.2Sro.i2Cu04. The peak
position is in agreement with the idea of stripe
ordering with 2e= 0.264 and x « s.
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2.3

Reorientation Transition of the Flux Line Lattice in TmNi2B2C studied by Bitter
Decoration

A. B. Abrahamsen, M. R. Eskildsen, N. H. Andersen, J.B. Bilde-S0rensen, Rise National
Laboratory, Denmark, P. L. Gammel, D. J. Bishop, Bell Laboratories, Lucent Technologies, USA,
Paul C. Canfield, Ames Laboratory and Department of Physics and Astronomy, Iowa State
University, USA
The flux line lattice (FLL) in the RENi2B2C superconductors (RE = Rare-earth) exhibit structural
transitions that can be explained by the coupling of the FLL to the four fold anisotropy of the Fermi
Surface. Kogan et al. (Phys. Rev. B55, R8693, 1997) have used non-local corrections to the London
model to predict a continuos rhombohedral distortion from a square to a hexagonal FLL when the
applied field is reduced and the overlap between vortices is decreased. The Fermi surface
anisotropy locks the FLL with respect to the crystalline axes, where the square FLL is oriented
along the [110] direction and the hexagonal FLL along [100]. As the field is reduced further the
model predicts a first order rotation transition of the hexagonal FLL to a new orientation along
[110].
We have used the Bitter decoration technique to examine the symmetry and orientation of the FLL
in TmNi2B2C in applied fields between 20-256 Oe. Bitter decorations are performed by evaporating
iron onto the surface of a type-II superconductor. Magnetic clusters are collected in regions of high
flux density, i.e. the center of the flux lines, which can be visualized by imaging the cluster pattern
using a scanning electron microscope (SEM). The crystal orientation was determined by focusing
the beam of the SEM in a point and scanning the angle of incidence, whereby selected area
channeling patterns (SACP) were obtained.
Figure 1 shows the Fourier transform of two decoration images obtained at 4.2 K in applied fields
resulting in inductions of 66 and 124 G. The 12 peaks seen on the left hand side of figure 1 are
caused by the presence of two energetically equal hexagonal FLL domains oriented along the [110]
and [110] directions on the decoration image. As the applied field is increased 12 additionally
peaks are seen in the Fourier transform corresponding to domains oriented along the energetically
equal [100] and [010] directions. A coexistence of domains oriented along the [100] and [110]
directions were observed to the highest obtained induction of 307 G. The coexistence of different
orientations is expected for a first order transition when the energy difference between them is
small. At low applied fields (20 Oe) we observe a disordered FLL due to the low interaction
between the flux lines.
We believe that these results are evidence for the existence of the first order reorientation transition
of the FLL predicted by Kogan et al.
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Figure 1 Fourier transform of decoration images at inductions of 66 G (left) and 124 G (right). Two
FLL domains oriented along the [110] and [110] direction are seen at both fields and two additional
domains oriented along the [100] and [010] direction are observed when the applied field is increased.
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2.3

Magnetic Order of the Nd Sublattice in NdBa2Cu3O6+x (x = 0.1, 0.95)

A.T. Boothroyd, J.M. Reynolds, Department of Physics, Oxford University, UK, N.H. Andersen,
Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark, E.
Brecht and Th. Wolf, Forschungszentrum Karlsruhe, Germany
Magnetic order coexists at low temperature on the Cu and rare-earth (R) sites in many of the nonsuperconducting members of the RBa2Cu3O6+x family. Some degree of magnetic coupling between
the R and Cu sublattice is expected. In PrBa2Cu3O6+;c, Pr-Cu has been found to have a measurable
effect on the magnetic ordering. It is of interest to see what influence the inter-sublattice coupling
has in other members of the series, especially in view of the anomalously high magnetic ordering
temperature of the Pr sublattice in PrBa2Cu3O6+^. We chose to study NdBa2Cu3C>6+.r because Nd is
adjacent to Pr in the periodic table, and so its structural properties are very similar.
Single crystal samples of non-superconducting NdBa2Cu3O6.i and superconducting NdBa2Cu3O6.95
(Tc = 95.5 K) were employed in the neutron diffraction measurements which were carried out on the
TAS 1 triple-axis spectrometer at the DR3 reactor. The Nd magnetic ordering was investigated in
both crystals, and found to occur below TNd = 1.7 K and 0.62 K respectively. The magnetic
structure of the Nd moments was deduced from measurements of the Bragg peak intensities. In both
cases a simple antiferromagnetic arrangement was found, with the periodicity of the magnetic
structure twice that of the crystallographic structure in all directions. The sizes of the ordered
magnetic moments at 0.3 K were found to be 1.6 juB and 1.4 fiB for the x = 0.1 and x = 0.95 crystals,
respectively. The main difference, however, was in the direction of the ordered moment. In the x =
0.1 crystal the Nd moments align parallel to the ab plane, whereas in the x = 0.95 crystal the
moments are aligned nearly perpendicular to the plane, inclined at an angle of approximately 10°
from the c axis.
The Cu sublattice magnetic ordering was studied in the non-superconducting (x - 0.1) crystal above
and below Tm. The intensities of the Cu magnetic Bragg reflections were monitored very carefully
to see if there was any change that could be attributed to the Nd magnetic ordering. No effect was
seen, and so we conclude that any Nd-Cu coupling is smaller than the experimental sensitivity. It
seems, therefore, that the strong rare-earth-Cu interaction observed in PrBa2Cu3O6+jt is peculiar to
that system.

Fig. 1 The ordered magnetic
arrangements found for the Nd
moments
in
NdBa2Cu3O6+x
crystals with x « 0.1 (left), and
x « 0.95 (right). Only the Nd
moments are shown. Om is the tilt
of the spin axis from the c axis,
and is found to be approximately
10° for* « 0.95.
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2.3 Pinning of Magnetic Flux Lines in

Superconductors by Neutron Irradiation

J.K.S. Christiansen, Technical University of Denmark, Denmark, T. Frello and N.H. Andersen,
Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark
Melt processed YBa2Cu3O6+x (Y123) superconductor materials are able to carry a critical current
density Jc in excess of 104 A/cm2 at 77 K in magnetic fields of several tesla if the magnetic flux lines
are suitably pinned. The pinning effect is generally obtained by incorporation of non-superconducting
material or by producing lattice defects.
Y123 superconductor plates (~20x3 mm2 cross section and up to 400 mm long) with well-aligned
crystal domains were prepared by traditional melt texturing growth (MTG) technique. The precursor
material contained Y123 as well as non-superconducting Y2BaCuOs (Y211) that segregates as
micron-size pinning centers in the MTG plates. Additional pinning centers were introduced by
irradiation in the DR3 reactor with fast neutrons (E > 0.1 MeV) at doses between MO21 and 5-1022
n/m2. The critical current density was determined from the hysteresis in the magnetization AM versus
magnetic field H. By assuming that the sample is in the full critical state one gets: Jc = AM-f. H e r e /
is a geometrical factor, which for a rectangular rod of cross section, bxd(b >d) i s : / = 12b/d(3b-d).
The samples examined were ~ 3x3x3 mm3. Magnetic hysteresis curves were measured at 77 K and
in fields up to ~ 3.5 T using a Moving Sample Magnetometer (MSM), type DCM7225 from Lake
Shore Cryogenics Inc.
The critical current density obtained from magnetization measurements on an Y123 MTG sample
before and after neutron irradiation with MO22 n/m2 is shown in Fig. 1. A significant enhancement of
the critical current density as a result of irradiation is observed. The enhancement factor as function
of field for six different samples and four different irradiation doses between 2-1021 n/m2 and 2-1022
n/m2 is shown in Fig. 2. In a sample irradiated by 5-1022 n/m2 there was no field shielding at 77 K.
The detrimental effect at large doses may result from oxygen loss or disordering. At optimal neutron
irradiation dose, 5-1021 - MO22 n/m2, an enhancement factor larger than fifty has been observed at 3
T. The enhancement factor is sample dependent. Using chemical routes it has been possible to
decrease the Y211 particle size and obtain almost the same enhancement factor as shown in Fig. 1
for H = 3 T, but significantly smaller at lower fields.
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Fig. 1. Critical current density of a melt processed Y123
sample versus applied field obtained before and after
irradiation with fast neutrons at a dose of MO 22 n/m2.
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2.3

Superstructure Formation and Structural Phase Diagram

T. Frello, N.H. Andersen, M. Kail, J. Madsen, Condensed Matter Physics and Chemistry
Department, Ris0 National Laboratory, Denmark, M. von Zimmermann, T. Niemoller, J. R.
Schneider, HASYLAB at DESY, Hamburg, Germany, H.F. Poulsen, Materials Research
Department, Riso National Laboratory, Denmark, Th. Wolf, ITP, Forschungszentrum Karlsruhe,
Germany, P. Dosanjh, W.N. Hardy and R. Liang, University of British Columbia, Canada.
The superstructure ordering and the structural phase diagram of oxygen in the CuOx basal plane of
YBa2Cu3C>6+x have been studied as function of oxygen composition, 0 < x < 1, and temperature by
high-energy synchrotron x-ray diffraction and neutron diffraction. High purity single crystals have
been prepared with composition x and annealed to approach equilibrium under optimal conditions.
The Cu-0 chains, that are formed along the b axis in the orthorhombic structure, align along the a
axis with different periodicity. Only the fundamental 01 structure, which has periodicity a and
contains equal amount of oxygen on all the b axes, establishes long range order within a twin
domain. Four different superstructure sequences of essentially full Cu-0 and empty Cu chains with
periodicity 2a (Oil), 3a (OIII), 5a (OV) and 8a (OVIII) have been observed. In ideal stoichiometric
phases they have compositions x=l/2, 2/3, 3/5 and 5/8, respectively. However, the actual
compositions, for which they are found, are shown along with the superstructure ordering
temperature Tc in Fig. 1. In the figure is also shown the phase transition line between the tetragonal
disordered phase T, and the orthorhombic ordered phases. The dashed lines are model predictions
based on the so-called ASYNNNI model, which predicts only the T, 01 and Oil phases. The
diffraction peaks of the superstructures have finite widths due to formation of finite size domains
even after long time annealing. The critical scattering above and the peak shape below Tc, show that
the ordering is predominantly 3D for Oil, and essentially 2D for OIII, OV and OVIII. Under
pseudo-equilibrium conditions the peak intensity of the superstructure peaks is strongly dependent
on the annealing time in the ordered phase, while the integrated intensity depends only on
temperature. The line-shape changes from a Lorentzian in the critical fluctuation region to a
Lorentzian to the power .y (1 <y < 2) in the ordered phase.
Consistent results are obtained from studies of the oxygen ordering kinetics following a quench
from temperatures above and into the Oil superstructure phase. Here the validity of the dynamical
scaling hypothesis has been proved. The growth law is initially algebraic and becomes logarithmic
at a later time. Following a rapid temperature change in the ordered phase there is an instantaneous
change of the peak intensity followed by a slow growth. From these quench studies we also
establish the optimal temperature for the development of large superstructure domains.
From the diffraction experiments we have established the oxygen ordering phase diagram and
propose an ordering scenario where ramified domains in the critical fluctuation region transform
into coarse-grained domains with internal equilibrium ordering. The domains are separated by sharp
anti-phase domain boundaries. This limits the growth due to the high intrinsic activation energy for
movement of long Cu-0 chains, which further may be pinned by defects and impurities.
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Fig. 1 Structural phase diagram of oxygen ordering in
YBa2Cu3O6+x as function of oxygen composition x and
temperature. T is the high temperature tetragonal phase
with disordered oxygen structure. 01, Oil, OIII, OV and
OVIII are the orthorhombic ordered phases. Open
squares are the phase transition from tetragonal to
orthorhombic structure obtained by neutron powder
diffraction. Dashed lines are the phase transition
determined from model calculations based on the socalled ASYNNNI model. Full lines are guides to the eye.
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2.3

Magnetic Excitations in

S.J.S. Lister, A.T. Boothroyd, Department of Physics, Oxford University, UK, N.H. Andersen,
Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark, A. A.
Zhokhov, Russian Academy of Sciences, Institute of Solid State Physics, Russia, and A.N.
Christensen, University ofArhus, Denmark
It is still not understood why polycrystalline and single crystalline samples of
prepared by standard methods do not superconduct at any temperature or doping level, and instead
exhibit Cu antiferromagnetism up to temperatures around room temperature. Neutron diffraction
studies performed at Ris0 have established that there is a substantial magnetic coupling between the
Pr and Cu sublattices, such that the ordering of the Pr sublattice at low temperatures causes
measurable changes to the Cu magnetic order. To find out more about the nature of the exchange
couplings between the different magnetic ions we have begun a neutron inelastic scattering study of
the magnetic excitations in a single crystal of PrBa2Cu3O6+xThe measurements were made on the TAS 6 (RITA) spectrometer with the analysers focussed onto
a line on the area detector. Prior to the neutron measurement the crystal of PrBa2Cu3O6+^ was
reduced to give an oxygen content x ~ 0.2. Constant-^ scans performed at a temperature of 1.8 K
revealed that the energy spectrum is comprised of two broadened peaks centred near 1.75 meV and
4 meV respectively. The latter peak was the weaker and broader of the two, and could only be
resolved at a limited number of positions in reciprocal space. Scans were also performed on a
YBa2Cu3O6+A: crystal to estimate the scattering due to background and processes not involving the
Pr excitations. There was no discernible variation in the energy of either peak with the component of
Q parallel to the c axis, but a clear dispersion of the lower energy peak was found in the ab plane.
Figure 1 shows the dispersion parallel to the (h, 0, 0) (left) and (h, h, 0) (right) directions.
It is likely that the observed excitations are transitions within the lowest levels of the Pr crystal field
scheme that are modified by Pr-Cu and Pr-Pr coupling. Spin wave calculations are underway to
help interpret the energy spectra and deduce the magnitude of the exchange constants. A preliminary
account of the results was presented1 at the ACS-I conference in Crete, Sept 26 - Oct 3, 1998.
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Fig. 1. Dispersion of the lower energy peak parallel to Qi, 0,0) (left), and (h, h, 0) (right).

1

S.J.S. Lister, A.T. Boothroyd, N.H. Andersen, A.A. Zhokhov, A.N. Christensen and Th. Wolf, submitted to
Phvsica C
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2.3

Pressure Study of the Magnetic Order in

S.J.S. Lister, A.T. Boothroyd, Department of Physics, Oxford University, UK, N.H. Andersen,
Condensed Matter Physics and Chemistry Department, Riso National Laboratory, Denmark, and
Th. Wolf, ITP, Forschungszentrum Karlsruhe, Germany
A recent report of superconductivity in floating zone single crystals of PrBa2Cu3O6+x has generated
renewed interest in this cuprate compound, which has for many years been considered an anomalous
member of the family of high-Tc cuprates. Samples of PrBa2Cu3O6+^ prepared by standard methods
do not superconduct at any temperature or doping level, and instead exhibit Cu antiferromagnetism
up to temperatures around room temperature. The reported superconducting PrBa2Cu3O6+^ crystals
show a large increase in Tc with applied pressure. In the light of this unexpected discovery we began
an investigation of the effect of applied pressure on the magnetic ordering in the same single crystals
of PrBa2Cu3O6+x that we have used in our previous ambient pressure studies of magnetic ordering
made at Risa. The results should provide a useful comparison with pressure studies on
superconducting PrBa2Cu3O6+^ crystals.
A crystal of PrBa2Cu3O6.92 was oriented and mounted in a McWhan type alumina pressure cell.
The pressure cell was attached to the cold head of a closed-cycle refrigerator with a base
temperature of 9 K. The working pressure was determined from measurements of the lattice
parameter of a KC1 crystal placed in the pressure cell immediately above the sample.
Neutron diffraction scans were recorded on the TAS 1 triple-axis spectrometer at the DR3 reactor.
Measurements were made at ambient pressure, and then at 0.9 GPa and 1.75 GPa. The bulk of the
study was concerned with the pressure variation of the magnetic ordering temperature of the Pr and
Cu sublattices. These were determined from the intensity of appropriate magnetic Bragg reflections.
At ambient pressure, magnetic ordering of the Cu and Pr sublattices occurs below rNCu = 262 K and
rNPr = 19.5 K respectively. Both transition temperatures were found to increase with applied
pressure, as shown in Fig. 1.
The increase in rNCu with applied pressure is also observed in other cuprates, and is perhaps
explained by the effect of the applied pressure on the interlayer separation, and hence on the
magnetic coupling. The increase in 7 ^ with pressure is perhaps a reflection of the substantial PrCu coupling. A preliminary account of the results was presented1 at the ACS-I conference in Crete,
S e p t 2 6 - O c t 3 , 1998.
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Fig. 1. Pressure dependence of the Pr and Cu
magnetic ordering temperatures. The values of rNiCu
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2.3 SANS Studies of the Role of Non-Locality on the Flux Line Lattice Square-Hexagonal
Symmetry Transition in
P. L. Gammel, D. J. Bishop, Bell Labs., Lucent Technologies, USA, M. R. Eskildsen, K. Mortensen,
N. H. Andersen, Condensed Matter Physics & Chemistry Dept., Rise Natl. Lab., Denmark and I. R.
Fisher, K. O. Cheon, P. C. Canfield, V. G. Kogan, Ames Natl. Lab. & Iowa State University, USA.
We have performed systematic studies of the flux line lattice (FLL) square to hexagonal symmetry
transition1 in Lu(NixCoi.^)2B2C using small angle neutron scattering (SANS). It is found that low Co
concentrations (x < 10 %), which are known2 to reduce the mean free path,/, and increase the superconducting coherence length, \, also move the structural transition to much higher fields than in the
undoped system. These results can be quantitatively understood within the framework of a theory
that includes non-local corrections to the London model due to the Fermi surface anisotropy3.
The square to hexagonal symmetry transition proceeds through a rhombic distortion of the square
FLL along the diagonal leading to two equivalent orientations. Since SANS experiments probe the
entire sample, domains of both orientations are observed and the square to hexagonal transition is
manifested as an azimuthal splitting of the FLL (1,0) reflections in the diffraction pattern1. In Fig. 1
the azimuthal splitting is shown for different Co concentrations. The transition onset field, H2, is
determined from linear fits to the data shown in the figure. The SANS results are compared to the
values predictied by the theoretical model using transport measurements of/ and the intrinsic ^0 as
input. The comparison is shown in Table 1 and the agreement is found to be excellent.
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Fig. 1. Azimuthal splitting of the two
rhombic FLL domains for different
doping concentrations (solid symbols).
At low fields all results extrapolate to a
hexagonal lattice (30°). Close to the
transition onset the split can not be
resolved and the azimuthal width is
shown in stead (open symbols).
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16

H2transP. (kOe)
0.8
3.4
10.5
15.3
25.4

H2 SANS (kOe)
0.7
3.2
10.2
14.0
22.4

Table 1. Comparison of transport and SANS measurements at different doping concentrations, using the model of ref. 3.
The ratio Ijl determins the range of non-local electrodynamics, which combined with the model predicts the onset field
for the square to hexagonal transition, Hi tramp.- The column Hi SANS shows the measured transition onset field.
1
2
3

M. R. Eskildsen et al., Phys. Rev. Lett. 78, 1968 (1997); M. R. Eskildsen et al., ibid. 79,487 (1997).
K. O. Cheon et al., Phys. Rev. B 58,6463 (1998).
V. G. Kogan et al., Phys. Rev. B 55, R8693 (1998); V. G. Kogan et al., ibid. 54, 12386 (1996).
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2.3 Intertwined Symmetry of the Magnetic Modulation and the Flux Line Lattice in the
Superconducting State of TmNi2B2C
M. R. Eskildsen, A. B. Abrahamsen, N. H. Andersen, K. Mortensen, Condensed Matter Physics and
Chemistiy Dept., Rise National Laboratory, Denmark, K. Harada, Advanced Research Laboratory,
Hitatchi Ltd., Japan, P. L. Gammel, G. Ernst, A. P. Ramirez, D. J. Bishop, Bell Labs., Lucent
Technologies, USA, D. R. Naugle, R. D. D. Rathnayaka, Texas A&M University, USA and P. C.
Canfield, Ames National Laboratory & Iowa State University, USA.
Using small angle neutron scattering we have studied the flux
line lattice (FLL) and magnetism in TmNi2B2C. This compund
0.02
has a superconducting transition at Tc = 11 K and orders
0.01
antiferromagnetically at TN = 1.5 K in a transverse spin density
wave (SDW) with the ordered moments parallel to the c-axis.
A ' 1 0.00
For an applied magnetic field parallel to the c-axis we find that
the symmetries of the FLL and the SDW are tightly coupled in a
-0.01
complex and fascinating phase diagram for the interplay between
superconductivity and magnetism.
-0.02 In Fig. 1 we show the FLL diffraction patterns at three differenet
fields. At low temperatures we observe a two-step symmetry
transition from square, below 2 kOe, to hexagonal above 5 kOe.
0.02 First the FLL goes into a rhombohedral symmetry and then into a
0.01
hexagonal. All three symmetries are pinned to the [110]
direction making the second transition discontinous.
A" 1 o.oo H
Shown in fig. 2 is the magnetic diffraction pattern. For applied
fields above 2 kOe new reflections split by 15° around the [ 100]
-0.01
direction are observed. The 15° split is identical to the
-0.02 rhombohedral distortion of the FLL at intermediate fields.
Fig. 3 shows a composite phase diagram for the FLL and
-0.02 -0.01 0.00
0.01
0.02
magnetism. We observe the approximate coincidence between
A-B FLL and I-II magnetic transitions, and the disappearence of
0.02
phase II at the upper critical field, Ha, at T = 0. This prove the
strong correlation between magnetism and superconductivity in
0.01
TmNi2B2C.
A" 1 o.oo \\
-0.01
-0.02
-0.03
-0.03-0.02-0.01 0.00 0.01 0.02 0.03

A"1
Fig. 1: Different FLL diffraction
patterns in TmNi2B2C showing the
three different symmetries. Top: H = 2
kOe and T = 1.0 K showing a well
ordered square FLL. Middle: H = 3
kOe and T = 0.5 K showing two
domains of a rhombohedral FLL split
by 15°. Bottom: H = 6 kOe and T =
1.0 K showing two domains of
hexagonal FLL. For all fields the
[110] crystalline directions are
horizontal and vertical. We denote the
phases A (square), B (rhombohedral)
and C (hexagonal) respectively.
Ris0-R-1O99(EN)

7"(K)

Fig. 2: Magnetic diffraction pattern at
4 kOe and 100 mK. The reflections
along [110] are allways observed
below Tu = 1.5 K, whereas the split
reflections along [100] only appears in
an applied fields greater than 2 kOe.
The low-field state is called phase I,
and the high field-phase state is called
phase II.

Fig. 3: Composite magnetic and
FLL phase diagram. The shaded
phases I and II represent the two
magnetic states. The phases
labelled A, B and C represent the
different FLL symmetries. Dotted
lines indicate missing experimental
data. HC2 is from transport
measurements.
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2.4 Microstructural Changes before Crystallization of Amorphous Alloys
M. Ohnuma, S. Linderoth, N. Pryds, M. Eldrup, A.S. Pedersen, Materials Research Department, Ris0 National Laboratory, Denmark, J. Skov Pedersen, Condensed Matter Physics and
Chemistry Department, Ris0 National Laboratory, Denmark, K. Hono, and H. Onodera, National Research Institute for Metals, Japan
A soft-magnetic nanocrystalline Fe-Si-B-Nb-Cu alloy, known as FINEMET, can be prepared
by annealing an amorphous ribbon at the temperature range of 520 - 580°C. During a heat
treatment at lower temperature Cu-enriched regions are formed before nanoscale bcc/D0 3 FeSi crystals appear. The Cu-enriched regions provide heterogeneous nucleation sites to the
bcc/D03 Fe-Si crystals1'2. Information about the spatial distribution of the Cu-enriched regions
is important for characterizing the FINEMET because the regions influence the size of Fe-Si
crystals and consequently the magnetic properties. For evaluating the average size of Cuenriched regions, small-angle neutron scattering (SANS) has been performed in a magnetic
field of 0.3 T. Figure 1 shows SANS profiles for as-quenched Fe73.5Sii3.5B9Nb3Cui and specimens
annealed at 400cC for 60 min. Though the magnetic field of 0.3 T is not sufficiently strong to
saturate the sample, the scattering parallel to the magnetic field mainly includes the nuclear
component (Fig.l(b)) and the difference between the intensity perpendicular and parallel to
the magnetic field includes only the magnetic component (Fig.l(a)). No difference between asquenched and annealed specimens exists in the scattering parallel to the magnetic field because
of the small differences in scattering length between Cu and Fe and in concentration between
matrix (~1 at%Cu) and Cu-enriched regions (~12 at%Cu). The scattering corresponding to
Cu-enriched regions appears in the magnetic component of the SANS profile for the annealed
specimens as shown in Fig.l (a) because the local magnetization is very sensitive to the Cu
concentration. A weak peak exists at around 1 nm" 1 , implying that the interparticle distance
between the Cu-enriched regions is about 6 nm. The average diameter of the Cu-enriched
clusters is about 1.8 nm, as estimated by the Guinier plots shown in Fig. 2, assuming a
spherical morphology.
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Fig. 1. The SANS profiles in a field of 0.3 T for
Fe73.5Sii3.5B9Nb3Cui in the as-quenched state
and annealed at 400°C for 60 min. (a) The
scattering intensity difference between perpendicular and parallel to the magnetic field, (b)
The scattering intensity parallel to the magnetic
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Fig. 2. Guinier plots of the magnetic component
of the SANS intensity for Fe73.5Sii3.5B9Nb3Cui
in the as-quenched state and annealed at 400°C
for 60 min.

K. Hono, D.H. Ping, M. Ohnuma and H. Onodera, Acta metall. mater., in press
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Order-Disorder in Alite - Substituted Ca 3 Si0 5
J. W. Andreasen, E. Makovicky, Geological Institute, University of Copenhagen, Denmark, E.
S. J0ns, R & D division, F. L. Smidth & Co. A/S, Copenhagen, Denmark and B. Lebech,
Condensed Matter Physics and Chemistry Department, Rise National Laboratory, Denmark
Alite is the synthetic form of hatrurite; CasSiOs substituted with Al, Fe and Mg. It is the
primary constituent of cement clinker. As part of a master thesis project at the University of
Copenhagen a study of the structural details of alite was undertaken. The material for the
structural investigation is a powder mixture of alite and belite (substituted Ca2SiC>4) extracted
from a laboratory burned clinker. Neutron diffraction data was obtained at TAS3 operating in
the powder mode. As a starting model for the structure, the structure solution by Nishi et al.1
was chosen. This is a monoclinic superstructure to the classic rhombohedral model of Jeffery2,
taking into account statistical disorder of silicon tetrahedra orientations. A Rietveld refinement
of this structure from the present data gave Rwp = 3.9 % and R(FObS2) = 4.46 % for 3185 reflections. Further investigation showed that this superstructure is indistinguishable in powder
diffraction from the structure solution by Mumme3, which is based on the monoclinic subcell.
It was therefore decided to attempt refinement based on this structure. The disorder of tetrahedra orientations is clearly observed in difference Fourier sections, an advantage of neutron
diffraction where oxygen is a heavy scatterer. The resulting model based on the monoclinic
subcell, with proper modeling of the observed disorder, was refined to Rwp = 4.09 % and
R(obs2) - 4.66 % for 533 alite reflections. The %2 agreement index for the profile fit was 1.124
for 149 parameters refined. These values are highly satisfactory and support a simpler model
for even disordered alite than the huge superstructure by Nishi et al.1. This may be of great
value to the attempts of the cement industry to develop a fast and reliable method for the
quantification of phases in industrial cement clinker, by x-ray diffraction. The figure below
shows the obtained fit and the difference between the observed and calculated diffraction
patterns.
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It was hoped that analysis of the refined structure would provide a basis for interpreting the
known polymorphs of alite in terms of OD theory. It has turned out that this is not possible in
the strictest sense of the concept4, but on the other hand the structure may be described as
built from a single rhombohedral module layer with the silicon tetrahedron in four possible
orientations. This interpretation allows easy comparison with a number of related
M3(O,F,C1)TO4 structures.

' J. W. Jeffery, Acta Cryst. 5,26 (1952).
W. G. Mumme, N. Jb. Miner. Mh. 4, 145 (1995).
3
F. Nishi, Y. Takeuchi, and I. Maki, Zeit. Krist. 172, 297 (1985).
4
S. DuroviC, in: Modular Aspects of Minerals (ed. S. Merlino) EMU Notes in Mineralogy, 1,3 (1997).
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The Fe-O-H-Cl System - A Neutron Powder Diffraction Study
K. Stahl, K. Nielsen, Department of Chemistry, Technical University of Denmark, and B.
Lebech, Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
Denmark

Stabilisation of archaeological iron presents a serious problem to conservators. A key role in
the post-excavational corrosion is played by akaganeite, FeOOH'&.0.167HCl. Akaganeite is
formed underneath the oxide layer in the presence of chloride ions and for humidity above
40%. The volume expansion during akaganeite formation causes cracking and exfoliation,
which accelerates the corrosion. The present study is part of an attempt to better understand
the structure of akaganeite and its transformations to other compounds, and ultimately to find
a mild and safe way for the conservation of archaeological iron objects.
Three powder diffraction studies were performed. (1) H-akaganeite synthesised from
and H2O, then heated to 150 °C for one hour. (2) D-akaganeite synthesised from FeCb and
D2O. (3) The D-akaganeite heated to 150 °C for one hour. The data sets were collected at
TAS3, using a wavelength of 1.5417 A. Rietveld refinements confirmed a hollandite type
structure of akaganeite with chloride ions in its channels. Heated H-akaganeite showed fully
occupied, slightly off-centred Cl-sites, and the main positions of the hydrogens in the FeOOH
framework were located. The as synthesised D-akaganeite showed very poor crystallinity (cf.
Fig. 1, top curves). Rietveld refinements were only able to confirm the general structure of
akaganeite. On heating to 150 °C the D-akaganeite lost 24% by weight and transformed to
FeOCl and a small amount of hematite, V^Oy (Fig. 1, bottom curves). The stoichiometry of
the transformation can be understood only if a large amount of adsorbed chloride ions on the
poorly crystalline D-akaganeite is assumed. The formation of FeOCl will not stabilise an iron
object, as it in the presence of water will return to akaganeite. However, heating to about 200
°C seems to transform both akaganeite and FeOCl to thermodynamically stable hematite.
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Fig. 1. Neutron powder diffraction patterns and difference patterns for D-akaganeite (top) and FeOCl (bottom).
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2.4 The Structure of the TOTA Carbocation from Vibrational Spectra and Ab Initio
Calculations
Johannes Reynisson, Gurusamy Balakrishnan, Robert Wilbrandt, Condensed Matter Physics and
Chemistry Department, Ris0 National Laboratory, Denmark, Niels Harrit, University of
Copenhagen, Symbion Science Park, Denmark
The geometrical and electronic structure of carbocations is of interest in relation to their reactivity. In
this respect, modern quantum chemical techniques such as ab initio and density functional theory
(DFT) methods are valuable tools when theoretically obtained data are evaluated in comparison with
experimental results.
Trioxatriangulene (TOTA, 4,8,12-trioxadibenzo[crf,mn]pyrenylium) is a closed shell carbocation
which is stable in its crystalline form as well as in polar solvents at ambient temperatures. TOTA's
stability makes it easily accessible experimentally and therefore it is ideal to compare TOTA's
experimental results with quantum chemical calculations.
Theoretically optimised ab initio and DFT structures of TOTA are compared to the X-ray crystal
structure. Furthermore, calculated harmonic vibrational frequencies are compared to experimentally
obtained Raman and IR spectra. The geometrical parameters of TOTA were optimised with the
restricted Hartree-Fock and second order M0ller-Plesset ab initio methods and the BLYP and
B3LYP DFT methods. Good correlation was obtained between the theoretically obtained parameters
and the crystal structure for all methods used. This was reflected in the calculated vibrational modes
where both ab initio and DFT produce results in good qualitative agreement with experimental
results. The IR and Raman band intensities are best represented by the B3LYP method as shown in
figure 1.
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Figure 1. Raman spectra. The theoretical spectra are based
on B3LYP/6-31G(d) calculations.
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2.4 Photophysical Properties of Conformationally Proximal Pyrene Pairs on DNO Polypeptide
Derivatives
Johannes Reynisson, Lise Vejby-Christensen, Robert Wilbrandt, Rolf H. Berg, Condensed Matter
Physics and Chemistry Department, Ris0 National Laboratory, Denmark, Niels Harrit, University of
Copenhagen, Symbion Science Park, Denmark
Excimer formation has been widely used to probe the structure and the dynamics of the distribution
of fluorescent-labelled molecules in biological, polymer and other supramolecular systems. Pyrene
has a long singlet lifetime and readily forms excimers and is therefore the most commonly used
chromophore in order to monitor excimer fluorescence.
Diamino acid-Na-substituted oligopeptides (DNOs) have recently been used as backbones for
azobenzene chromophores in optical storage materials. This backbone was expected to impose
helical stacking of the azobenzenes in a manner similar to that found for the bases in DNA and PNA
and it is believed that this stacking enhances the desired properties for optical storage.
Four DNO pyrene-substituted polypeptide derivatives in methanol solution at room temperature were
examined by means of absorption and fluorescence spectroscopy. A derivative, only including one
pyrenyl, was measured as a reference. Strong excimer fluorescence is observed for three of the
derivatives (see figure 1), which indicates a relative proximity of the pyrenyls and flexibility of the
polypeptide backbone. The absorption, excitation and time resolved fluorescence measurements
suggest no or very little pre-association of the pyrene moieties for the m=3 derivatives in contrast to
the shorter chain derivatives being pre-associated.
From these experiments, it is shown that the DNO backbone has increasing degree of flexibility with
increasing chain length of the saturated carbon chain.
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Figure 1. The monomer and excimer fluorescence spectra of the DNO derivatives.
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2.4 2,2'-Bithiophene Radical Cation: An Experimental and Computational Study
Tamas Keszthelyi, Mette M.-L. Grage, Jesper F. Offersgaard, Robert Wilbrandt, Condensed Matter
Physics and Chemistry Department , FYS-313, Ris0 National Laboratory, DK-4000 Roskilde,
Denmark, Christian Svendsen1, O. Sonnich Mortensen2, Physics Department, Odense University,
DK-5230 Odense M, Denmark, Jesper K. Pedersen, Hans J0rgen Aa. Jensen, Chemistry Department,
Odense University, DK-5230 Odense M, Denmark
In recent years conjugated polymers have received much attention for their properties such as electrical
conductivity, photoconductivity, electroluminescence, and fast nonlinear optical response.
Polythiophenes and substituted polythiophenes have been studied extensively in this context. Since
they have a non-degenerate ground state they carry the possibility of self-localised excitations such as
polarons (radical ions) and bipolarons (doubly charged ions) that may in turn act as charge carriers. It is
therefore interesting to examine the radical cations and dications of the oligothiophenes as models of
polythiophene.
2,2'-Bithiophene ((OH^S^ in the following referred to as bithiophene, 2T) can be seen as the smallest
model compound of polythiophene and it is interesting to know the geometry and vibrational structure
of its radical cation, 2T+\ We have recently reported preliminary results of the resonance Raman
spectrum of the photochemically generated radical cation in solution together with an assignment based
on density functional theory calculations of the vibrational frequencies . In the present communication
we report the extension of these studies to the electronic absorption spectrum of the bithiophene radical
cation, generated by y-radiolysis in a low temperature Freon glass, together with its resonance Raman
spectrum excited at 425 and 550 nm, in resonance with two different electronic transitions. Results of
molecular orbital calculations of ground and excited state properties, and time-dependent wavepacket
propagation calculations of the absorption and resonance Raman spectra are also presented.
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Fig. 1. Calculated (UBLYP/6-31G*) bond lengths, bond angles and electronic charges for the radical cations of transand ro-2,2'-bithiophene and the neutral molecules (in parentheses).
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Present address: Danfoss Compressors, Mads Clausen Strasse 7, D-24939 Flensburg, Germany
Present address: Institute of Applied Physics, Niels Bohrs AlU 1, DK-5230 Odense M, Denmark
3
M. M.-L.Grage, T. Keszthelyi, J.F.Offersgaard and R. Wilbrandt, "Bithiophene radical cation: Resonance Raman
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2.4 The Radical Cation of 1,4-Diaza[2,2,2]bicyclooctane (DABCO)
Gurusamy Balakrishnan, Tamas Keszthelyia, Robert Wilbrandt, Condensed Matter Physics and
Chemistry Department, Ris0 National Laboratory, 4000 Roskilde, Jurriaan M. Zwier, Albert M.
Brouwer, Laboratory of Organic Chemistry, University of Amsterdam, Nieuwe Achtergracht 129,
1018 WS Amsterdam, The Netherlands
An important contribution to the rate constant for molecular electron transfer stems from the internal
reorganisation energies of the electron donor and the acceptor upon oxidation and reduction,
respectively. A significant amount of work has consequently been dedicated to the determination of
the geometric and spectroscopic properties of the relevant electronic states of these components.
Considering the donor part, such studies involve the ground state of the neutral molecule (So) and its
radical cation (Do).
The molecular orbital interactions in saturated amines have been studied by Hoffmann et.al in a
series of papers around 1970. They identified two types of such interactions namely through bond
interaction (TBI) and through space interaction (TSI). A classical illustration of TBI is provided by
the well-known rigid cage diamine l,4-diazabicyclo[2.2.2]octane (DABCO), in which the lone pairs
are well aligned with the central C-C bonds, which leads to an easily observable splitting of the
lowest energy bands in the photoelectron spectra. It is important to note that in the case of DABCO
already the neutral molecule meets the stereochemical requirements for TBI, although the interaction
between the doubly occupied lone pair orbitals is not energetically favorable. In the radical cation on
the other hand mixing of the two orbitals now containing only three electrons provides considerable
stabilization. This is reflected in the relatively low ionization potential and low oxidation potential of
DABCO in solution.
The present paper presents a combined experimental and theoretical effort to characterise the radical
cation DABCO+. Experimental resonance Raman spectra of DABCO+ have been measured and are
reported. On the theoretical side, density functional theory (DFT) and wavepacket propagation
calculations are carried out in order to interpret the observed RR spectra of DABCO+ and vibrational
spectra of the neutral molecule.
Fig. 1: Observed (A) and calculated (B) resonance
Raman spectra of the radical cation of DABCO.
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2.4 The Structure of Triphenylene Radical Cation: Resonance Raman Spectra and Molecular
Orbital Calculations
Tamas Keszthelyi1, Gurusamy Balakrishnan, and Robert Wilbrandt, Condensed Matter Physics and
Chemistry Department, FYS-313, Ris0 National Laboratory, DK-4000 Roskilde, Denmark, W. Atom
Yee, Department of Chemistry, Santa Clara University, Santa Clara, CA 95053 USA
In recent years there has been considerable interest in triphenylene-based discotic (columnar) liquid
crystalline materials because of their potential in electronic applications. Discogenic molecules contain a
planar, rigid, usually aromatic core with four, six, or eight lipophilic substituents. In the mesophase,
these disc-like molecules aggregate by stacking into columns, allowing for close face-to-face contact of
7t-orbitals such that quasi-one-dimensional energy or charge migration can take place. High charge
carrier mobilities ( ~10"5 m2 V'1 s"1) for hexakis(n-hexylsulfanyl)-triphenylene have been reported, and
photoconductivity has been demonstrated also for the mesophase of hexakis(pentyloxy)triphenylene. We
have recently reported on the photophysical properties of hexakis(n-hexylsulfanyl)triphenylene,
hexakis(n-hexylsulfonyl)triphenylene, the unsubstituted triphenylene (see Figure 1) and hexakis(nhexyloxy)triphenylene2. As triphenylene and substituted derivatives are important to electronic
conduction, it is interesting to know the structure of their radical cations and also to know the effect of
various substituents on their energies.
In this paper we report resonance Raman spectra of the triphenylene radical cation generated by yirradiation in a low temperature Freon matrix, and by photoinduced electron transfer in room
temperature solution. Results of ab initio molecular orbital calculations on the neutral species as well as
the radical cation are also presented. Raman spectra were obtained using excitation in resonance with the
strong cation absorption band near 400 nm. Ab initio molecular orbital calculations (Hartree Fock, UBLYP, and UB3-LYP, all with 6-31G basis) were performed for the triphenylene neutral and radical
cation species. From these experimental and theoretical results, the radical cation is found to have C2V
symmetry. The lower symmetry of the cation as compared to the neutral (D3h) is explained in terms of
the Jahn-Teller effect.
1,404

1-425
\ l -377

1.403

Fig. 1 Calculated (UB3-LYP/6-31G) equilibrium geometries of A: neutral triphenylene (D3 n ) and B: triphenylene
radical cation
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J.Chem.Soc, Faraday Trans. 93, 1893-1901 (1997)
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2.4 The Radical Cation of N,N-Dimethylpiperazine: Dramatic Structural Effects of Orbital
Interactions Through Bonds

A.M. Brouwer, J.M. Zwier, Amsterdam Institute of Molecular Studies, Laboratory of Organic
Chemistry, Nieuwe Achtergracht 129, 1018 WS Amsterdam, The Netherlands, C. Svendsen, O.S.
Mortensen, Physics Department, Odense University, DK-5230 Odense, Denmark, F.W. Langkilde,
R. Wilbrandt, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory,
4000 Roskilde, Denmark
Much of the fundamental insight into the topological aspects of orbital interactions through bonds
(TBI) vs. orbital interactions through space (TSI) was provided in a series of papers by Hoffmann
and coworkers around 1970. Hoffmann et al. discussed the stereochemical requirements for efficient
TBI, but, reverting the argument, also predicted qualitatively what the structural consequences of
TBI in strongly coupled systems should be.
In the present contribution1 we have studied orbital interactions in the radical cation of N,Ndimethylpiperazine (DMP) using time-resolved optical absorption and resonance Raman
spectroscopy. N,N-dimethylpiperazine (DMP) is chosen as the subject of this paper because it is a
nice example of a molecule that shows only small splittings in the lone pair ionization energies due
to an unfavorable geometry for TBI, while its radical cation (DMP+) undergoes a large structural
reorganization allowing efficient TBI to occur. This leads to a delocalization of charge and spin
density over the equivalent amino groups, in contrast to some piperazine radical cations with
aromatic substituents.
Different quantum-chemical methods were used to calculate the molecular structures and vibrational
force fields in the ground state of the radical cation and in the resonant excited state. An excellent
agreement between theoretical and experimental vibrational frequencies as well as resonance Raman
intensities could be achieved. It is concluded that through-sigma-bond interaction between the formal
lone pair on one amino nitrogen and the odd electron on the other is strong enough to lead to a
symmetric charge-delocalized molecular structure of the DMP radical cation, with a chair-type
geometry.

NEUTRAL GROUND STATE

RADICAL CATION GROUND STATE

Fig. 1 Geometrical structures of neutral DMP and its
radical cation in ground and excited states. The vertical
Hessian excited state represents the geometry based on the
assumption of a harmonic excited state potential energy
surface in the region of the ground state equilibrium
geometry. The adiabatic excited state represents the
quantum chemically optimized geometry of the excited
state.

1.472

VERTICAL HESSIAN
RADICAL CATION EXCITED STATE

ADIABATIC

A.M. Brouwer, J.M. Zwier, C. Svendsen, O.S. Mortensen, F.W. Langkilde and R. Wilbrandt, J. Am. Chem.
Soc. 120, 3748- 3757 (1998)
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2.4

The Molecular Structure of Dihydro-3,12-dibromo-7,8-dioxa[6]helicene is in the CisConformation.

J. Eskildsen, K. Bechgaard, Condensed Matter Physics and Chemistry Department, Riso National
Laboratory, Denmark, F. C. Krebs, Department of Chemistry, Technical University of Denmark,
Denmark.
The conformation of the dihydro-7,8-dioxa[6]helicenes has been subject to some speculation and has
never been shown to be in the m-conformation but the cw-conformation has been postulated based on
calculations. NMR can a priori not identify which conformation that is abundant unless the chemical
shift values for both the cis and the trans form are known.
We have synthesized and crystallized the title compound along with some other bromo-substituted
dihydro-7,8-dioxa[6]helicenes and 7,8-dioxa[6]helicenes. The structure of the title compound shows
that the molecule is in the cw-conformation. The molecules are slightly helical and stack on top of each
other. All the molecules and consequently the stacks point in the same way in the crystal. The space
group is polar and the material should be pyroelectric. Consequently the structure was solved at both
high (375 K) and low (120K) temperature no significant differences in molecular conformation was
observed for the two structures. Further the thermal expansion properties were evaluated.
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2.4

Does the Columnar Discotic Phase Exist for Triphenylenes? Structures of 2,3,6,7,10,11Hexahydroxytriphenylene and 2,3,6,7,10,11-Hexaalkoxytriphenylenes.

T. L. Andresen, N. Thorup, Department of Chemistry, Technical University of Denmark, Denmark, F.
C. Krebs, K. Bechgaard, Condensed Matter Physics and Chemistry Department, Rise National
Laboratory, Denmark.
The 2,3,6,7,10,11-Hexaalkoxytriphenylenes are known to exhibit liquid crystalline properties when the
alkyl side-chains are 5 carbon atoms long (pentyl) or more than 5 carbon atoms. Structural studies of
the mesophase indicate a columnar discotic nature where the triphenylene cores stack on top of each
other as a pile of plates. In all the structures studied so far with R = H, Me, Et, Pr the triphenylene does
not stack in the manner proposed for the long chain compounds, infact antistacking is observed. '
the parent molecule is shown to the left.
Below
are
shown
layers
of
the
OR
hexaethyloxytriphenylene that crystallize in
space group P63/W and is isostructural with
the methyl compound. The structure is
viewed along the c-axis and two layers are
present in each unit cell both of which are
shown. Placed on top of each other it is
RO
clearly seen that the triphenylene cores do not
stack on top of each other as anticipated but
does the exact opposite and antistacking is
observed.
OR

1

Andresen, T.L.; Krebs, F.C.; Bechgaard, K.; Thorup, N. Acta Cryst. B (submitted 1998).
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2.4

Structures
of
CT-salts
Hexamethoxytriphenylene.

Based

on

Triphenylene

and

2,3,6,7,10,11-

T. L. Andresen, N. Thorup, Department of Chemistry, Technical University of Denmark, Denmark, F.
C. Krebs, M. Larsen, Condensed Matter Physics and Chemistry Department, Rise National
Laboratory, Denmark.
Very little work has been done in the field of organic conductors where triphenylene is involved as a
donor molecule. In this work two CT-salts were prepared and the structures solved. Further an attempt
to quantify the degree of charge transfer was made by comparing structural data for the acceptor in the
neutral and fully charged state1.
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Andresen, T.L.; Krebs, F.C.; Larsen, M.; Thorup, N. Ada Chem. Scand. (submitted 1998).
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2.5 Determination of the indium-induced Si(111)-(4x1) reconstruction by
surface x-ray diffraction
O. Bunk, G. Falkenberg, J.H. Zeysing, L. Lottermoser, and R.L. Johnson
//. Institut fur Experimentalphysik, Universitat Hamburg, Lumper Chaussee 149,
D-22761 Hamburg, Germany

M. Nielsen, F. Berg-Rasmussen, J. Baker, and R. Feidenhans'l
Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
DK-4000 Roskilde, Denmark

A detailed structural model for the indium-induced Si(l 1 l)-(4x 1) surface reconstruction has been
determined by analyzing an extensive set of x-ray diffraction data. The reconstruction is quasi onedimensional. The main features in the structure are chains of silicon atoms alternating with zig-zag
chains of indium atoms on top of an essentially unperturbed silicon lattice. The indium coverage corresponds to one monolayer. The new structural model explains consistently all previously
published experimental data.
The sample was prepared in an ultra high vacuum (UHV) system equipped with reflection high
energy electron diffraction and low energy electron diffraction facilities. The sample was cleaned
repeatedly by 'flashing' to ~ 1150°C for 15-20 s and slow cooling from 900°C to room temperature.
Indium was deposited from a Knudsen cell at a rate of ~0.4 ML/min on the sample at ~500°C
until the (/3 x\/3)R30° reconstruction was observed; at this stage the stacking fault of the Si(l 11)(7x7) reconstruction was removed. Further deposition at a lower temperature of ~430°C (with
a lower probability for indium desorption) yielded first the (/3l xV^I) and finally the (4x1)
reconstruction. The sample was transferred in a portable UHV chamber to the wiggler beamline
BW2 at HASYLAB for the x-ray diffraction measurements. The incident monochromized x-rays
with an energy of 9.1 keV impinged on the sample at a grazing angle of 0.5°. In total the data-set
consists of 550 symmetry inequivalent reflections, 61 along two crystal truncation rods, 337 along
11 fractional-order rods and 152 in-plane reflections. A ball and stick model of the refined structure
is shown below. Details are described in Ref. [1].

(b)
Figure 1: (a) Ball and stick model of the Si(l 1 l)-(4x 1)-In reconstruction (top view). Indium atoms
are drawn dark grey, silicon atoms are drawn light grey. The interatomic lattice vectors corresponding to the maxima in the Patterson function are indicated by arrows, (b) The pair correlation
function of the electron density (Patterson map).

References
[1] O. Bunk, G. Falkenberg, J.H. Zeysing, L. Lottermoser, and R.L. Johnson, M. Nielsen, F.
Berg-Rasmussen, J. Baker, and R. Feidenhans'l, submitted to Phys. Rev. B.

60

Ris0-R-1O14(EN)

2.5 Structural changes accompanying the low temperature phase transition in the
Ge(111)-(\/3 x V / 3)R30°-Sno(3x3)-Sn system
O. Bunk, J.H. Zeysing, and R.L. Johnson
//. Institut fur Experimentalphysik, Universitat Hamburg, Luruper Chaussee 149,
D-22761 Hamburg, Germany

M. Nielsen, and R. Feidenhans'l
Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
DK-4000 Roskilde, Denmark

The correctness of the T4 model [1] for the Sn induced Ge(l 11)-(\/3 x v^IGO 0 has recently been
questioned [2,3]. In this model the Sn atoms reside above a second layer Ge atom with three bonds
to Ge atoms in the first Ge layer. At first glance this model seems to be at variance with two Sn core
level components found in x-ray photoelectron spectroscopy investigations indicating two different
sites, but this obstacle has been removed by proposing a metal semiconductor fluctuation for the Sn
atoms [4].
Recently it has been reported on the basis of scanning tunneling microscopy measurements that
the Ge(l 1l)-(\/3 x \/3)R30o-Sn reconstruction undergoes a phase transition to a phase with (3x3)
symmetry at ~ — 60°C . However the nature of the phase transition is not clear, whether it is a
Jahn-Teller like distortion or a order-disorder transition [3]. Furthermore the atomic positions in
the low temperature phase have not been determined unambiguously so far. Therefore we decided
to investigate the Ge(l 1 l)-(y/S x \/3)R.30o-Sn a n d (3x3)-Sn system using our new low temperature ultra high vacuum (UHV) chamber. Due to the good vacuum conditions in this chamber and
the excellent beam conditions at the beamline BW2 we were able to record a large data-set both
for the room and the low temperature phase for one and the same sample thereby excluding the
uncertainties caused by repeated sample preparations.
The sample was prepared in an UHV system equipped with reflection high energy electron diffraction (RHEED) and low energy electron diffraction (LEED) facilities. The sample was cleaned by
repeated cycles of sputtering and annealing at 500°C until a clear c(2x8) pattern was observed in
RHEED and LEED. Sn was evaporated in several cycles on the Ge sample at 200°C monitoring the
changes in the surface structure by RHEED and LEED. First the 1/8 order spots vanished, then a
(2x2) pattern developed and finally only the sharp spots of the (\/3 x \/3)R30 o periodicity were
observed. The sample was transferred to the wiggler beamline BW2 at HASYLAB in a portable
UHV chamber equipped with a closed cycle sample cooling system. At an energy of 8.8 keV
and grazing incidence angles of 0.8° and 0.2° 331 symmetry inequivalent reflections for the room
temperature phase and 297 reflections for the low temperature phase were recorded. Preliminary
results of the data analysis indicate that the phase transition is of the order/disorder type.

References
[1] J.S. Pedersen, R. Feidenhans'l, M. Nielsen, K. Kjaer, F. Grey, and R.L. Johnson, Surf. Sci. 189/190,
1047 (1987).
[2] A.P. Baddorf, V. Jahns, J. Zhang, J.M. Carpinelli, and E.W. Plummer, Phys. Rev. B 57, 4579 (1998).
[3] R.I.G. Uhrberg and T. Balasubramanian, Phys. Rev. Lett. 81, 2108 (1998).
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2859 (1997).
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2.5 Surface x-ray diffraction study of the Ge(001)-

2
0

-Pb and

-Pb

reconstructions
0. Bunk, G. Falkenberg, J.H. Zeysing, and R.L Johnson
//. Institut fur Experimentalphysik, Universitat Hamburg, Lumper Chaussee 149,
D-22761 Hamburg, Germany

M. Nielsen, M.M. Nielsen, and R. Feidenhans'l
Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
DK-4000 Roskilde, Denmark

The Pb-induced Ge(001)-(2 1 0 3) reconstruction can be described as a quasi hexagonal Pb(l 11)
layer modulated by the Ge substrate Scanning tunneling microscopy investigations indicated, that
the Ge atoms below this Pb overlayer are still dimerized [1]. The determination of the detailed
atomic structure of the Ge(001)-(2 1 0 3)-Pb reconstruction and an investigation of the little known
(2 1 0 6) low temperature phase was the aim of this surface x-ray diffraction study.
The sample was prepared in an ultra high vacuum (UHV) system equipped with reflection high
energy electron diffraction (RHEED) and low energy electron diffraction (LEED) facilities. The
sample was cleaned by repeated cycles of sputtering and annealing at 500° C until a clear (2x1)
pattern was observed in LEED. Pb deposition on the Ge substrate slightly above room temperature
yielded first a (5x 1) RHEED pattern and finally the half order spots characteristic for the (2 1 0 3)
reconstruction. Further Pb deposition at room temperature resulted in a sharp (2 1 0 3) LEED
pattern. The sample was transferred in a portable UHV chamber to the wiggler beamline BW2 at
HASYLAB. Using 10 keV photons and an incidence angle of 0.65° 479 reflections were recorded
at room temperature and 864 reflections for the low temperature phase. The structural refinement
is currently in progress.
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Figure 1: (a) The low temperature UHV chamber at the BW2 z-axis diffiactometer. (b) The in-plane integrated intensities. The radii of the filled (empty) semi-circles are proportional to the measured (calculated)
intensities. The characteristic 'ring' of intensity is caused by the quasi-hexagonal Pb layer.
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2.5 Characterization of the low-index Au3Cu(001), (110) and (111) surfaces on
an atomic scale by surface x-ray diffraction
O. Bunk, J.H. Zeysing, and R.L Johnson
//. Institut fur Experimentalphysik, Universitat Hamburg, Luruper Chaussee 149,
D-22761 Hamburg, Germany

M. Nielsen, M.M. Nielsen and R. Feidenhans'l
Condensed Matter Physics and Chemistry Department, Rise National Laboratory,
DK-4000 Roskilde, Denmark

G.A. Eckstein, S. Maupai, A.S. Dakkouri, M. Stratmann
Lehrstuhl fur Korrosion und Oberflachentechnik (LKO), Universitat Erlangen-Nurnberg,
MartensstraBe 7, D-91058Erlangen, Germany

Au3Cu is an interesting model system for studying selective corrosion. For a better understanding
of the corrosion process one must know at least the stoichiometry of the surface layers. For a
detailed study of the reaction pathways it is necessary to know the atomic structure of the surface.
In preparation for corrosion experiments at Au3Cu(001), (110) and (111) single crystal surfaces
these samples have been characterized with x-ray photoelectron spectroscopy, scanning tunneling
microscopy and surface x-ray diffraction (SXRD). The aim of the XRD investigations is twofold:
To determine the surface stoichiometry by analyzing the specular (00Z) rod and to determine the
atomic structure of the surfaces by measuring additional crystal truncation rods in grazing incidence
SXRD measurements.
The samples were prepared in an ultra high vacuum (UHV) system equipped with reflection high
energy electron diffraction and low energy electron diffraction facilities. The samples were cleaned
by repeated cycles of sputtering and annealing for ~3 hours at 600° C. Then the samples were
kept for ~12 hours at a temperature of ~200°C close to the transition temperature to improve the
surface order. Finally the samples were cooled slowly over ~ 2 hours to room temperature. For
the SXRD measurements the samples were transferred in a portable UHV chamber to the wiggler
beamline BW2 at HASYLAB. The data-sets have been recorded at an energy of 8.8 keV below the
Cu-Ka absorption edge to avoid fluorescence. Two representative crystal truncation rods from the
Au3Cu(001) surface are shown below. The characterization will be described in Ref. [1].
ctr (1,0,1)

9

ctr( 1,1,1)

IE-1.

i

Figure 1: Two crystal truncation rods of the Au3Cu(001) surface. The asymmetric intensity profile
clearly indicates that the surface layers has neither the bulk stoichiometry nor the bulk structure, in
agreement with [2].
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2.5 Electrical and optical properties of thin indium tin oxide films produced by
pulsed laser deposition in oxygen or rare gas atmospheres.
B. Thestrup, J. Schou, A. Nordskov, Optics and Fluid Dynamics Department, and N.
B. Larsen, Condensed Matter Physics and Chemistry Department, Risa National
Laboratory.
Indium tin oxide (ITO) is a highly transparent semiconductor, which is used
for electrodes on optoelectronic elements, e.g. organic light-emitting diodes, and
chemical sensors. We have produced thin ITO films on glass substrates by pulsed
laser deposition (PLD) and investigated the dependence of the specific resistivity on
the production parameters1. The films have been studied by atomic force microscopy
as well.
The ITO films are fabricated in a standard setup for PLD. A pulsed laser beam
from a Nd:YAG laser operating at 355 ran hits a rotating ITO target in a vacuum
chamber with a base pressure of 2x10"6 Torr. The ablated particles are deposited on a
glass substrate kept at room temperature or at 200 °C. Typically, a 100-nm thick ITOfilm can be produced in 12 min. with an oxygen pressure of 0.02 Torr. Films have
been produced in neon, argon and xenon atmospheres as well.
The resistance of the films was measured with a four-points probe technique,
whereas the thickness was calibrated with a quartz crystal microbalance inserted at the
position of the substrate. The thickness calibration was checked by measurements with
AFM as well. The specific resistivity turned out to be of the order 0.001 Qcm
relatively independent of the gas or pressure at 200 °C . The specific resistivity was
somewhat lower for films deposited at room temperature and also strongly dependent
on the pressure as well on the specific gas. For oxygen the lowest specific resistivity at
room temperature was obtained around a pressure of 0.015 Torr, in agreement with
results from Zheng and Kwok2.
The transmission of visible light measured at a standard spectrometer for the
100-nm-films showed that the films produced in an oxygen atmosphere have the
highest transmission (~ 0.9), whereas the transmission is considerably lower for those
produced in other gases.
An interesting feature of the film surfaces observed with AFM turned out to be
that all surfaces are flat, except for the films deposited in the rare gases at 200 °C.
Here the surfaces consist of vertical columns several tenths of ran high.

1

"Electrical and optical properties of thin indium tin oxide films produced by pulsed laser ablation in
oxygen or rare gas atmospheres", B. Thestrup, J. Schou, A. Nordskov and N. B. Larsen, accepted for
Applied Surface Science.
2
J.P.Zheng and H.S. Kwok, Appl. Phys. Lett. 63,1 (1993).
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2.5 Structural investigation of the Cu(100)-c(2x2)-N surface
R. Feidenhans'l, M. Nielsen, Condensed Matter Physics and Chemistry Department,
Ris0 National Laboratory, O. Bunk, G. Falkenberg, J.H. Zeysing, R.L. Johnson //.
Institute fur Experimentalphysik, Universita't Hamburg,
Atomic nitrogen induces a variety of ordered structures on Cu(100). The stable
structure at a coverage of 0.5 ML is a c2x2 structures, but at lower coverage a selfassembled array of square-like islands of the c2x2 structure is formed [1]. The island
size is around 5nm. The interaction between the islands is presumably mediated
through sub-surface strain in the Cu(100) surface. We have performed preliminary xray diffraction on the c2x2 structure in order to determine the strain. The atomic
nitrogen was deposited on the Cu surface by cracking molecular N2 in a sputter ion
gun. After preparation, the sample was transferred in a portable small UHV chamber
to beamline BW2, where surface x-ray diffraction experiments were performed.
Although the surface nominally had an coverage of 0.5 ML the ordering in the c2x2
structure was rather low with domain sizes around 6nm, in good agreement, however,
with the domain size reported from STM measurements at coverages below 0.5 ML.
Due to the low degree of order it was only possible to measure two fractional-order,
in-plane reflections. On one of these reflections also a rod scan was performed. As
shown in the figure the intensity along the (0.5,0.5) rod decayed quickly, which
indicates disorder in the positions of the nitrogen atoms in the direction normal to the
surface. Three crystal truncation rods were measured which will provide insight into
the near surface structure of the Cu(100) substrate.
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Figure 1: Left, the (0.5,0.5,/) rod, right the (1,0,/) crystal truncation rod.
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2.5 Tensile and compressive interface stress in Cu/Ni and Au/Ni multilayers
K. O. Schweitz, J. Berttiger, J. Chevallier, Institute of Physics and Astronomy, Aarhus University,
DK-8000 Arhus C, Denmark, R. Feidenhans'l, M. M. Nielsen, F. B. Rasmussen, Condensed Matter
Physics and Chemistry Department, Risa National Laboratory, DK-4000 Roskilde, Denmark, W.
Matz, and N. Schell, Research Center Rossendorf, D-01062 Dresden.
Interface stress represents an additional term to the Gibbs free energy of a material. The large
interface area to volume fraction makes this term specially important in multilayers, and in order to
predict the stability of the these metastable multilayers it is important to know the interface stress.
The literature values of measured interface stress in metallic multilayers are all compressive in
contradiction to theory. Multilayers having small bilayer lengths at about 2 nm show a less
compressive interface stress as compared with samples consisting of the same materials but with
larger bilayer lengths.
In the present studies of DC magnetron sputtered Cu/Ni and Au/Ni multilayers with strong
(111) textures, the microstructural characterisation was carried out by X-ray diffraction and
transmission electron microscopy. The interface stress was determined by the method developed by
Ruud et alx using profilometry and grazing-incidence X-ray diffraction. The interface stresses were
found to be 0.77±0.19 J/m2, i.e. tensile interface stress, and -8.46±0.99 J/m2 for Cu/Ni and Au/Ni
multilayers, respectively. A coherent/incoherent transition in Cu/Ni multilayers was observed at a
critical bilayer repeat length of 10.5 nm, in
agreement with theory. The Au/Ni sample with the
smallest bilayer length showed a less compressive
interface stress as compared with samples having
larger bilayer lengths. In order to investigate if the
le+O
roughness of the interfaces was different in this
sample, reflectivity scans were performed. Figure
1 shows the reflectivity scans on samples having
1e-3
bilayer repeat lengths of 2.02 nm and 6.36 nm.
Using the computer code SUPREX2 the interface
ie-5
roughnesses were found. These showed that the
individual interfaces all have roughnesses of about
0.4 nm. The sample with the smallest bilayer
length showed only a weak cumulative effect in
contrast to all the other samples, suggesting a
Figure 1. Reflectivity scans. Triangles (circles)
different type of interface for this sample. This
show the measurements of samples having
could be the cause of the different interface stress
bilayer length of 2.02 nm and 6.36 nm,
observed in this sample.
respectively. The solid lines are the calculated
In order to find the actual bilayer repeat pattern using SUPREX.
length and the out-of-plane lattice parameters of
the multilayers, X-ray diffraction in Bragg-Brentano geometry was performed. The experimental
data was analysed using the computer code SUPREX for high angle scans3. By comparing the inplane 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 layer. This has been
observed before in metallic multilayers, e.g. in Ag/Ni-multilayers4.

1

J. A. Ruud, A. Witvrouw and F. Spaepen, J. Appl. Phys. 74,2517 (1993).
E. E. Fullerton, J. Pearson, C. H. Sowers, S. D. Bader, X. Z. Wu and S. K. Sinha, Phys. Rev. B. 48, 17432
(1993).
3
E. E. Fullerton, I. Schuller, H. Vanderstraeten and B. Bruynseraede, Phys. Rev. B. 45,9292 (1992).
4
K. O. Schweitz, H. Geisler, J. Chevallier, J. Bettiger and R. Feidenhans'l, Mater. Res. Soc. Symp. Proc. 505,
559(1997).
2
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Rotation of a Single Molecule in a Nanoscopic Cavity1
J.K. Gimzewski, R. Schlittler,V. Langlais IBM Research Divison, Zurich Research
laboratory, Switzerland, C. Joachim, H. Tang CEMES-CNRS, Toulouse, France and I.
Johannsen Condensed matter Physics and Chemistry Department, Riso National
Laboratoy, Denmark.
Visualization and verification of a single molecule rotator in operation which constitutes
a molecular bearing was shown experimentally. Observation of time averaged images of
single molecules, confined within a cavity formed by six like molecules, were
recorded using a scanning tunneling microscope. The molecule is observed to exist in
either of two spatially defined positions. One is identified as a rotating state and the other
as an immobilized state. Calculations of the energy barrier for rotation of these two
states show that the barrier is below that of the thermal energy at room temperature and
above it for the immobilized state.
The molecular system, hexa-butyl decacyclene (HB-DC), that forms these single molecule
rotators is a propeller shaped species and it is approximately 1.5 nm in diameter. The
molecule consists of a decacyclene core with six bulky t-butyl legs which define its
interaction with a surface and its intermolecular interactions in a 2 dimensional layer.
Although often regarded as a planar polycyclic aromatic hydrocarbon, decacyclene is a
unique molecule which forms right and left handed helical crystals. Steric interactions
between hydrogen atoms on the three outer naphalene rings twist the molecule with respect
to it's central benzene ring from the planar conformation to a shallow chair conformation
endowing it with a propeller form
Ordered monolayers of these propeller molecules were grown on Cu(100) surfaces. At
monolayer coverage the molecules are immobilized by intermolecular steric interactions in
the form of a 2 dimensional Van der Waals crystal. Each molecules appears as six lobes
arranged in an hexagonal lattice but with alternating distances of 0.6 and 0.8 nm between
the lobes. From the known dimension of the molecule, these lobes can readily be assigned
each to a t-butyl group of the propeller.
At coverages just below one monolayer STM images resemble those of the immobilized 2
dimensional lattice at full monolayer coverage. However, there exist a random array of
nanoscopic voids in the layer where molecules have a freedom of choice of binding sites.
Remarkably in these voids we observed that the images of certain individual molecules
exhibit the expected overall dimensions of the six lobed species but their internal contrast
was in the form of a Taurus. These toroidal single molecular structures were observed only
in vacancy regions of the film. Detailed observations together with numerical calculations
indicate that, given sufficient space in sites of low symmetry, the molecule rotates at speed
higher than the scan rate used for imaging resulting in a time averaged image which would
be a Taurus. The rotational barrier appears to be driven by thermal energy.

Fig. 1 .Molecular model of hexa-tert-butyldecacyclene
1

J.K. Gimzewski, C. Joachim, R. Schlittler.V. ILanglais, H. Tang
and I. Johannsen, Science 281 531 (1998).
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2.5 Ni particles on Silica studied by Anomalous Small Angle X-Ray Scattering
F. Berg Rasmussen1'2, A. M. Molenbroek1, R. Feidenhans'l2 and B. S. Clausen1.
x
Haldor Topsee Research Laboratories, Lyngby, Denmark.
2
Condensed Matter Physics and Chemistry Dept, Rise National Laboratory, Roskilde, Denmark
Nano-dispersed Ni particles on silica and alumina supports play an important role in catalysis. Ni is
used as a catalysts for e.g. steam reforming but also as a promoter in e.g. Mo-based catalysts for
hydrotreating [1]. A research project concerning small angle scattering investigations of catalyst
carrier materials and catalysts has been initiated. In connection with this a test experiment utilising
anomalous small angle x-ray scattering was carried out at the JUSIFA ASAXS facility.
Samples containing Ni particles supported on silica were prepared by impregnation, calcination and
reduction in hydrogen using standard procedures leaving a thin protective oxide layer on the surface
of the metal particles. EXAFS experiments confirmed that the Ni was predominantly present as
pure metal and not as an oxide. From x-ray powder diffraction (XRD) a Ni-particle size of
approximately 120 A were estimated from the broadening of the diffraction lines.
The ASAXS measurements were performed at three energies around the Ni K-edge at 8.333 keV.
The extracted small angle scattering of the Ni-particles is shown in the figure below. At low qvalues the intensity is proportional to q"D with D ~ 2.9 indicating scattering from fractal aggregates.
At high q-values I °= q"D (D « 4) known as the Porod region. From the cross-over between the two
regions an estimated size of the scattering particles of 90 A is obtained in reasonable agreement
with the XRD result. The present results are only prelimenary but the experiments clearly show the
potential of ASAXS at JUSIFA for measurements on metal catalysts.

Ni/Silica JUSIFA 2nd December 1998
KWlflflf)
•

*

•

i

•q

•.

tensity'(a.u.)

100000 •:

JZ

100007

i

1000-

i
OP

o

100 •=

o 1

o
100.01

•

•

I

1

0.1

q (A"1)
G. Goerigk is acknowledged for his kind help with this experiment.
[1]: H. Tops0e, B. S. Clausen and F. E. Massoth, 'Hydrotreating Catalysis' in Volume 11 of the series 'Catalysis,
Science and Technology" ed. J. R. Anderson and M. Boudart (Springer-Verlag Berlin Heidelberg 1996) and references
therein.
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2.5 Initial stages of Cu growth on Ni(OOl) Surfaces
Frank Berg Rasmussen, Martin M. Nielsen, Mourits Nielsen and Robert Feidenhansl,
Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory,
Denmark.
According to a recent STM-work by Muller et al. [ 1 ] irregular Cu islands with a
ramified shape are observed on Ni(OOl) for Cu coverages around 0.2-0.5
monolayer(ML). This is most unusual as generally compact islands are observed on
square lattices. The ramified shapes are characterized by a typical armwidth of around
20 atoms and this was taken as evidence that strain relaxation plays a major role in the
growth of Cu on Ni(001) [ 1 ] .
We have studied the initial growth of Cu on Ni at the Surface Diffraction Beamline
ID03 at ESRF. A typical transverse scan at (1 0 0.4) after deposition of 0.27 ML is
shown in the figure.
trans at <1 0 0.4) cs1119.dat

The scan is characterized by a sharp peak and a broad bell shaped foot. The sharp
peak is the crystal truncation rod of the Ni substrate whereas the broad peak is the
distinct feature of the Cu islands observed even at coverages as low as 0.05 ML.
Through detailed analysis of the aquired data in combination with model calculations
we conclude that the Cu islands are epitaxial with the Ni substrate and characterized
by two different length scales (rectangular islands). The Cu atoms are located at
substrate lattice sites and no relaxation of the islands with respect to the substrate is
observed although the data does allow for a small(<2%) relaxation of the outermost
atoms around the rim of the islands.
The results obtained in this study give direct information on the epitaxy of the Cu
islands with the substrate and provide a quantitative upper limit on the strain
relaxation of the Cu atoms. This is important with regard to the origin of the ramified
island shapes and allows for a direct comparison with Effective Medium Theory
calculations [ 1 ] . In general we find good agreement with the basic picture put
foreward by Muller et al. [ 1 ] ,
[ 1 ] : B. Muller, L. Nedelmann, B. Fischer, H. Brune, J. V. Barth and K. Kem, Phys. Rev Lett., 80,
2642, (1998).
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2.5 Aggregates in Hydroxides and Oxides of Aluminum Studied by SAXS
Frank Berg Rasmussen, Condensed Matter Physics and Chemistry Department, Rise National
Laboratory, Denmark, and Haldor Topsoe Research Laboratories, Lyngby, Denmark.
The transition aluminas represent a group of technically important materials used in a wide variety
of applications. They are obtained by thermal dehydration of aluminum-hydroxides, leaving a
highly porous structure of aluminum-oxide. The hydroxide and the dehydration processes largely
determine the properties of the oxide and a large effort has been put into studies of these materials
[1]. Nevertheless, the understanding of the aggregate structure of the various alumina forms remains
incomplete. In addition, there is a more practical need for developing methods that allow
characterization of the aluminas and their precursors as a prerequisite for morphological control of
the materials.
We have used Small Angle X-ray Scattering at the Ris0 SAXS facility to investigate and
characterize a number of aluminum-hydroxide and oxide materials. As an example we consider
A100H; XH2O (pseudo-Boehmite) which is transformed into the highly porous T|-Alumina when
heated (calcinated) at 550°C. Figure 1 shows SAXS curves of the two forms. At low q-values the
intensity is proportional to q"D with D close to 2, indicating scattering from plate-like objects. The
important parameters governing the physics may be obtained from a fit to a cylinder model with
Gaussian volume dispersion (see Annual Report 1997). Such a fit shows that the aggregates are
somewhat smaller and have a slightly narrower size distribution in the T|-Alumina than in the
pseudo-Boehmite. Large differences in the particle shapes and the aggregate morphology are not
observed. In addition, electron diffraction gave evidence that the transition from Boehmite to the
Alumina transition forms proceeds topotactically, i.e. without long range restructuring [1]. These
findings indicate that the aggregate structure of the pseudo-Boehmite to a large extent is carried
over into the r|-Alumina. This agrees well with the observation, that the properties of the resulting
T|-Alumina are highly dependent on the starting pseudo-Boehmite material.

SAXS on pseudo-Boehmite
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Figure 2: Fit to a SAXS measurement on pseudoBoehmite with a cylinder model.

[1]: C. Misra, Industrial Alumina Chemicals, ACS Monograph 184, (ACS, Washington D.C. 1986) and references
therein.
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2.5
The Direct Bonding of Si wafers observed as Function of the Annealing Temperature
by X-Ray Diffraction.
M. Nielsen, R. Feidenhans'l, P.B. Howes, Rise National Laboratory, DK-4000 Roskilde, Denmark,
F. Grey, K. Rasmussen, Microelectronik Centret, Technical University of Denmark, DK-2800 Lyngby, Denmark, and J. Vedde, TOPSIL Semiconductor Materials A/S, DK-3600 Frederelkssund,
Denmark.
Direct bonding of crystals is a technique developed and increasingly used in the semiconductor
industry. Such bonded interfaces can have mechanical strength approaching that given by ideal
covalent bonding in the bulk crystals. By x-ray diffraction we have measured the atomic structure
of such interfaces l,2.
We have now extended these measurements and for the first time observed how the interface superstructure is formed as function of temperature. Direct bonding is a two step process. First
the Si(OOl) wafers are stripped of their native oxide layer in a HF solution and contacted at room
temperature in a clean room. This produce a weak van der Waal bonding. Next annealing above
1000° C produce strong covalent bonding. In the present study a pair of Si(001) wafers were bonded
at room temperature and then etched from one side so that one of the bonded crystals was 30u thick,
suitable for x-ray diffraction from the interface. A series of 1 cm2 samples diced from tins were
annealed at various temperatures for several hours in N2 atmosphere. At ESRF in Grenoble the interface structure of these samples was measured by x-ray diffraction and the figure below show that
sharp diffraction peaks from the bonding superstructure grow as the temperature exceeds 800°C.
This is about the same temperature where reordering occurs on clean Si surfaces. The bonding
superstructure appears with the full long range coherence length already at 800°C.
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Figure 1: The figure shows in panel (a) x-ray diffraction profiles from direct-bonded Si(OOl) bicrystals, twist
angle 6.5 degree, annealed at increasing temperature as given in right hand side of the panel. The profiles
are measured in axial scans indicated by the arrow in panel (c). The broad feature is diffuse scattering.
Panel (b) shows how the satellite intensity, at the positions indicated by x in (c), depends on the annealing
temperature. Panel(c) shows in LEED notation the reciprocal lattice plane parallel to the interface plane of
the bicrystals.
1
2

See previous contribution in this report.
M. Nielsen, R. Feidenhans'l, P.B. Howes, F. Grey, K. Rasmussen, M. Benamara, and J. Vedde, to be published.
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2.5

The Interface Structure of Directly-bonded Si Crystals

M. Nielsen, R. Feidenhans'l, P.B. Howes, Riso National Laboratory, DK-4000 Roskilde, Denmark,
F. Grey, K. Rasmussen, M. Benamara, Microelectronik Centret, Technical University of Denmark,
DK-2800 Lyngby, Denmark, and J. Vedde TOPSIL Semiconductor Materials A/S, DK-3600 Fredereikssund, Denmark.
We have studied the interface structure of directly bonded Si(OOl) wafers using synchrotron x-ray
diffraction. The bonding is obtained in a two stage process, first the two wafers with mirror flat
(001) surfaces, hydrogen terminated, are pressed together under clean room conditions and this
yield a van der Waal bonding; secondly they are heat treated at 1000°C under nitrogen atmosphere
resulting in the covalent bonding. The interface may be looked upon as a model grain boundary
with zero tilt but with a predertermined twist angle (mutual rotation around [001]). In the interface
region the bonding produce a periodic displacement field determined by the rotational misfit, and
this in turn give rise to satellite reflection in x-ray diffraction. By measuring the scattering from the
satellites as function of the in-plane and the out of plane momentum transfer we get detailed information about the atomic structure of the interface Measurements were done on samples with twist
angles between 0.4 and 7.5 degree. We find that parallel to the interface the periodic displacements
have a very long range of order, presumably given by the bulk Si, and in the perpendicular direction the range of the displacements i.e. the interface thickness is inversely proportional to the twist
angle, as illustrated in the figure below. The results are compared to calculated structure factors applying a model with a periodic net of screw dislocations to produce the displacements. • The dotted
lines in the figure show the result of this calculation. The functional form of the intensity curves
measured in scans perpendicular to the interface is a Lorenzian function squared in agreement with
an exponential decay of the displacement field in real space as predicted by the dislocation model.

(degree)

Figure 1: The figure shows the fitted line width (fwhm) of intensity curves measured in x-ray diffraction
scans performed perpendicular to the interface at satellite reflections (1+q, 0 1), where q is the wave vector
of the periodic displacement field parallel to the interface. 1 denote momentum transfer perpendicular to
interface in reciprocal lattice units (r.l.u.), and t? is the twist angle of the bonded Si wafers. The measured
intensities are background subtracted. The background was measured in corresponding diffraction scans
with small in-plane missettings. The right hand axes t show the derived interface thickness in A defined as
the double exponential decay length of the displacement field.
A.P. Sutton and R.W. Balluffi, Interfaces in Crystalline Materials, Oxford University Press, Oxford 1991, UK.
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2.5

Frozen Disorder in PS-PDMS Thin Films

N. Gadegaard, N. B. Larsen, K. Mortensen, Condensed Matter Physics and Chemistry Department, Ris0
It is well-known that symmetric diblock
NG> PS-PDMS 25k A7 Si-substral par. tieam 5.5A«6m
copolymers in the ordered state form lamellar structures [1] oriented parallel to the
RISO-SANS
substrate [2]. PS-PDMS poly(styreneS0139002 SAN
dimethylsiloxane) with a molecular weight
of 25 kg/mol for each block was used as
I
I ABOVE 2.45
a model system. The polymer was disI
I
231 -2.45
R^I
1.98 -2.21
solved in chloroform with a concentration
• I
1.72-1.98
1.47 -1.72
of 100 mg/ml. Thin uniform films were
1.23-1.47
0.66-1.23
0.74 - 0.96
spin casted on Piranha cleaned silicon sub0.49-0.74
0.25-0.49
strates. The thickness of the resulting films
BELOW 0.25
were approx. 1/im. The degree of ordering
of the as-cast film was measured by small
-0.W
-0.02
-O.00
0.02
0.04
0.06
HORIZONTAL SCATTERING VECTOR (1/A)
angle neutron scattering (SANS). The sample was placed with the surface parallel to
Figure 1: SANS scattering image of thin film. The subthe incident neutron beam. This config- strate is vertical in the scattering image.
uration allows for measuring both the inplane and out-of-plane scattering contributions. The resulting SANS scattering image is shown
in Fig. 1. An expected lamellar structure would only have given rise to two Bragg peaks at
c7ioo = 2-7r/d, where d is the lamellar spacing. However, the PS-PDMS scattering image is
elliptic indicating a distorted structure. The sample was anealled at 150°C for a week and
measured again but no change in the scattering image was observed. The peak positions in the
horizontal and vertical directions were compared with bulk samples. Unexpectedly, the in-plane
peak position fitted the bulk peak position, which might indicate a prefered in-plane direction
induced during the spin casting process. The surface morphology was measured by atomic force
microscopy (AFM) operated in tapping mode to minimized induced force on the surface. The
tapping mode allows for measuring changes in surface composition. In Fig. 2 it can be seen
that for areas of approx. same height there are changes in the phase image suggesting changes
in the surface composition.
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Figure 2: AFM images of the film surface. Left, height image. Right, phase image.

[1J Bates, Science 251 898 (1991)
[2] Foster et. al. , J. Chem. Phys. 96 8605 (1992)
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2.5

Temperature dependence of Lamellar Period and Flory-Huggins Parameter
of PEP-PDMS measured by Neutron Scattering

N. Gadegaard, K. Mortensen and K. Almdal, Condensed Matter Physics and Chemistry Department, Ris0
The Flory-Huggins interaction parameter of ordered
15
<•—• Data
PEP-PDMS poly(ethylenepropylene-dimethylsiloxane)
—
Theory
14.5
s
•
was measured by neutron scattering. The low molecular weight (8.3 kg/mol) PEP-PDMS model system
14
forms lamellar structures in the ordered state (T <
=
a 3TODT = 165°C). The first order Bragg peak
2ir/d was measured at various temperatures by SANS
/
t 13
for both a thin film (approx. 4000A) and a bulk sample. The scaling behavior of the lamellar period d
12.5
was compared with theory for the intermediate segre280
300
320
340
360
380
400
420
gation region (10.5 < xN < 95) d <x x 0 ' 22 [1]. The
Temperature / K
scaling exponent was found to be 0.22, which is equal
to theory. The lamellar period was also compared Figure 1: The interfacial width between PEP
with an analytical expression [2] for the strong segre- and PDMS as a function of temperature.
gation region (SSR) (\N > 95) and as can be seen from Fig. 2 the data are consistent with
the theory although the theory was derived for the SSR. The lamellar period is slightly larger
for the thin film than the bulk, which can be explained by an excess of polymer material but
insufficient to form a new layer, hence the lamellae will be slightly expanded. The change in
slope at approx. 200 K is related to crystallization of PDMS [3]. The order-disorder transition
temperature TODT for bulk was measured by rheology to be 165°C. According to theory [4]
TODT should be higher for the thin film due to concentration fluctuations. However, the thin
film can be estimated to have a TODT at 155-160°C. The interface width between the PEP and
PDMS phase was measured by neutron reflectivity of a thin film sample (approx. 800A) as the
ratio between the intensity of the first and third order Bragg peaks. The results were compared
to theory [2] and were found to be consistent (see Fig. 1).
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Figure 2: Temperature measurements of the lamellar period for the thin film and bulk samples (left and right
respectively).

[lj Melenkevitz and Muthukumar, Macromolecules 24 4199 (1991)
[2] Semenov, Sov. Phys. JETP 61 733 (1985)
[3] Aranguren, Polymer 39 4897 (1998)
[4] Shull, Macromolecules 25 2122 (1992)
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2.5

The Lamellar Period in Symmetric Diblock Copolymer Thin Films Studied
by Neutron Reflectivity and AFM

N. Gadegaard, N. B. Larsen, K. Mortensen and K. Almdal, Condensed Matter Physics and
Chemistry Department, Ris0
NGf
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Figure 1: Left, neutron reflectivity of the film film. Right, SANS scattering image of the thin film.

The lamellar period in PEP-PDMS poly(ethylenepropylene-dimethylsiloxane) thin films were
investigated by neutron reflectivity (NR), x-ray photoelectron spectroscopy (XPS) and atomic
force microscopy (AFM) [1]. The detailed structure of the thin film (800 A) was measured by
NR combined with XPS. The data were fitted with two weighted reflectivity curves to take into
account that holes in the surface alter the reflectivity curve. The resulting curve is shown in
Fig. 1 together with a SANS scattering image. From the SANS measurement it was possible
to suggest the perfection of the lamellar ordering. The mosaicity was found to be less than
6.6°. The thickness of the interior layers was found to be 75 A, which is larger than the bulk
value 70.5 A. This is correlated to excess material in the thin film but insufficient to form
another layer. The thickness of the top layer and surface layers were found to be 34 A and
40 A respectively, which is half the thickness of the interior layers as expected. PDMS is the
low-surface-energy component and covers the surface. The substrate is cover by PEP which
is slightly less flexible than PDMS, hence the layer is slightly thicker than the PDMS layer.
The surface topography was measured by AFM. Penetrating holes were found in the surface
revealine the lamellar structure with a periodicity comparable to what was measured by NR.
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Figure 2: AFM images of the film surface with the corresponding cross-section.

[1] Gadegaard et. al. , to appear in Applied Surface Science
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2.6

Positional Order in Langmuir Monolayers of Octadecanol

V.M. Kaganer, G. Brezesinski, H. Mohwald, MPI for Colloids and Interfaces, Berlin, Germany,
P.B. Howes and K. Kjaer, Condensed Matter Physics and Chemistry Department, Ris0 National
Laboratory, Roskilde, Denmark
Correlation functions of positional order in Langmuir monolayers of octadecanol have been directly
determined from the profiles of the x-ray diffraction peaks.1 Grazing-incidence x-ray diffraction
measurements were performed at the liquid surface diffractometer on the undulator beamline BW1
at HASYLAB, DESY, Hamburg, in the untilted phases well above the tilting phase transition. The
shape of the resolution function was found to be very close to a Gaussian with a full width at half
maximum (FWHM) of 0.0082 A"1. Figure 1 (left) shows the measured diffracted intensities
corrected for Lorentz factor, effective area and polarisation, integrated over the vertical component,
Qz, of the scattering vector, and with a linear background subtracted. The temperature variation of
the diffraction pattern is in agreement with a first order herringbone-ordering transition LS - S at
8°C.
|53*C)

Fig. 1. X-ray diffraction peaks (left column) and
correlation functions (right column) for octadecanol
monolayers at 18 mN/m. The monolayer of
hexadecanol at 31.7°C and that of tetradecanol at
31°C correspond approximately to the state of the
octadecanol monolayer at 43°C and 53°C,
respectively, due to the shortening of the chain. The
full lines over the peaks are fits of the structure
factor convoluted with a Gaussian approximation of
the resolution function. The dotted line shows the
resolution function. The widths of all peaks exceed
the resolution limit. In the right column, full lines
represent Fourier transforms of the measured peaks,
divided by the Fourier transform of the resolution
function (shown by dotted line). When two
diffraction peaks are observed due to a centred
rectangular unit cell (phase S), they are processed
separately and the correlation functions in directions
of the corresponding diffraction vectors are
determined. Dashed lines are fits with the same
values of x\ and L as the fits of the peaks in the left
column.

We find that the correlation function of positional order is characterised by two parameters, a length
L and an exponent T|, and exhibits an algebraic decay G(x) «= x"11 at distances x » L. The exponent
r| is large in comparison with values typical of a two-dimensional solid. r\ depends on temperature
and increases drastically at the herringbone-ordering transition LS - S. The algebraic decay is
attributed to elastic distortions around pre-transitional fluctuations with the structure of the new
phase. The positional correlations found in this study indicate quasi-long-range order in both phases
LS and S, in contrast to an earlier treatment of these phases as hexatics, based on the FWHMs of the
peaks which exceed the resolution limit.
1

V.M. Kaganer.G. Brezesinski, H. Mohwald, P.B. Howes and K. Kjaer, Phys. Rev. Lett. 81,5864 (1998)
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Hydrogen-Bond Induced Chiral Discrimination in Monolayers Bipolar Amphiphiles

R. Lauter, G. Brezesinski, H. MQhwald, Max-Planck-Institute of Colloids and Interfaces, Berlin,
Germany, M. Fix, Institute of Biochemistry, University of Munster, Germany, P.B. Howes, K.
Kjaer, Condensed Matter Physics and Chemsitry Dept., Riso National Laboratory, Denmark
We have investigated the structures of condensed monolayer phases of several dihydroxylated
stearic acid methyl esters at the air-water interface by means of grazing incidence x-ray diffraction at the liquid surface diffractometer on the undulator beamline BW1 at HASYLAB, DESY.
The compounds are dihydroxylated in the 2,3- (1), 9,10- (2) and 17,18-positions (3).The pressure-area isotherms show that the onset of the two-phase coexistence region depends on the distance between the carboxylic end and the hydroxyl-groups along the alkyl-chain. Compounds 1
and 2 show significant differences in the transition pressure between the enantiomers and the racemic mixtures, the racemate having the higher transition pressure. The collapse of the monolayer occurs at molecular areas corresponding to the cross-section of an alkyl-chain .The racemate of compound 1. forms a condensed monolayer with high positional order. The diffraction
pattern indicates the formation of a rectangular lattice as for the racemates of all three compounds at all pressures investigated. The enantiomer of compound 1 did not form a condensed
monolayer of sufficient stability. The enantiomers of compound 2 and 3 form oblique and hence
chiral lattices: The different behaviour of racemate and enantiomer could be due to a dimerisation of the opposite enantiomers in the racemic mixture. The racemate of compound 2 exhibits a
much lower tilt angle than the enantiomer (Fig. 1). This could be due to an optimisation of interactions between the hydroxyl-groups by hydrogen bonds. If the hydrogen bonds are formed from
one molecule to only one other molecule (two opposite enantiomers), interaction is enhanced by
the reduction of the tilt-angle. In the monolayer of the enantiomer, on the other hand, hydrogenbonds can be formed from one molecule to two different molecules, giving rise to a hydrogen
bonding network. This network would enhance the positional order in the monolayer and produce narrower reflexes in Qxy than for the racemate. The weak differences in the diffraction patterns between enantiomer and racemate of compound 3 (Fig. 2) may be due to high mobility of
the hydroxyl-groups at the end of the molecule.

rac.

enant.

o
0.0 0.2 0.4 0.6
Q, [A"1]

° n o ^ 0.0 0.2 0.4 0.6
«"•
Q, [A"1]

Fig. 1: Diffraction patterns of enantiomer (left) and
racemate (right) of compound 2 at n = 20 mN/m.
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Fig. 2: Diffraction patterns of enantiomer (left)
and racemate (right) of compound 3 at
JC = 20 mN/m.
77

2.6

Calcium interaction with insoluble phospholipid monolayers at the surface of water

M. Schalke, M. Weygand, P. Kriiger, T. Gutberlet, M. Losche, Institute of Experimental Physics I,
University of Leipzig, D-04103 Leipzig, Germany, K. Kjeer and P.B. Howes, Condensed Matter
Physics and Chemistry Department, Rise National Laboratory, DK-4000 Roskilde, Denmark
Insoluble monomolecular phospholipid films at the air/water interface are widely used as model
systems in studies of lipid structure and lipid-protein interaction in biological membranes. Ca2+ is a
frequent mediator in the binding of biopolymers (such as proteins1 or polysaccharides2) to neutral
lipid membranes. To understand the role of divalent cations in such processes, we have initiated an
x-ray reflectivity study of lipid monolayers.
To obtain detailed structural information, Hunt et al? and Flach et al.4 used infrared reflection absorption spectroscopy on phospholipid monolayers with and without Ca2+. For phosphatidylcholine
(PC) they found no evidence of a change of the chain configuration, but Flach et al. reported a
frequency shift of the phosphate stretch vibration, which was postulated to indicate dehydration of
the headgroups. We have extended this work to phospatidylethanolamine (PE) monolayers where
we found a similar shift of the phosphate stretching frequency. In n vs. A isotherms we find no
indication of changes in lipid packing within the monolayers through the interaction with Ca2+ ions.
We have used X-ray reflectometry to check the interpretation of the IR measurements and to obtain
more detailed structural information for a complete picture of the interaction of lipid headgroups
with divalent cations. We measured the X-ray reflectivity of PE and PC monolayers on water in the
absence and presence of Ca2+ or Ba2+ in millimolar concentrations at various surface pressures in
the liquid condensed and the solid phase. Changes of the X-ray reflectivity by cation adsorption
were observed in the fluid phase only. However, the reflectivity for lipid monolayers on subphases
containing Ca2+ or Ba2+ is quite similar even in the fluid phase. From this observation we infer that
the differences in the
reflectograms
with or
DMPE on pure water
without cations in the
DMPE on 10 mM BaCI2
subphases are caused by
DMPE on 10 mM CaCI2
conformational
rearrangements of the
headgroups rather than by
increases of the electron
density due to cation
adsorption.
A
more
detailed analysis of the
data is in progress.
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Fig. 1:
Normalized
X-ray
reflectivities, R/RF, of DMPE
monolayers
on
various
subphases at lateral pressures n
~4mN/m

B. Wetzer, A. Pfandler, E. Gyorvary, D. Pum, M. Losche and U. Sleytr, Langmuir 14, 6899 (1998)
D. Huster, G. Paasche, O. Zschornig, K. Gawrisch, and K. Arnold, submitted to Biophys. J.
3
R. D. Hunt, M. L. Mitchell, and R. A. Dluhy, J. Mol. Stuct. 214, 93 (1989)
4
C. R. Flach, J. W. Brauner, and R. Mendelsohn, Biophys. J. 65, 1994 (1993)
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Organisation of Membrane-Bound Polymer Brushes at the Air/Water Interface

T. Gutberlet, U. Dietrich, P. Kriiger, M. Weygand, M. Losche, Institute of Experimental Physics I,
University of Leipzig, D-04103 Leipzig, Germany, K. Kjaer, Condensed Matter Physics and
Chemistry Department, Rise National Laboratory, DK-4000 Roskilde, Denmark

The attachment of water-soluble polymers at membranes offers possibilities for the
controlled modification of the surface properties of, e.g., liposomes. Thus, specific
functionalization of biomembranes may be possible; this could be utilized, for instance,
for the design of new durable drug carriers. One new class of polymer-functionalized
amphiphiles, polyoxazoline phospholipids (PO-DSPE), have recently been investigated
with respect to their phase behavior and molecular configuration1. The conformation of
tethered polyoxazoline polymer chains may vary between randomly coiled and
extended (,,polymer brush"), dependent on the lateral space accessible to the polymer
(,,grafting density"). To determine the aggregation state and conformational variability
of tethered aliphatically substituted polyoxazolines at well-defined interfaces, we have
investigated, by X-ray reflectometry, surface monolayers of poly-(acetyliminoethylene)
attached to diacylglycerol, ,,PMeOx". Monolayer reflectivities of pure PMeOx and
mixed systems with DMPC, obtained at lateral pressures of 30 mN/m, are shown in
Fig. 1. The Fresnel-normalized reflectivities, R/RF, show destinct maxima and minima
in the low-q2 range. The thickness of the hydrophobic part of the surface monolayers
decreases progressively upon addition of PMeOx to DMPC. Due to low electron density
contrast between the hydrated poly(acetyliminoethylene) chains and the subphase, no
structural features of the polymer chains are observed. To quantitatively understand
such a low electron density contrast, it must be assumed that the polymer chains are
organized in a tethered, extended conformation, in accordance with recent
simulations2.
PMeOx 100% >—•—<
PMeOx 25% !—x—i
PMeOx 50% >--*-•-:
DMPC
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Fig. 1: X-ray reflectivity of PMeOx/DMPC mixed monolayers at n = 30 mN/m (15 °C)
'T.R. Baekmark, et al., Langmuir 13, 5521 (1997)
E. Politsch, G. Cevc, T. Gutberlet, M. Losche, manuscript in preparation
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Detailed structure of molecularly thin polyelectrolyte multilayer films on solid
substrates as revealed from neutron reflectometry

M. Losche, Institute of Experimental Physics I, University of Leipzig, Germany, J. Schmitt, G.
Decher, C.N.R.S., Inst. Sadron, and Universite L Pasteur, Strasbourg, France, W.G. Bouwman,
Interfacultair Institute, Technical University of Delft, The Netherlands, K. Kjasr, Condensed Matter
Physics and Chemistry Department., Riso National Laboratory, Denmark
By neutron reflectometry we have resolved - to high resolution - the internal structure of selfassembled polyelectrolyte multilayer films and have developed a detailed molecular picture of such
systems by analyzing the data with a composition-space refinement technique1. We show that these
surface films consist of stratified structures in which polyanions and polycations of individual
layers intimately interdigitate one another. The deposition technique leads to results that are very
well predictable if well-defined and constant environmental conditions are maintained during the
preparation. For alternating layers of poly(styrenesulphonate) (PSS) and poly(allylamine hydrochloride) (PAH), adsorbed onto atomically flat surfaces, a roughening of successively deposited
layers leads to a progressively larger number of adsorption sites for consecutive generations of
adsorbed polymer, and thus to an increase in layer thicknesses with increasing number of deposited
layers. Because of the interpenetration of adjacent polyelectrolyte species, however, this converges
quickly to an equilibrium layer thickness. In fully hydrated films (100% relative humidity), water
occupies > 40% of the volume within the films. About twice as much water (by volume) is
associated with PSS as with PAH. Incorporated inorganic salt plays a minor role only, if any. The
equilibrium thickness of the deposited layer structure may be fine-tuned via the ionic strength, I, of
the solutions used for the preparation. We show that the dependence of the thickness d\p per layer
pair on / i s linear, with a sensitivity, Ad[p/AI~ 16 A x 1/mol. Concurrently the interface roughness a
between adjacent layers increases: a ~ 0.4 x d\p. In contrast to the ionic strength of the deposition
solutions, the degree of polymerization of the polyanions used in the preparation plays a minor role
only in determining the overall structure of the deposited films.

distribution of polymerassociated water:
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Fig. 1: Structural details of a
section (15 of 64 layers) in a
stratified polyelectrolyte film of
PAH and PSS on a Si wafer:
Volume fraction of the constituents along the surface normal, z.
The Si/polymer interface is at
2 = 0. Total film thickness:
- 2 4 0 0 A . At z < 900 A, the
distribution of the polyelectrolyte
species and the total water
concentration are indicated. At
z> 900 A, the distribution of
water associated with different
polyelectrolyte species is shown.
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M. Losche, J. Schmitt, G. Decher, W.G. Bouwman and K. Kjaer, Macromolecules 31, 8893 (1998)
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Formation of interdigitated thin films at the air-liquid interface by
molecular design.

I. Kuzmenko, M. Lahav, L. Leiserowitz, Weizmann Institute of Science, Rehovot, Israel, M.
Kindermann, G. von Kiedrowski, Ruhr-Universitdt, Bochum, Germany, J. Als-Nielsen, Niels
Bohr Institute, H.C.0rsted Laboratory, Copenhagen, Denmark, P.B. Howes and K. Kjaer,
Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Roskilde,
Denmark
Recently we have shown1 that molecules of pentadecylmandelic acid (a long-chain amphiphilic
acid), when spread on aqueous solutions of phenylethylamine (a water-soluble amine molecule),
can form interdigitated films akin to those found in natural membranes. The process of interdigitation at the interface was found to be remarkably sensitive to the molecular composition. Nevertheless it may occur in various systems involving strong acid-base interactions,
suggesting further studies. In the present work we made use of known acid-base interactions
between the carboxylate and amidinium functional groups. Long-chain water-insoluble ppentadecylbenzoic acid, Ci5H3i-C6H4-CO2H, was spread on the surface of a basic aqueous
solution of water-soluble p-methylbenzamidine, CH3-C6H4-CN2H3 (c/. Fig. lb). Compression to a plateau region of the surface pressure vs. molecular area (TT - A) isotherm (not
shown) yielded a diffraction signal. Diffraction patterns measured both at 30A2 and 20A2
(in the plateau region) exhibit five sharp reflections (Fig.la) that could be indexed with an
oblique unit cell: a=10.06A, 6=5.50A, 7=96.8°, AE!/=54.9A2. The unit cell dimensions are
found to be close to the in-layer cell dimensions of the 3D structure of the same chemical composition (a=9.58A, 6=5.73A, 7=90°, Axy=b4.9A.2), suggesting similar interdigitated
packing. From Aqz, the average repeat of the Bragg rod modulations (data not shown) we
calculate the inter-layer distance in the film as d = 26.4A. The unit cell volume in the film is
dab sin 7=1449A 3 . This agrees well with the corresponding unit cell volume of the 3D crystal
structure, a6c/2=1438A 3 ). The full thickness of the film, T ~ 80A, as extracted from the
FWHM of the Bragg rods, is compatible with six crystalline layers plus a partially crystalline
top layer as depicted in Fig.lb.

Fig.l
1

I. Kuzmenko, R. Buller, W.G. Bouwman, K. Kjaer, J. Als-Nielsen, M. Lahav, L. Leiserowitz, Science, 274,
2046 (1996)
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Crystalline phases in Langmuir films of cholesterol

H. Rapaport, M. Lahav, L. Leiserowitz, Weizmann Institute of Science, Rehovot, Israel, J. AlsNielsen, Niels Bohr Institute, Copenhagen University, Denmark, P.B. Howes and K. Kjaer,
Condensed Matter Physics and Chemistry Dept, Rise National Laboratory, Roskilde, Denmark
The ability to study the early stages of cholesterol nucleation may have importance in the
understanding of the pathological processes of atherosclerosis and gallstone formation that are
associated with cholesterol crystallization. We have studied the formation of crystallites within
cholesterol films on water as detected by GLXD1. The film was found to contain monolayer
crystallites in a hexagonal unit cell: a = b = 6.6A, A = 37.7A2/molecule. Upon compression to 16A2
another crystalline phase of a bilayer thickness was observed. The unit cell was rectangular with
dimensions a = 10.07A, b = 1.5lk,A - 38.lA2/moIecule.
By monitoring the diffraction patterns along the Il-A isotherm (Fig. 1) we were able to follow the
changes in intensities and coherence lengths of the hexagonal monolayer and the rectangular bilayer
phases. GLXD measurements were performed at 50, 40, 33, 25 and 16A2/molecule; after three
decompression-compression cycles (between 16A2 and 50A2) another GLXD scan was done at
16A2/molecule.
The
monolayer
phase
dominates between 50 and
33A2, exhibiting a Bragg
peak at q^ = 1.1 A'1. The
GLXD scans at 25 and
16A2 show, in addition to
the broad peak of the
crystalline
monolayer
60
20 30 40 50
phase,
peaks
that
correspond
to
the
Area [AVmolecule]
rectangular phase (Fig. 1),
ziqxy= 1.03 and 1.24 A"1.
The FI-A isotherm and the
1.3
integrated intensity of the
monolayer
phase,
as Fig. 1: GIXD from Fig. 2: Fl-A isotherm of cholesterol (full line).
cholesterol film, showing
of integrated intensity of the Bragg peak
recorded
along
the decomposition of the Variation
at qxy = 1.1 A"1, normalized to the change in area
isotherm, are shown in measured
diffractogram per molecule (dash dotted line).
Fig. 2. The monolayer into different Bragg peaks.
Bragg
peak
intensity
increased abruptly at 40A2 reaching a maximum at 33A2, concurrently with the increase in surface
pressure that occurs at ~36A2. At 25A2 the intensity of the hexagonal phase Bragg peak decreased in
agreement with a transition from the monolayer to the bilayer phase. All along the isotherm the
coherence length of the crystalline monolayer domains remain ~50A. The bilayer rectangular phase
appeared abruptly at 16A2, the coherence length of the crystalline domains being ~800A. Three
additional peaks at q^ = 1.06, 1.315 and 1.59A'1 showed up after decompression-compression
cycles (see Fig. 1 top scan); these might be attributed to the cholesterol monohydrate 3D phase2.
Their Bragg rod widths however indicated the formation of three layers.
1

S. Lafont, H. Rapaport, G. J. Somjen, A. Renault, K. Kjaer, J. Als-Nielsen, L. Leiserowitz and M. Lahav J. Phys.
Chem. 102,761 (1998)
2
Craven, B. M. Nature 260,727 (1976)
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Cholesterol derivatives at the air-water interface

H. Rapaport, I Kuzmenko, M. Lahav, L. Leiserowitz, Weizmann Institute of Science, Rehovot,
Israel, J. Als-Nielsen, Niels Bohr Institute, Copenhagen University, Denmark, P.B. Howes and K.
Kjaer, Condensed Matter Physics and Chemistry Dept, Rise National Laboratory, Roskilde,
Denmark
The cholesterol derivatives cholesteryl acetate 2 and stigmasterol 3 have been investigated with
respect to their packing arrangements and tendency to crystallize as compared to those of
cholesterol 1.
At 40A2/molecule, cholesteryl acetate exhibits a
cholesterol 1
distinctive diffraction pattern (Fig.la) that could be
cholesterylactetate 2 O-CH>
assigned to a 2D oblique unit cell: a = 10.1 A, b =
1.6k, y = 92°. The FWHM of the Bragg rods (not
stigmasterol 3
shown) indicate a crystalline thickness of ~14A,
corresponding to a monolayer. The 2D cell
dimensions are similar to those of the 3D metastable phase of cholesteryl acetate1 (whereas the more
stable polymorph of cholesteryl acetate does not exhibit the layer-like structure commonly observed
for the steroids2. GIXD scans at 20A2 indicate the partial transformation of the cholesteryl acetate
film into a crystalline bilayer, the monolayer diffraction being also detected at this point. The {1,1}
and {2,0} Bragg rods observed at a different spot of the cholesteryl acetate film (Fig.la; scan #) are
similar to those of the cholesterol bilayer in its rectangular phase, implying similar packing
characteristics of the two sterols. In its
rectangular phase the monolayer is a
much more crystalline than the
hexagonal monolayer phase of
cholesterol (cf. previous report).
The overall GIXD pattern of
stigmasterol is very similar to that of
cholesterol. The prominent Bragg
peaks in the scan at 33A2 (Fig. lb),
could be indexed according to a
rectangular unit cell, a = 10.2A, b =
1.1 A, akin to that of the compressed
2D phase of cholesterol. Stigmasterol
exhibits more favourable intralayer
interactions than cholesterol since it
Fig. 1: GIXD patterns of (a) cholesteryl acetate and
tends to form crystallites three layers
(b) stigmasterol films at the air-water interface
thick, as indicated by the Bragg rods
(not shown). The 3D crystal of
stigmasterol hemihydrate (P2j) has unit cell dimensions a = 9.5lA, b = 7.59A, very close to those
of the phase obtained at the air-water interface. From this study it appears that the hydroxyl group
and the less bulky tail part impart on cholesterol less favourable interlayer and intralayer
interactions, by comparison with stigmasterol and cholesteryl acetate, and thus reduces its tendency
to generate thicker crystalline aggregates conducive of 3D crystallization.

I

1
2

P. Sawzik, B.M. Craven, Acta. Cryst, 35, 895 (1979).
J.D. Bernal, D. Crowfoot, I. Fankuchen, Proc. R. Soc, A239, 135 (1940).
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2.6

Supramolecular Architecture: Thin Films of a 2x2 Silver Grid Complex

I. Weissbuch, M. Lahav, L. Leiserowitz, Weizmann Institute of Science, Rehovot, Israel, P. Baxter,
J.-M. Lehn, Laboratoire de Chimie Supramoleculaire, Universite Louis Pasteur, Strasbourg,
France, J. Als-Nielsen, Niels Bohr Institute, Copenhagen University, Denmark, P.B. Howes and K.
Kjaer, Condensed Matter Physics and Chemistry Dept., Ris0 National Laboratory, Roskilde,
Denmark
We report1 on oriented self-assembled crystalline domains of a 2x2 silver grid complex as
determined by grazing-incidence synchrotron X-ray diffraction (GIXD). Evidence is provided for
the self-assembly, in-situ at the air-aqueous solution interface, of a complex between four Ag(I)
metal ions and four ligands, [Ag4L4]4+.4CF3SO3", where L is bis[2-(6-phenyl-pyridyl)]-pyridazine
(Scheme 1). The GIXD pattern obtained from the ligand spread on an aqueous solution of silver
triflate (Ag+CF3SO3"), Fig. 1, is significantly different from that measured for the ligand on water
(not shown). As estimated from the full width at half maximum of the Bragg rod intensity profiles
(not shown), the thickness of the crystalline domains is -12-14A. All the Bragg peaks could be
indexed in terms of a two-dimensional unit cell: a=26.82A, 6=30.95A, y=90°. X-ray structure factor
computations were performed using an atomic coordinate model of a monolayer unit cell containing
four 'supermolecular' 2x2 Ag+ grid complexes formed by the reaction of the free ligand with the
Ag+ of the subphase self-assembled into crystalline domains adopting a single orientation at the airliquid interface in plane group symmetry p2gg. The model was refined using SHELX97 software,
fitting eleven Bragg rod intensity profiles to an agreement factor of 0.29. The results are consistent
with a monolayer film, 14A thick, composed of 'supermolecules' oriented with the plane of the Ag+
ions almost perpendicular to the air-liquid interface. Compression of the self-assembled crystalline
monolayer induced a phase transition to crystalline bilayer domains of structure similar to the initial
monolayer. This process opens the possibility of oriented crystalline multilayers composed of
oriented metal ion clusters.

2x2 Ag + complex

Scheme 1
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Fig. 1: GIXD pattern measured for the free ligand molecules spread on lmM aqueous silver triflate solution
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Self-Assembly at the Air-Water Interface. In-situ Preparation of Thin Films of Metal
Ion Grid Architectures

I. Weissbuch, M. Lahav, L. Leiserowitz, Weizmann Institute of Science, Rehovot, Israel, J. AlsNielsen, Niels Bohr Institute, Copenhagen University, Denmark, P. Baxter, J.-M. Lehn, Laboratoire
de Chimie Supramoleculaire, Universite Louis Pasteur, Strasbourg, France, P.B. Howes and K.
Kjaer, Condensed Matter Physics and Chemistry Dept., Riso National Laboratory, Roskilde,
Denmark
We have earlier reported1 the formation, in-situ at the air-solution interface, of crystalline bilayer
and monolayer films of a 3x3 complex, [Ag9L9]9+»9CF3SC>3\ between nine Ag+ ions and six ligand
molecules, L=6,6'-bis[2-(6-R-pyridyl)]-3,3'-bipyridazine with R=methyl 1 or phenyl 2. The twodimensional unit cells of the films prepared from ligand 1 (a=28.6A, 6=31.5A, 7=116.4°) and 2
(6=31.3 A, c=Q2.lk, cc=90°), as determined by GIXD, can be compared with the unit cell of the 3-D
crystal structure of the 3x3 Ag+ grid complex of ligand 1 (a=28.6A, 6=31.5A, c=22.5A, oc=P=90°,
7=116.4°). From the corresponding match we deduced that the plane of the Ag+ grid of 2 must lie
parallel to the solution surface, in contrast to the orientation of that from 1 which is aligned
perpendicular to the solution surface. These two different orientations have now been independently
confirmed by X-ray specular reflectivity measurements performed under the same conditions as the
GIXD experiments. The measured X-ray reflectivity curves obtained from the 3x3 Ag+ grids of 1
and 2 (Fig. 1) are distinctly different. The calculated curves are based on a three-box model with the
constraint of the structure of the grid complexes and incorporating the results from the GIXD
measurements. The best fits were obtained for the schematic representation of the two different
orientations, shown as insets. These results are in agreement with the formation of the 3x3 Ag+
grids from 1 and 2 as oriented crystalline films where the plane of the metal ions is either
perpendicular or parallel to the solution surface.
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Figure 1: Measured and calculated specular X-ray reflectivity curves for the Ag+ grid complexes of 1 (left) and 2 (right)
prepared in-situ on the solution surface
1

Weissbuch, I.; Baxter, P.N.W.; Cohen, S.; Cohen, H.; Kjaer, K.; Howes, P.B.; Als-Nielsen, J.; Hanan, G.S.; Schubert,
U.S.; Lehn, J.M.; Leiserowitz, L.; Lahav, M., J. Am. Chem. Soc, 120,4850 (1998)
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Inverted U-Shaped Molecules at the Air-Water Interface

I. Weissbuch, M. Lahav, L. Leiserowitz, Weizmann Institute of Science, Rehovot, Israel, K. Lederer,
A. Godt, G. Wegner, Max Planck Institut fur Polymerforschung, Mainz, Germany J. Als-Nielsen,
Me/5 Bohr Institute, Copenhagen University, Denmark, P.B. Howes and K. Kja?r, Condensed
Matter Physics and Chemistry Dept., Rise National Laboratory, Roskilde, Denmark
We address the possibility of designing long hydrocarbon chains containing evenly spaced
functional groups that will promote chain folding and packing into two-dimensional crystals at the
air-water interface, and thus form a regular array of hydrophilic moieties in contact with the
subphase. The feasibility of such an approach has been demonstrated by the self-assembly of model
molecules, each folded once, into crystalline monolayers at the air-water interface, in-situ, by
synchrotron grazing-incidence X-ray diffraction (GIXD).1 The model compounds, Mil and M23
(Scheme), consist of two aliphatic a,co-alkynols attached via their acetylenic end groups to the
benzene derivatives toluene or phenol in positions 3 and 5. This weta-substitution pattern is
designed to mimic a chain fold. The OH-group of the phenol in compound M23 was protected by a
tetrahydropyran-2-yl group and therefore rendered less hydrophilic. In contrast to the monolayer of
Mil that diffracted only in the compressed state, the monolayer of M23 yielded diffraction peaks in
the uncompressed state (Fig. la) at a mean molecular area of 50A2. The diffraction pattern could be
explained in terms of a coexistence of two crystalline phases, (Table 1), both of monolayer
thickness: ca. 23A. The molecular packing arrangements were determined from X-ray structure
factor calculations based on atomic coordinate models of the molecules. Fig. lb,c shows the twodimensional packing arrangement of the M23 molecules in phase B of the monolayer.
Table 1: Assignment of the GIXD pattern of M23
[hs,ks]
Peak
Phase
A:
q
Number
Rectangular
Subcell
(A"1)
(A"1)
;
1.245
0.87
U,l}+{1,-1}
2
1.420
0.77
3
1.445
0
{0,2}
4
1.510
0.15
5
1.545
0.63

{hs,ks}
Phase B:
oblique
subcell

r
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M11:R=CH 3
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Fig. 1: (a) GIXD pattern of M23 monolayer; (b,c) packing arrangement oiM23 molecules in phase B
1

Weissbuch et. al. J.Phys.Chem. B, 102, 6313-6317 (1998)
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Study of Packing Stress Relaxation in Polymer-Lipid Monolayers at the Air-Water
Interface by X-ray Grazing Incidence Diffraction and Reflectivity

J. Majewski, G.S. Smith, MLNSC, Los Alamos National Laboratory, USA, T.L. Kuhl, J.N.
Israelachvili, Department of Chemical and Nuclear Engineering, University of California, Santa
Barbara, USA, P.B. Howes, K. Kjaer, Condensed Matter Physics and Chemistry Dept., Rise
National Laboratory, Roskilde, Denmark
Using synchrotron grazing incidence X-ray diffraction (GIXD) and reflectivity, we have determined
the in-plane and out-of-plane structure of phospholipid monolayers at the air-water interface as a
function of hydrophilic lipid headgroup size. Di-stearoyl-phosphatidyl-ethanolamine (DSPE) lipid
monolayers were systematically modified by chemically grafting hydrophilic poly(ethylene-glycol)
(PEG) chains of 120 g/mol (3 ethylene oxide, EO, units), 350 g/mol (8 EO), and 750 g/mol (17 EO)
to the lipid headgroups. The monolayers were studied at a surface pressure of 42 mN/m, which
corresponds to an average area per lipid molecule of 40A2. At this pressure the PEG chains are
submerged in the water subphase. The increased packing stresses from the polymer headgroups
distort the unit cell and in-plane packing modes of the monolayers, leading to large out-of-plane
alterations and staggering of the lipid molecules.
Our GIXD results indicate that for PEG120 to PEG350, the crystalline part of the DSPE had an
increasing unit cell size.
In-Plane
Out-of-Plane
For PEG750 the unit cell is
reduced and the molecules
• L=360A
DSPE
return to a hexagonal
Hexagonal
packing (Fig. 1). From
Bragg rod analysis we
deduce that the coherently
scattering part of the
DSPE-PEG120
molecules decreases from a
fully stretched Cis chain
Tilted
Hexagonal
(23.5A) for DSPE to about
tilt direction
16A for the DSPE-PEG750
lipids. This suggests that
the lipid molecules stagger
DSPE-PEG35O
to reduce the repulsive
Lc= 15.5A
Rectangular
interactions between the
(Distorted
Hexagonal)
PEG decorated headgroups.
The distortions of the the
unit cell and different
DSPE-PEG75O
packing modes (Fig.l)
• 16A
from tilted hexagonal to
Hexagonal
tilted rectangular and back
to non-tilted hexagonal for
Fig.l.
PEG120,
PEG350,
and
PEG750, respectively, suggest that the lateral repulsion between the PEG modified headgroups was
reduced through two different modes: by increasing the area per molecule and by staggering the
headgroups out of the monolayer plane. We attribute a change in the molecular packing of the
monolayer towards higher packing densities for PEG750 to a conformational change in the PEG
chains from a random configuration to a more structured helical coil for the longer chains.
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2.7 Behavior of a Charged Vesicle System under the Influence of a Shear Gradient: A
Microstructural Study 1.
M. Bergmeier, M. Gradzielski, H. Hoffmann, University ofBayreuth, Germany, and K. Mortensen
Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark.
Vesicles fulfill basic functions in physiological systems as bilayer lipid membranes and represent
model systems for biological membranes. Vesicles may occur in different states, such as unilamellar
or multilamellar systems. We have investigated the influence of shear on a vesicle system using
SANS, electron microscopy , rheology and electrical conductivity1. The aqueous system that was
investigated was TDMAO/TTABr/n-hexanol, which forms spontaneously multilamellar, densely
packed vesicles.
Fig. 1 shows results from SANS, giving the radially averaged scattering intensity as obtained for the
system when exposed to various shear rates. The application of shear leads to a marked decrease of
the peak intensity that is already largely diminished for a shear rate of 7=200s"1 and disappears
completely for y >1000 s'1. This confirms nicely result from electronmicroscopy that shells of the
multilamellar vesicles are stripped off one by one, and the interaction peak disappears when basically
no more multilamellar domains are present. At still higher shear rates a peak appear at much lower qvalues, q = 0.00635A"1, corresponding to a distance between neighboring vesicles, and thereby the
diameter of the particles, of 1000 A, in very good agreement with the electronmicrographs. The
relaxation that takes place after switching off the shear are illustrated by the curves given in Fig. 2. A
relatively fast relaxation takes place in the first 30 min., while basically no changes are observed at
longer times. During the relaxation process the peak becomes more prominent, but its position
remains unaltered. This can be interpreted that during the relaxation process the size of the
unilamellar vesicles remains constant but the system relaxes from a highly disordered state present
under shear, to one where the vesicles possess a higher degree of positional ordering. We have
accordingly demonstrated that multilamellar vesicles by shear can be transformed into a permanent
dispersion of unilamellar, monodispersed vesicles
l(q) In a. u.
6000
2000 s'
1000

500
200

Fig.l Scattering function of vesicles of the
aqueous system
TDMAO/TTABr/n-hexanol
when obtained exposed to shear rates in the
range j = 0 to y =6000 s'1.
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0.000
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q in I/A

0.020

0.O25
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Fig.2. Scattering function of vesicles of the
aqueous
system
TDMAO/TTABr/n-hexanol.
during relaxation after switching off the shear.

M.Burgmeier, M. Gradzielsky, RHoffmann, K. Mortensen (1998) J.Phys.Chem 102, 2837.
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2.7 In Situ Studies of DVB-polymerization and gelation.
A. 0degaard-Jensen, J. Samseth, A. K. Nyhus Inst. Energy Research, Kjeller, Norway, K.
Mortensen, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory,
Denmark.
Divinyl benzene, DVB, monomers are used to make the socalled 'Ugelstad spheres' that are used as
a filling material in columns for protein separation. The pore size in the spheres depends on the
solvent used, whether the solvent is good or poor for DVB. The DVB-monomers have two free
double bonds which" are the origin of a highly crosslinked polymer network. We have studied the
polymerization of DVB in a good solvent, toluene, and in a poor solvent, octanoic acid. The
monomer sloution was a mixture of 20 % m-DVB and 80% p-DVB. We performed an in situ
measurements of the systems during polymerization. In addition, we have made measurements on
dry spheres made in respectively good and poor solvents.
Fig.l and 2 shows the scattering functions as obtained for the octanoic-acid and toluene systems,
respectively. From the figures we see that the polymerization in the poor solvent is much faster than
in the good solvent. In the poor solvent, the in situ measurement have a crossover at 0.006 A"1 which
we can not see in the scattering experiments from the dry spheres. The fractal dimension is the same
for both. In the good solvent we get a fractal dimension 2.7 in both the in situ measurement and for
the dry spheres. They both have a crossover at approximately 0.008 A"1. From these experiment and
experiments made with other methods we can assume that the smallest pore size becomes larger
when we go from a good solvent to a poor solvent.
DVB in octonoic acid
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Fig.l Scattering function of the
DVB-octanoid acid system as
obtained during polymerization
of DVB

10 u

• • • *.».V

-t

10

0001

0.002

0.005

0.01

0.1

0.02

DVB in toluene

10"
190 min
100 min
60 min
40 min
20 min

Fig.2 Scattering function of the
DVB-toluene system as obtained
during polymerization of DVB.

10"

10"
0.001

0.002

Ris0-R-1O99(EN)

0.005

0.01

0.02

0.05

q [A"1]

0.1

0.2

0.5

89

2.7

Water-Induced Reverse Micellization of Amphiphilic Block Copolymers: A Smallangle Neutron Scattering Investigation

Birgitta Svensson, and Ulf Olsson, Physical Chemistry 1, Lund University, Sweden, Paschalis
Alexandridis, Department of Chemical Engineering, State University of New York at Buffalo, USA
Kell Mortensen, Department of Solid State Physics, Ris0 National Laboratory, Denmark.
Polyethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) block
copolymers are known to dissolve in selective solvent. While the aqueous systems have been rather
well studied, less is known about the self-association behaviour in apolar solvents for these PEOPPO-PEO block copolymers. They are generally soluble in aromatic solvents like xylene but
without forming aggregates. Block segregation is however dramatically increased by the addition
of small amounts of water, leading to micelle formation. We set out to study the micro structure
(form and dimension) with increasing water content and with increasing block copolymer volume
fraction. The technique used was Small Angel Neutron Scattering (SANS). We selected the block
copolymer L64 (EO13PO30EO13) as this one has been studied both by scattering methodsl-3 and
NMR self-diffusion4, and worked in dilutions lines with fixed EO to p-xylene-di0 content (So =
0.19, 0.39 and 0.66). The scattering behaviour indicates that micelles are formed at water to EO
ratio, Wo %o 0.2, independent on copolymer concentration. At lower water content (Wo < 0.2) the
solution contains free copolymer chains. In the region Wo = 0.2 to 0.9 micelles and free copolymer
chains coexist, but at Wo > 0.9 all copolymer chains are involved in forming micelles. This upper
limit is slightly copolymer concentration dependent. The micelles are approximately spherical but
polydisperse and the core radius increases with increasing water content. We used a two-sphere
model where we assumed that all the PEO and the water are in the core of the micelle and that the
PPO chains form a p-xylene solvated shell to determine the size of the micelles.
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Fig.l SANS scattering from
copolymer L64 at constant EO
to p-xylene-dio ratio: So=0.19,
and varied water to EO ratio,
W
w0.

Wu, G., Zhou, Z., Chu, B. Macromolecules (1993) 26,2117.
2) Wu, G., Chu, B., Schneider, D.K., /. Phys. Chem. (1994) 27,12018.
3) Wu, G., Chu, B. Macromolecules (1994) 27,1766.
4) Barreleiro, P.A., Andersson, K., Hakonsson, B., Olsson, U., Alexandridis, P., Subm.
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2.7 Nematic-to-liquid transition of giant wormlike micelles studied by time-resolved small
angle neutron scattering.
R. Angelico and Ulf Olsson, Physical Chemistry 1, Lund University, Lund, Sweden, K. Mortensen,
Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark
Lecihtin forms giant (>10 6 m) polymer-like reverse micelles in cyclohexane in the presence of
small amount of water. This is an interesting model system since the lecithin life-time in the
micelles, and thus the characteristic time for minellar breaking, appears to be several orders of
magnitudes longer than what is generally found for surfactants [1]. We have investigated a sample
in the liquid phase at a micellar concentration <J)=0.27 containing 10 water molecules per lecithin
molecule. The sample was placed in a Couette shear cell placed at the SANS instrument which
allows for the recording of scattering pattern under shear. At rest one observed an isotropic
scattering pattern with a correlation peak at #=0.08 A. Applying a moderate shear rate of 10 s'1
results in an alignment of the micelles parallel with the velocity as can be seen by the anisotropic
scattering pattern (Fig 1, left). It has been argued that the ordering is associated with liquid to
nematic phase transition [2]. The degree of ordering can be quantified in terms of the second rank
order parameter P2=<3cos<p - 1> / 2, where <p is the local angle between the tangent of the micellar
contour and the director of phase. This order parameter can be obtained from an analysis of the
anisotropic structure factor peak [3] and for the present sample we obtained P2=0.47, relative
independent of temperature.
When the shear is turned off, the sample relaxes back to the disordered liquid state. We followed
this relaxation with a time-resolved experiment by recording scattering patterns with a time interval
of 30 s. In Fig 1 we also show the two-dimensional scattering patterns at t=15 min. and t=45 min.,
where the latter corresponds to a completely relaxed sample. From the time variation of the
scattering pattern we can conclude that the relaxation mechanism does not correspond to a
nucleation and growth of the liquid phase. For this case, we would expect the liquid phase to give
an isotropic scattering pattern, the intensity of which would grow in time on the expense of the
anisotropic part. Rather, we observe a gradual angular broadening of the peaks and the relaxation
can be described as a continuous order parameter relaxation. In Fig. 2 we have plotted the time
variation of P2. The straight line demonstrates that the relaxation is single exponential. From a least
squares fit, ignoring the t=0 data point, we obtain the relaxation time -£ =13min and T^= 2.5min at
respecively 16.7°C and 19.1°C

10

20
Time [min]

Fig.l Two dimensional contour plots taken at 0,15, and 45 minutes after
stop of shear.

Fig.2 Relaxation of order parameter P2
atT=16.7 0 Candl9.1°C

1) R. Angelico, U. Olsson, G. Palazzo and A. CegliePhys. Rev. Lett. 81,2823 (1998)
2) G. Porte, J.-F. Berret and J. Harden J. Phys. II France 7,459 (1997)
3) M. Deutsch Phys. Rev. A 44, 8264 (1991)
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2.7.

Limited flexibility of inter-protofilament bonds in microtubules assembled
from pure tubulin

D. Chretien and S. D. Fuller, Cell Biophysics and Structural Biology Programmes, European
Molecular Biology Laboratory, Heidelberg, Germany, and H. Flyvbjerg, Condensed Matter
Physics and Chemistry Department, Ris0 National Laboratory, Denmark.
The superposition of the regular arrangement of tubulin subunits in microtubules give rise to
moire patterns in cryo-electrom micrographs. The moire period can be predicted from the
dimensions of the tubulin subunits and their arrangement in the surface lattice. Although the
average experimental moire period is usually in good agreement with the theoretical one, there
is variation both within and between microtubules. In this study, we address the origin of this
variability. We examin different possibilities, including artefacts induced by the preparation of
the vitrified samples, and variations of the parameters that describe the microtubule surface
lattice. We show that neither flattening nor bending of the microtubules, nor changes in
the subunit dimensions, can account for the moire period variations observed in 12 and 14
protofilament microtubules. These can be interpreted as slight variations, in the range -0.5 A to
+0.9.4. of the lateral interactions between tubulin subunits in adjacent protofilaments. These
results indicate that the inter-protofilament bonds are precisely maintained in microtubules
assembled in vitro from pure tubulin. The fact that the moire period is not affected by bending
indicates that the local interactions between tubulin subunits are sufficiently stiff to accomodate
large deformations of the microtubule wall.
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2.7.

Modeling elastic properties of microtubule tips and walls

I. M. Janosi, Hochstleistungsrechenzentrum (HLRZ), Forschungszentrum Ju'lich, Germany and
Department of Physics of Complex Systems, Eotvos University, Budapest, Hungary, D. Chretien,
Cell Biophysics and Structural Biology Programmes, European Molecular Biology Laboratory,
Heidelberg, Germany, and H. Flyvbjerg, Condensed Matter Physics and Chemistry Department,
R.is0 National Laboratory, Denmark.
Electron micrographs of tips of growing and shrinking microtubules are analyzed and interpreted. The many shapes observed are all consistent with a simple mechanical model, a flexible
tube with competing intrinsic curvatures, see Fig. 1. From the distribution of observed radii
of curvature of 535 circularly shaped tips, elastic properties of the microtubule wall are determined. Observations are also consistent with growing and shrinking microtubules having the
same intrinsic curvature for protofilaments, the one observed in oligomers peeling off shrinking
microtubules. If this is so, the lateral bonds between protofilaments are responsible for the
difference between shapes of tips on growing and shrinking microtubules.

11
Figure 1: Minimum energy configurations of model microtubule tips of different uniform widths: 1,
2, 3, 4, 5, 6, and 11 protofilaments. All tips shown have the same intrinsic properties. Different tip
widths result in different longitudinal curvatures, despite all tips having the same intrinsic longitudinal
curvature. (All tips have been given a slight twist for better 3d perspective, and the individual tip's
longitudinal radius of curvature is not constant along its length, because the tips are attached to closed
tubes at one end, and sensitive to this boundary condition.)
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2.7.

Mining multi-channel EEG for its information content: an ANN-based
method for a brain-computer interface

B. 0 . Peters, Hochstleistungsrechenzentrum (HLRZ), Forschungszentrum Jiilich, Germany, G.
Pfurtscheller, Department of Medical Informatics, Graz University of Technology, Graz, Austria, and H. Flyvbjerg, Condensed Matter Physics and Chemistry Department, Ris0 National
Laboratory, Denmark.
We study multi-channel electroencephalograms (EEG) from three subjects who plan and perform three kinds of movements, left and right index finger, and right foot movement. We
develop a classifier that can tell which movement is performed from a segment of the EEG signal from a single trial. The success-rate of the classifier, 92-99% on the basis of a 1 sec segment
from a 56-channel EEG of a trial not seen before by the classifier, is a pragmatic measure of
the information content of the EEG signal. This high success-rate makes the classifier suitable
for a so-called "Brain-Computer Interface," a system that allows one to control a computer,
or another device, with ones brain waves. Our classifier Laplace filters the EEG spatially, but
makes use of its entire frequency range, and automatically locates regions of relevant activity
on the skull.
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Figure 1: Classification accuracy for human EEG data recorded before, during and after movements
of the left and right index finger, and the right foot, for three subjects, referred to as A4, B6, and
B8. Shown is the classification accuracy: the number of trials correctly classified by the committee
of ANNs divided by the number of trials presented to the committee. The symbols are positioned in
the middle of the corresponding time interval. Classification rates for 1-second intervals are slightly
higher. 33.3% level of randomness=classification rate of a random "classification".
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2.7.

Classification of single EEG trials during preparation of movement

J. Miiller-Gerking, Hochstleistungsrechenzentrum (HLRZ), Forschungszentrum Jiilich, Germany, G. Pfurtscheller, Department of Medical Informatics, Graz University of Technology,
Graz, Austria, and H. Flyvbjerg, Condensed Matter Physics and Chemistry Department, Ris0
National Laboratory, Denmark.
We have studied the activation of cortical motor areas with a classification technique. Trials
consisted of one of three types of movement, cued visually, and triggered by a short beep. EEG
was recorded on 56 electrodes covering central areas. We trained a classifier on data segments
immediately preceding the actual movements, using the spatial distribution of EEG variances in
mu and beta ranges as features. This classifier detects the desynchronization patterns connected
with movement preparation. By applying this classifier to data segments at different times and
averaging over trials, we obtained its classification success rate as a function of time. Two
maxima were found for this function: One narrow peak, approximately 300 ms wide, following
CUE-offset and best seen with segments of 250 ms duration, and a broader peak, approximately
1.5 sec wide, located at the time of the actual movements. Because the classifier is held fixed,
we may conclude that both peaks reflect activation of the same cortical areas. This detection
of purely internal activation of primary sensorimotor cortex on very short time scales, and its
successful recognition from short data segments, are relevant for EEG used as a communication
channel in a Brain-Computer Interface.
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2.7 Three-dimensional Structure of the 70S Ribosome. Joint Use of Small-angle
Scattering and X-ray Diffraction
Inna V.Shcherbakova, Igor N. Serdyuk, Institute of Protein Research, RAS, Pushchino, Russia,
Vladimir V. Volkov, Choubnikov Institute of Crystallography, RAS, Moscow, Russia, Dmitri
Svergun European Molecular Biology Laboratory, Hamburg, Germany and Jan Skov Pedersen
Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark
With recent achievements in cryoelectron microscopy, modern structural ribosomology has approached a resolution of 1.5-2 nm in restoring the ribosomal surface1. Unfortunately, the
method can not determine the structure of the ribosomal RNA and protein moieties in the
ribosome because of only small differences in electron density of RNA and protein. Another
way to solve the problem of mutual arrangement of the different components of the ribosome
is to phase the diffraction patterns of ribosome crystals. However, there is no algorithm for
solution of the phase problem for large complexes at present. We propose to phase diffraction
patterns using a four phase model of ribosome obtained from neutron scattering experiments.

• Crystallographic studies: Stable ribosome crystals were obtained. Low and middle
resolution diffraction patterns (150 - 70 A and 70 - 23 A respectively) were collected at
the XI1 beamline at the EMBL Hamburg Outstation.
• Neutron scattering: During our beam time at the Ris0 SANS instrument, 23 neutron
scattering curves of specifically deuterated ribosomes and ribosomal subunits at several
contrasts in the wide interval of scattering vectors (up to 0.216 A" 1 ) have been obtained
(all the curves were obtained at three sample-detector distances). The samples we're:
1. Protonated 70S ribosome, 50S and 30S ribosomal subunits at six contrasts (0, 35,
50, 70, 80 and 98% D 2 O).
2. Biosynthetically deuterated 70S ribosomes at four contrast (0, 47, 80 and 98% D 2 O).
3. Hybrid 70S ribosomes of T. thermophilus reassembled from fully deuterated 50S and
protonated 30S in H2O.

The quality of the samples were checked by means of SAXS, taking advantage of its insensitivity
to isotopic composition of the sample solutions. The present SANS measurements combined
with data, which have been obtained on Dll and D22 SANS instruments of ILL (Grenoble,
France) will enable us to build a new four phase model of the Thermus thermophilus ribosome
at 20 - 25 A resolution.

1

J. Frank and R.K Agraval, Nature 375, 441 (1995)
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2.7 SAXS Studies of the Interaction between /?-lactoglobulin and Dioleoylphosphatidylcholine (DOPC) in Aqueous Liquid Crystalline Phases.
J. Khakhar, T. Nylander, and A. Khan, Department of Physical Chemistry 1, Lund University,
Sweden, R. Bauer, Department of Mathematics and Physics, Royal Veterinary and Agricultural University, Denmark, and J. Skov Pedersen, Condensed Matter Physics and Chemistry
Department, Ris0 National Laboratory, Denmark.
The objective of our work is to investigate the interaction between lipids, e.g., liquid crystalline
aqueous phase and vesicles of phospholipids, and the major whey protein /?-lactoglobulin (BLG).
So far we have concentrated on how the phase behaviour of phosphatidylcholine(PC) is affected
by the presence of the protein. The phase behaviour of the dioleoylphosphatidylcholine (DOPC)
- /?-lactoglobulin - aqueous system and the swelling of the formed lamellar phase has been
studied using the quadrapolar splitting of deuterium nuclear magnetic resonance (2H-NMR)
and small angle X-ray scattering (SAXS). Below 20 wt% of water, 10 wt% of BLG and more
can be solubilised in the lamellar phase. The presence of BLG can also induce a phase transition
from lamellar to reversed hexagonal and a cubic phase. These phases appear also in excess of
water and in the presence of BLG as well as two separate lamellar phases depending on the /?lactoglobulin concentration. A thorough analysis of the SAXS data is in progress and will give
further insight in the interaction between /?-lactoglobulin and the lamellar liquid crystalline
lipid-aqueous phases. We have thus clearly established that the interaction between the (3lactoglobulin and phospholipids clearly affects the phase behaviour of phospholipid aqueous
phases. One important question to solve is to determine whether /Mactoglobulin interact
mostly to the hydrophilic side or the hydrophobic side on the lipid bilayer. For this purposed
we have carried out small-angle neutron scattering measurements at Ris0 in December 1998 and
are currently analysing the obtained data. The figure below show two typical spectra obtained
at Risoe. The composition of the samples are (30 wt% H 2 O, 64 wt% PC, 6 wt% BLG), solid
line, and (30 wt% H 2 O, 70 wt% PC), scattered points. The solid line shows a scattering pattern
typical of a hexagonal phase and the scattered point are typical for a lamellar phase.
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2.7 Computer Simulations of the Copolymer Micelle Formfactor
C. Svaneborg and J.S. Pedersen, Condensed Matter Physics and Chemistry Department, Rise
National Laboratory, Denmark.
Block copolymers in a selective solvent forms micelles with a compact core containing the
unsoluable block surrounded by a corona of the soluable polymer chains/blocks. We investigate the
effects of excluded volume interactions on the micelle formfactor in order to produce realistic models
for micelles with a high surface density of long soluable chains, that can be used to analyse
experimental data. The investigation is carried out by analysis and parametrization of scattering data
obtained from Monte Carlo (MC) simulations, where the geometry of the micelle is well defined. In
the simulations a micelle is modelled as having a spherical core with a number of Kratky-Porod
chains tethered to it. The Kratky-Porod chains are random walks, where the torsion angles are free,
and the valence angles are fixed to reproduce the local stiffness of polymer chains. The chains
interact through a hard-core potential centered at each vertex along the chain, which gives rise to an
excluded volume interaction. The chains are also expelled from the core by a hard-core potential. The
model parameters are the core radius, the number of chains, the contour length, the number of
vertices per Kuhn length, and the radius of the hard-core potential. The MC simulation samples
micelle conformations by performing a random walk in conformation space, given by the MC steps,
which means either pivoting the chain tail around a bond1 or a random rotation of the entire chain
about the core center or the vertex tethered to the core. During the simulation the 'zippering'
algorithm2 is used to test for overlap, and vertex coordinate corrections are applied to avoid
propagation of numerical errors1. After equilibration the conformation is sampled every 1000 MC
steps and a simulation consists of 5000 samples. For each sample the micelle formfactor is obtained
by calculating the (Fourier-Bessel transformed) chain self-correlation, the chain-chain correlation,
and the chain-core correlations terms of the micelle model. These three terms along with the corecore correlation comprise the total formfactor of a micelle.
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Fig. 1. A comparison between the simulated correlation functions in the presense and absense of
interactions. The theoretical expressions for non interacting chains are due to Pedersen and
Gerstenberg3, used here with a chain formfactor amplitude based on Daniels 2nd approximation4.N.B.
For clarity the chain-chain correlations have been down-shifted two decades and the core formfactor
amplitude has been factorized out of the chain-core correlation functions.
1

S.D. Stellman, P.J. Gans, Macromolecules 5, p. 516 (1972)
S.D. Stellman, M. Froimowitz, P.J. Gans, J. Comput. Phys 7, p. 178 (1971)
3
J. S. Pedersen, M.C. Gerstenberg, Macromolecules 29, p. 1363 (1996)
4
W. Burchard, K. Kajiwara, Proc. Roy. Soc. Lond. A. 316, p. 185 (1970)
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2.7.

A Small-Angle Neutron Scattering (SANS) Study of Tablet-shaped and Ribbon-like
Micelles formed from Mixtures of an Anionic and a Cationic Surfactant

M. Bergstrom, J. S. Pedersen, Condensed Matter Physics and Chemistry Department, Riso National
Laboratory, Denmark
Micelles formed in mixtures of an anionic (SDS) and a cationic (DTAB) surfactant, i.e. two surfactants with identical hydrocarbon C12 chains, in either pure (heavy) water or 0.1 M NaBr brine at 40
°C has been investigated using small-angle neutron scattering (SANS). In contrast to common opinion it is found that the micelles are shaped as tablets or elongated bilayer fragments, i.e. the corresponding SANS data could be fitted with a model for tri-axial ellipsoids with half axes a < b < c.
Half the thickness of the micelles varies only slightly with the solution state and is found to be about
80-100 % of the fully extended hydrocarbon chain (=16.7 A). The micelles found at surfactant ratios [SDS]:[DTAB] = 15:85 and 85:15 in pure D2O and at 10:90 and 90:10 in brine at [SDS] +
[DTAB] = 1.0 wt % are nearly disk-shaped with a disk radius b equal to 25 - 30 A. Both the SDSrich and DTAB-rich micelles grow in size with decreasing surface charge density as the overall
equimolar surfactant composition is approached at a given overall surfactant concentration or, because of a free monomer effect, as the mixtures are diluted at low concentrations at a given overall
surfactant composition. In the absence of added salt, the tablet-shaped micelles grow significantly
with respect to both width and length before an abrupt transition from comparatively small diskoidal
micelles with a half thickness a « 16 A, half width b * 45 A and length 2c « 300 A to stacks of lamellar sheets occur. When a 0.1 M NaBr solution is used as solvent, however, the micelles grow
strongly in length but only slightly in width and, as a result, flexible ribbon-like (SDS-rich) micelles
as long as several thousands of Angstroms with a half thickness of a « 13 A and a half width of b «
30 A is observed close to surfactant compositions where a transition to a lamellar phase is seen. An
expression for the free energy of forming a tablet-shaped micelle is introduced from which it is possible to calculate the average width and length of the micelles.
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Fig. 1. Normalised scattering intensity as a function of
scattering vector q for samples with a surfactant molar
ratio [SDS]:[DTAB] = 85:15 (squares), 80:20 (circles)
and 75:25 (triangles) at an overall surfactant concentration of 1.0 wt % in the absence of added salt. The lines
represent the results from fits with models for monodisperse tri-axial ellipsoids.
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Fig. 2. Normalised scattering intensity as a function of
the scattering vector q for samples with a surfactant molar
ratio [SDS]:[DTAB] = 85:15 (squares), 80:20 (circles)
and 75:25 (triangles) at an overall surfactant concentration of 1.0 wt % in 0.1 M NaBr. The lines represent fits
with models for monodisperse tri-axial ellipsoids
(squares), polydisperse rigid rods with an elliptical crosssection (circles) and self-avoiding worm-like ribbons with
an elliptical cross-section (triangles).
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2.7.

A Small-Angle Neutron Scattering (SANS) Study of Vesicles and Lamellar Sheets
Formed from Mixtures of an Anionic and a Cationic Surfactant

M. Bergstrom, J. S. Pedersen, Condensed Matter Physics and Chemistry Department, Riso National
Laboratory, Denmark, P. Schurtenberger, Institute for Polymers, ETH, Zurich, Switzerland and
Stefan U. Egelhaaf, Institute Laue-Langevin, Grenoble, France
The various bilayer structures formed from aqueous mixtures of an anionic (SDS) and a cationic
surfactant (DTAB) with identical hydrocarbon Cn chains at 40 °C have been investigated using
small-angle neutron scattering (SANS) as well as static light scattering (SLS). The SANS data were
analysed using a paracrystal lamellar model with respect to the layer distance distribution and the
number of layers in a single cluster. Uni or oligolamellar vesicles form in the most diluted samples
investigated in the absence of added salt where the number of layers in a single cluster is found to be
1 - 3. Beyond the compositions where micelles form (30:70 < [SDS]:[DTAB] < 70:30) we observe a
transition from vesicles to stacks of lamellar sheets upon increasing the overall surfactant concentration, indicated by an abrupt increase of the number of layers in a single cluster from 1- 3 to infinity.
Combined SANS and SLS data for samples containing vesicles ([SDS] + [DTAB] = 0.25 wt % in
the absence of added salt) could be fitted with a model for unilamellar vesicles using a structure factor for sticky hard spheres indicating that the vesicles attract each other and form clusters. However,
at [SDS] + [DTAB] = 0.125 wt % the vesicles appeared to be too large for the size distribution to be
determined from our SANS and SLS data. In 0.1 M NaBr the vesicles were clearly destabilised and
either micelles or lamellar sheets form at most compositions and concentrations where vesicles predominate in the absence of added salt.
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Fig. 1. Ternary diagrams showing the regimes of different microstructures found in mixtures of SDS and DTAB
using either (a) pure D2O or (b) 0.1 M NaBr in D2O as
solvent. In the former case we have found uni or oligolamellar vesicles (V), rigid tablet-shaped micelles (MT)
and stacks of lamellar sheets (L). In the most dilute parts
and close to equimolar composition an increasing amount
of a precipitate (?) of DTAl)S" is formed. In the case (b)
where a monovalent salt was added, some of the micelles
were seen to become very elongated and the corresponding scattering data must be fitted with a model for flexible
ribbon-like micelles (MR).
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Fig. 2. Normalised scattering intensity as a function of
the scattering vector q for a sample with surfactant molar
ratio [SDS]:[DTAB] = 25:75 at an overall surfactant concentration of 0.25 wt % in the absence of added salt. The
squared individual symbols represent SANS data obtained
at Riso and the circular symbols represent SLS data. The
lines represent a fit with a model for polydisperse
unilamellar vesicles with a structure factor for sticky hardspheres.

101

2.7.

Evaluation of the Geometrical Structure of Pure SDS and DTAB Micelles Formed at
Different Concentrations of Added Salt Using Small-Angle Neutron Scattering (SANS)

M. Bergstrom, J. S. Pedersen, Condensed Matter Physics and Chemistry Department, Riso National
Laboratory, Denmark
The geometrical structure of pure micelles consisting of either SDS or DTAB, i.e. oppositely
charged surfactants with identical hydrocarbon Cn chains, in the absence of added salt as well as its
dependence on the concentration of NaBr has been investigated at 40 °C using small-angle neutron
scattering (SANS). Both SDS and DTAB micelles appeared to be disk-shaped in pure D2O and the
corresponding data were best fitted with a model for (monodisperse) oblate ellipsoids of revolution
with half axes a = 12.0 A, b = 20.3 A ([SDS] = 1.0 wt %) and a = 12A A, b = 21.6 A ([DTAB] =
1.0 wt %). The disk radius increases in both cases with an increasing amount of added salt to about
23 A (SDS) and 24 A (DTAB) and at about [NaBr] = 0.2 M tablet-shaped, i.e. tri-axial ellipsoidal
with half axes a < b < c, SDS micelles form that grow strongly with respect to length, but slightly
decrease in width to b « 20 A at [NaBr] = 1.0 M, upon further increasing the amount of salt. Half
the thickness of the micelles also vary only slightly with the solution state and is found to be about 75
- 90 % of the fully extended hydrocarbon chain (= 16.7 A). Hence, all elongated micelles appear to
have an elliptical cross-section with 1.5 < bla < 1.6. For DTAB micelles the disk-to-tablet transition
appear between [NaBr] = 0.5 and 0.7 M. At [NaBr] = 0.7 M the SDS micelles are considerably
elongated and polydisperse and their (volume-weighted) average length increases rapidly with surfactant concentration from about 200 A at [SDS] = 0.25 wt % to about 400 A at [SDS] = 1.0 wt %.
This is in sharp contrast compared with the rather monodisperse disk-shaped micelles at low salt
concentrations the size of which increases only slightly with [SDS] and [DTAB], respectively. At
[NaBr] = 1.0 M the SDS micelles were seen to be shaped as long flexible ribbons too large, i.e. several thousands of Angstroms, for their size distribution to be determined from our SANS data.
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Fig. 1. Normalised scattering intensity as a function of Fig. 2. Normalised scattering intensity as a function of
the scattering vector q for samples with a concentration of the scattering vector q for samples with a concentration of
added salt [NaBr] = 0.1 M (squares), 0.2 M (circles), 0.5 added salt [NaBr] = 0.1 M (squares), 0.2 M (circles), 0.5
M (up triangles), 0.7 M (down triangles) and 1.0 M M (up triangles), 0.7 M (down triangles) and 1.0 M
(diamonds) at an overall surfactant concentration of (diamonds) at an overall surfactant concentration of
[SDS] = 0.50 wt %. The lines represent the fits with PTAB] = 0.50 wt %. The lines represent fits with models
models for monodisperse oblate ellipsoids of revolution for monodisperse oblate ellipsoids of revolution (squares,
(squares), monodisperse tri-axial ellipsoids (circles and circles and up triangles) and monodisperse tri-axial ellipup triangles), polydisperse rigid rods with elliptical cross- soids (down triangles and diamonds).
section (down triangles) and self-avoiding worm-like ribbons with elliptical cross-section (diamonds).
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2.8 Lifshitz Critical Behavior in a Mixture of a Homopolymer Blend and Diblock Copolymer.
Dietmar Schwahn, Institut fur Festkb'rperforschung, Forschungszentrum Jtilich, Germany, Kell
Mortensen, Henrich Frielinghaus, Kristoffer Almdal, Condensed Matter Physics and Chemistry
Department, Ris0 National Laboratory, Roskilde, Denmark.
A three component mixture of a critical binary homopolymer blend and the corresponding
symmetrical diblock copolymer leads to a rather complex phase diagram, including features of the
so-called isotropic bifshitz critical point. The critical exponents of this Lifshitz-universality class are
not known neither from theory nor from earlier experiments.
Figure 1 shows the phase diagram as obtained experimentally from small-angle neutron scattering on
a ternary mixture of a partially deuterated poly(ethyl ethylene), PEE, and poly (dimethyl siloxane),
PDMS. The disordered regime at high temperatures is separated by the Lifshitz line separating
blend-like and diblock-copolymer-like properties, i.e. for diblock compositions below and above the
Lifshitz line, the maximum intensity occurs at respectively Q=0 and Q at a finite value. This also
means that below this line ordering occurs on a macroscopic scale by phase separation while above
this line ordering occurs on a mesoscopic scale. The Lifshitz line of this system can from theory be
estimated to be at the constant diblock composition of 6%. The observed line dependes, however, on
composition; at around 100°C it is modified between 9% and 11%. In Figure 2 the structure factor
S(Q) of the 9.3% sample is shown as an example: For temperatures above 141 °C (see inset) and
below 69°C the maximum intensity occurs at a finite Q, while for temperatures in between at Q=0.
Mesoscopic ordering could only be observed for diblock contents of <fc=15% and larger.
The measured susceptibilities has been analyzed by the scaling law according to S'1 (0) = C+tr with
the reduced temperature, t = (J -TC)IT,and C+ being the mean-field critical amplitude. This gives
the critical exponent, y. For samples with composition near the Lifshitz critical value, the analysis
indicates an additional crossover in exponent near the critical point, a Lifshitz renormalization, with
a rather high value, y— 2.44.

PEE/PDMS @ 9.3% Diblock

PEE/PDMS/PEE-PDMS

20
Disordered

Tempei-ature [°C]

150

100

- 3K

34.7°C
54.7°C
68.6°C
77.7°C

15
\^s Lifshitz Line '_

S6.TC
95.6°C
lSCTC

J 10
o

Two-Phase

50

-

e
CO

I Ordered .

n
0.00

0.05

0.10

0.15

0.20

Composition Diblock
Fig.l Phase diagram near the Lifshitz line of the
termary system of PEP-PDMS/PEP/PDMS.

Ris0-R-1O99(EN)

0
0.0

0.4

0.8

1.2

1.6

2.0

1

Qtio'A" ]
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2.8 Ordered morphology of block copolymer micellar networks.
Kell Mortensen, Kristoffer Almdal, Condensed Matter Physics and Chemistry Department, Ris0
National Laboratory, Denmark Ralf Kleppinger, Soft Condensed Matter Group, FOM Institute,
Amsterdam, The Netherlands, Lielbeth Theunissen, Harry Reynaers, Catholic University, Leuven,
Belgium
Symmetric triblock copolymers mixed with a solvent selective for the middle blocks provide the basis
for formation of novel physical networks, where the 'cross-links' are formed by self-assembled endblocks. Triblock copolymers of poly(styrene) and poly(ethylene buthylene), PS-PEB-PS may
constitute such a network system. We have used a rheometer modified for in situ neutron scattering
and rheological measurements, thus providing the possibility for detailed studies of the correlation
between micro structure and mechanical behavior. The investigations shows that the self-association
of the PS-blocks indeed promote the formation of highly interconnected micelles. Within a given
temperature range, the network constitutes a system of cubic ordered micelles, which by shear can be
aligned into the macroscopically ordered twin structure well known from both block copolymer
melts and other systems, as shown in Fig. 1 . The left contour plot (a) shows the scattering pattern
prior to shear, while the patter at right (c) is the relaxed, twinned bcc structure after shear as been
stopped. During shear, the pattern (b) at middle, additional reflections can be observed. Moreover,
the angles between the Bragg-peaks does not agree with the twinned bcc, as that of the pattern (c)
after cessation of shear. The additional reflections can only appear as a consequence of the two twindomains merging into one single domain structure by appropriate distortions of the lattice
parameters. These distortions are actually in perfect agreement with transformation from twinned bcc
to fee structure. On lowering the temperature, corresponding changes have been observed, signifying
that the micellar gel undergoes order-order transition by either changing temperature or pressure.

30% SEBS-1650 in Tetradecane, T=65C
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Fig.l Two dimensional contour plots representing the scattering pattern of micellar SEBS gels in the
ordered phase, a) Pattern as obtained when quenched from the disordered phase into the bec-phase. b)
scattering pattern during shear, c) Scattering pattern after cessation of shear.
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2.8

An all-polymer actuator.

J. Hooker, P. Sommer-Larsen, E. Smela, Condensed Matter Physics and Chemistry Department, Rise
National Laboratory, Denmark, K. West, S. Skaarup, Department of Chemistry, The Technical
University of Denmark, M. Benslimane, P. Gravesen, Danfoss A/S, Denmark.
Polymers that contract or expand as response to an electric stimulus have capabilities as actuators.
One interesting group is conjugated polymers, such as polypyrrole (PPy) or polyaniline (PAni). These
polymers originally attracted attention because of their very large electronic conductivity. The
polymers contain a conjugated, often one-dimensional, backbone, and their properties usually depend
crucially on being oxidised or reduced by the introduction of anions or cations as dopants associated
with the chain.
The accommodation of ions in the polymer can increase the
volume - especially when the ions are associated with co-intercalating solvent molecules. This opens the possibility for the
reversible control of mechanical properties by the application of
a voltage, and is the foundation for the interest in conducting
polymers as electromechanical actuators. The process is
illustrated in fig. 1.
Fig. 1 A three-layer actuator based on conducting PAni. Both the
macroscopic and molecular changes during operation are illustrated. Two
polyaniline films are sandwiched around an ion-conducting film. As current
flows, one side of the sandwich is reduced and the other oxidised.
Concurrently, ions are transferred between the two sides leading to an
expansion of the first and a contraction of the second side. The overall effect
is a bending of the actuator.

We have produced all-polymer actuators following the prescription given by Lewis et al.1 Two
conducting PPy-films grown with dodecylbenzenesulphonate as immobile anions are sandwiched
around a polyacrylonitrile (PAN) membrane. The acrylonitrile is polymerised in a solution of the
conduction electrolyte lithiumtriflate disolved in propylenecarbonate and ethylenecarbonate. The
membrane constitutes a solid, ionconducting layer. Actuators are a first step towards stable freestanding actuators. They do not move as much as predicted by models of the actuator. This can
especially be ascribed to adhesion failures between PPy and PAN.
A model for a three-layer actuator has been developed. It allows for modelling the profile of the
bending beam, the bending force of the beam and stress and strain distributions in the layers, see
fig. 2. Input to the model is materials parameters like elastic modulus and degree of contraction. The
model is primarily used to derive unknown parameters, like the degree of contraction, from the
measured beam profiles. A set-up for measuring the force and displacement of the beams as a
function of applied potential has also been constructed.
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Fig. 2 Left: Calculated profile of a three-layer actuator built from 10 u PPy /100 u PAN /10 \i PPy.
One PPy layer expands 1 % and the other contracts 1 %. The beam bends 21 degrees over all.
Right: Strain distribution in the layers.
T. W. Lewis et al. Polym. Prepr. (1997), 38(2), 520-521.
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2.8 Unexpected phase behavior of an asymmetric diblock copolymer system
CM. Papadakis, K. Almdal, K. Mortensen, M.E. Vigild, Condensed Matter Physics and Chemistry
Department, Ris0 National Laboratory, P. Stepanek, Institute of Macromolecular Chemistry,
Academy of Sciences of the Czech Republic, Prague
The morphologies present in diblock copolymer systems have been the subject of numerous
experimental and theoretical studies.1'2 The ordered phases encountered so far are the lamellar phase,
the gyroid, the hexagonal and the body-centered cubic (bcc) phase, and metastable, fluctuationinduced, hexagonally modulated lamellar structures. For strongly asymmetric diblock copolymers,
numerous theories predict the sequence hexagonal - bcc - disordered for a heating run,3 which also
has been observed experimentally.4
In the present study, we have investigated the phase behavior of a poly(ethylene propylene)poly(dimethylsiloxane) (PEP-PDMS) diblock copolymer,5 which has a PEP volume fraction of 0.22
and a molar mass of 1.25xlO5 g/mol, the PEP-block being partially deuterated.2 In small-angle
neutron scattering (SANS) experiments and by means of measurements of the transmitted
depolarized light intensity in a large temperature range, we have identified three morphologies in the
ordered state. During the SANS measurements, the sample was mounted in a rheometer which
allowed us to shear-align the sample macroscopically. The shear-aligned sample could be rotated in
the beam by means of a custom-made goniometer.
The low-temperature phase (T<~1 °C) is not birefringent, and the SANS spectra show that the
sample has the twinned bcc structure (Fig. la). In the intermediate phase between ~1 and -100 °C,
the sample is weakly birefringent, i.e. the structure is probably non-cubic. The SANS-spectra of a
shear-aligned sample show a ten-spot pattern (Fig. lb), some of which have a slightly higher
magnitude of the scattering vector. Neither the hexagonal nor any cubic structure is consistent with
the Bragg-reflections present, but there is an epitaxial relationship between the low-temperature and
the intermediate structure. No higher-order Bragg-reflections could be observed in the intermediate
phase, which we attribute to the form factor of elongated PEP-micelles. We conclude that the
intermediate phase is non-cubic and consists of elongated PEP-micelles. The high-temperature
ordered phase (-100-134 °C) is again cubic: In this phase, the sample is not birefringent and the
small-angle scattering of a shear-aligned sample (Fig. lc) is consistent with a cubic structure, such as
the bcc or the simple cubic structure. In the disordered phase, the SANS spectra show a broad ring
of scattering. We conclude that the phase behavior of this sample is complex, probably because this
sample is close in composition to a sample showing the hexagonal structure. Also, the phase
sequence observed is contradictory to what has been predicted.3

at*")
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Fig. 1: 2D SANS spectra from the three ordered phases in semi-logarithmic representation.
^ . S . Bates et al., Faraday Discuss. 98, 7 (1994).
M.E. Vigild, PhD thesis, Ris0 National Laboratory, Oct. 1997.
3
e.g. L. Leibler, Macromol. 13,1602 (1980). S. Qi, Z.-G. Wang, Phys. Rev. E 55,1682 (1997).
"K.A. Koppi, M. Tirrell, F.S. Bates, K. Almdal, K. Mortensen, J. Rheol. 38, 999 (1994).
5
C.M. Papadakis, K. Almdal, K. Mortensen, M.E. Vigild, P. Stepanek, submitted to J. Chem. Phys.
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2.8 Effect of shear on cubic phases in gels of a diblock copolymer
I.W. Hamley, J.A. Pople, School of Chemistry, University of Leeds, UK, J.P.A. Fairclough N J
Terrffl, AJ. Ryan, Dept. Chemistry, University of Sheffield, UK, C. Booth, G -E Yu Dept
Chemistry, University of Manchester, UK, O. Diat, ESRF, Grenoble, France, K. Alrndal M Vigild
K. Mortensen Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory '
Denmark.
The effect on shear on the cubic ordering of miceUar gels has been the subject of a variety of recent
studies, including the present study1 on aqueous systems of the polyethylene oxide)-poly(buthylene
oxide) diblock copolymer: E40B10. Shear experiments were done at ESRF using a Couette type of
cell for the x-ray scattering, andat Ris0, using the parallel-plates configuration of the RSA2instrument for neutron scattering.
The E4oBIO diblock copolymer is remarkable in that in aqueous solutions it forms both bcc and fee
ordered phases, as shown in the phase diagram given in Fig.l. A thermaUy driven transition between
the bcc and the fee structures was observed for the 38% gel. Steady shear leads to a highly oriented
poly-domain, bcc structure in the gels with more than 30% copolymer. The closed packed {110}planes are preferentially oriented both parallel and perpendicular to the shear plane (v,e) where v
and e give the unit vectors in respectively flow and neutral directions. Similar in the fee gels both
parallel and perpendicular orientation of the close-packed {111} planes are observed. In the 'fee1
phase, shear leads to highly oriented twinned structures, in which the ABCABC... stacking of a
perfect fee structure is broken by random sequences, possibly resulting from slip of {111} planes At
lower concentrations, the perpendicular orientation of the fee structure appears to be favored In the
30% gel, the transition from the hard, immobile gel to the soft and mobile gel, was shown to be
accompanied by a change in the susceptibility to shear. At higher temperatures, on the contrast the
soft gels was found to have a granular, poly-domain structure with random preferred orientation
Shearing led to an apparent homogenization of the texture, as evidenced by a powder pattern in the
scattering experiment. Following cessation of shear, however, the structure relaxed back to a
partially oriented poly-domain texture.
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Hamley, I.W.; Pople, J.A.; Fairglough, J.P.A., Terrill, N.J.; Yu, G.E.; Diat, O.; Almdal, K., Mortensen, K.; Vigild,
S
M.j.Chem.Phys. (1998)108, 6929.
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2.8 Intermolecular Interactions between Dendrimer Molecules in Solution Studied by SmallAngle Neutron Scattering. Effect of Acid.
A. Ramzi, R. Scherrenberg, J. Backman, J. Joosten, DSM Research, Geleen, The Netherlands, and
K. Mortensen Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory.
Dendrimers are synthetic polymeric macromolecules with complex structure formed by repetitive
reaction steps starting from a central multifunctional core under systematic introduction of branching
sites. Small-angle neutron scattering (SANS) was used to characterize the molecular characteristics
of poly(propylene imine) dendrimers, DAB-cfendr-(NH2)64, in dilute solution1. It was concluded that
the size of dendrimers varies with the molar mass roughly as Mm, and the radial density distributions
show that the end groups are distributed throughout the dendrimer.
When the concentration is increased, a single broad peak appears in the scattering curves, while the
curves collapse at large Q values, as shown in Fig.l. The scattering intensity at Q —> 0 decreases
progressively by increasing the concentration due to the inter-dendrimer correlation's. The position
of the resulting peak scales as <f> , i.e. with a concentration dependence larger than that of a
packing argument (exponent 1/3). The poly(propylene imine) dendrimers behave thus as soft
molecules with possible inter-penetration at higher concentration. In a condition where the dendrimer
molecules are charged by adding acid (HC1), the electrostatic repulsion dominates giving rise to
pronounced correlation peaks, as shown in Fig.2, reflecting the charged induced interacting
potential2. These interactions can be screened by adding an excess of acid or salt (NaCl).
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Scherrenberg, R.; Coussens, B.; van Vliet, P.; Edouard, G.; Brackman, J.; de Brabander, E. M. M.; Mortensen, K.
Macromolecules (1998) 31, 456.
2
Ramzi, A.; Scherrenberg, R.; Brackman, J.; Joosten, J.; K. Mortensen, K. Macromolecules (1998) 31,1621.
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2.8.

Plasma Treatment of Polymer Surfaces.

Erik Mejdal Lauridsen, Niels Bent Larsen, Patric Jannasch, Robert Feidenhans'l, Condensed Matte Physics and Chemistry Department, Rise National Laboratory, Denmark.
Plasma treatment of polymer surfaces is often used in research and industry for changing properties
of surfaces. Use of plasma treatment makes it possible to alter surface properties like wetting,
friction, hardness, bio-compatibility and printability. It is also a means of cleaning polymer surfaces
without a solvent and of introducing cross-linking at the surface, hi spite of the widespread use of
plasma treatment of polymer surfaces, the fundamental nature of the interaction of the particles in
the plasma and the polymer surface is far from understood.
To obtain a better understanding of the
processes involved in plasma treatment of
•
Substrate
Substrata
polymer surfaces we have investigated the
•
Substrate + PDMS
Substrata + POMS
•
Plasma treated POMS "
Plasma traated POMS
effect of plasma oxidation of PDMS films
on substrates of polymer glue, hi order to
gain further insight into the operational
parameters of the plasma treatment, we
have studied samples treated at different
Iff
values of the applied field and at different
10*
duration times of the plasma treatment.
10*
The samples were studied by use of x-ray
refiectometry and XPS measurements
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
0.00 0.02 0.04 0.06 0.OS 0.10 0.12 0.14
resulting in detailed information about the
degree of oxidation as a function of depth.
6-1

s

1

Figure 2. The effect of the plasma treatment is clearly seen in the
reflectivity curves, whereas there is hardly any difference in the measured
reflectivity curves of the clean and PDMS covered substrates.
2.OC101-

hi addition the topography of the samples were studied
by atomic force microscopy.
From the analysis of the obtained electron density
profiles and XPS spectra we have confirmed tfo;
formation of a glass-like surface layer due to plasm*
oxidation of the PDMS. Due to sputtering the electron
density of the outermost glass-like layer is reduced by
depth [A]
increasing the effect of the applied field.
The degree of oxidation of the deeper laying
Figure 1. Comparison of the obtained electron density
regions decreases with a characteristic form ending at
profile for three different values of the effect of the applied
a depth of approximately 250 A. The degree of
ficlH
oxidation of the deeper laying regions and the extent
of these regions is increased by increasing applied field.
The influence of the duration of the plasma treatment was also investigated, but due to a limited
data set we were not able to draw any conclusions regarding the influence of the treatment time.
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2.8 Relaxation of Ultra-thin Diblock Copolymer Films
Niels B. Larsen, Patric Jannasch, Condensed Matter Physics and Chemistry Deparment,
Riso National Laboratory
Diblock copolymers of poly(dimethylsiloxane)/polystyrene (250 kD PDMS / 250 kD
PS) were spun cast into ultra-thin films with a thickness down to 1.4 nm on silicon substrates. Assuming spherical block entities in the collapsed state of a single molecule the
diameters of these spheres are approximately 9 nm and 10 nm for the PS and the PDMS
units, respectively. The ultra-thin spun cast state is then a meta-stable polymer configuration resulting in relaxation of the polymer units towards their equilibrium state. This
process occurs gradually over many days for the investigated system.
Figures 1A and IB compare Atomic Force Microscopy images of a film just after spin
casting to the same film after storage under ambient conditions for 3 days. The kinetics
of relaxation is significantly faster at elevated temperatures. Figure 1C shows the same
film after heat treatment at 130°C for one hour. The film initially covering about 7080% of the surface area has relaxed into separate islands of polymer, each with volumes
corresponding to between fractions of a molecule up a few molecules. Ultra-narrow
threads with dimensions corresponding to single polymer chains (2 nm wide by 1 nm
high as measured by AFM) connect a large fraction of the polymer islands. We have
shown that the relaxation is particular to films thinner than the collapsed state diameters
of the polymer blocks since polymer films with depths of more than 6 nm act like bulk
films, i.e. without any observable effect of heat treatment.

B

Figure 1. AFM images of a PS PDMS film spun cast on silicon show the temporal development of its surface structure. Just after spin casting (A), after 3 days in the ambient
2
(B) and after one hour at 130 °C (C). Image dimensions: l x l
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2.8 Scattering Vector Dependent Small-angle Scattering from Mixtures of Hydrogenated and Deuterated Organic Solvents
Lise Arleth and Jan Skov Pedersen, Condensed Matter Physics and Chemistry Department,
Ris0 National Laboratory, Denmark
In connection with a contrast variation SANS study of water-in-oil microemulsions, mixtures
of n-decane and mixtures of isooctane have been measured as backgrounds. For the pure
deuterated (d) and hydrogenated (h) solvents the spectra were flat but for all the mixtures
a scattering vector (q) dependence was unexpectedly observed (see figure). We suggest an
explanation based on the scattering contribution which have been identified for mixtures of
water1 and on the scattering from polymer blends of hydrogenated and deuterated chains2.
There are three contributions to the scattering: (1) incoherent scattering (2) coherent scattering
proportional to the structure factor S(q) of the liquid and (3) an 'incoherent' term from the
random mixing of d and h molecules. (2) is due to the compressibility of the liquid and thus to
concentration fluctuations. (3) is due to compositional fluctuations and corresponds to Laue
scattering for alloy crystals. The relatively large size of the decane and isooctane molecules
results in a q dependence. For water there is exchange of H and D and there is therefore
no q dependence in the small-angle scattering region. There is also an analogy between the
composition fluctuation term (3) and the scattering from blends of deuterated and hydrogenated
polymers for which the scattering is given by a self correlation term (S\(q)) and an interference
term (S2(q)):
2

where Ab is the scattering length difference of h and d molecules and n is the number density
of molecules. For a fully deuterated blend I{q) = 0 when neglecting the compressibility, and
therefore S^g) = —Si(q)/n. For a mixture, the two terms do not exactly cancel and I(q) oc
Si(q) and thus the single molecule form factor is observed. The intensity is proportional to
x{x — 1) where x is the volume fraction of d. The radius of gyration Rg was determined to be
3.3 A for decane and 2.4 A for isooctane, independent of the fraction of d molecules.
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Fig. 1. Small-angle neutron scattering data for mixtures of hydrogenated and deuterated n-decane
1

J.P. Cotton, in 'Neutron, X-ray and Light Scattering: Introduction to an Investigative Tool for Colloid and
Polymeric Systems'. Eds. P. Lindner and T. Zemb (North Holland, Amsterdam, 1991), p. 19
2 1
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2.8: Influence of o-xylene on the Aggregation Behavior of the Pluronic F68 Triblock
Copolymer
Sandor Borbely, Research Institute for Solid State Physics, Hungarian Academy of Sciences,
Budapest, Hungary, and Jan Skov Pedersen, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark
PEO-PPO-PEO type triblock copolymers show temperature dependent aggregation behavior which in addition depends also on concentration1. In the present work the influence of
deuterated o-xylene on the aggregation of the Pluronic F68 (EO78PO30EO78) is studied. The
measurements were performed in a wide concentration range from 5 to 200 mg/ml at 25, 45
and 60°C and at various xylene-to-polymer molar ratio. According to the literature o-xylene
is a selective solvent for the PPO middle block and is not miscible with water2. Therefore
it is expected that xylene molecules interact with the PPO chains which are responsible for
the aggregate formation in the solution. As a consequence of the interaction, the aggregation
characteristics may change and this will be reflected in the scattering patterns. In the Figure
some characteristic scattering curve measured at two different concentrations and at various
xylene-to-polymer molar ratio are shown. The results qualitatively can be summarized in the
following. O-xylene promotes the aggregation of Pluronic F68 triblock copolymer molecules in
aqueous solutions. The influence depends on the concentration and temperature, that is on the
pre-aggregated stage without additive. On the basis of the shift of correlation peak and change
in its intensity one can conclude that the aggregation number increases with the addition of
xylene, moreover the interparticle correlation becomes stronger. The effect of additive shows
saturation behavior, but the saturation occurs at different molar ratio for solutions of different
concentrations. This qualitative interpretation is proved by the first trial to fit a polydisperse
hard-spheres model to the measured spectra.
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2.8 Structure of Polyelectrolyte Hydrogels by Small-Angle Neutron Scattering
Jadranka Travas-Sejdic, Chemistry Department, The University of Auckland, New Zealand,
Robert Knott, Australian Nuclear Science and Technology Organisation, Australia, and Jan
Skov Pedersen, Condensed Matter Physics and Chemistry Department, Rise National
Laboratory, Denmark.
Polymer gels are unique materials that possess both liquid-like and solid-like properties, and
several aspects are of interest to polymer scientists and to materials engineers. The SANS
technique was used to study the structure of poly(acrylamide[AAm]-co-acrylamido-2-methyl-lpropane sulphonic acid [AMPS]) gels, and a polyelectrolyte copolymer gel of Nisopropylacrylamide (NIPA) and AMPS. The dependence on cross-link density, co-monomer
composition and the degree of swelling was studied for poly(AAm-co-AMPS) gels, and the
effects of cross-link density and temperature on the formation of spatial inhomogeneities in
poly(NIPA-co-AMPS) gel were studied. Poly(NIPA) gels are extensively studied systems where
NIPA is used as a model hydrophobic component. Due to strong hydrophobic interaction such
systems exhibit a volume phase transition with increasing temperature. Although most studies on
the gel structure and the dependence on cross-link density have shown that spatial
inhomogeneities increase with cross-link density, recent (RP) theory for charged gels1 indicated
that an inversion in cross-link density dependence can happen. The occurrence of such an
inversion was explored for poly(NIPA-co-AMPS) gels.
The Effect of Cross-link Density on Gel Structure. Poly(AAm-co-AMPS) gels of constant
polymer content were prepared with varied cross-link density (MBAAm 0-3.5 mol%) and
constant charge (AMPS 2 mol%). Deviations from solution-like scattering profile were more
pronounced for gels with higher cross-link density. The scattering profiles were interpreted as a
superposition of static inhomogeneities from quenched concentration fluctuations at the onset of
gel formation, and cross-link non-homogeneous distribution, onto thermodynamic concentration
fluctuations. The correlation length, £ obtained from the fitting of the experimental curves with
theory, was found essentially unchanged, and the size of the large-scale inhomogeneities
increased with increase in cross-link density.
The Effect of Charge on Gel Structure. Poly(AAm-co-AMPS) gels of constant polymer
content were prepared with varied charged co-monomer (AMPS 0-3 mol%) and constant crosslink density (MBAAm 2.5 mol%). The deviations from the solution-like behaviour were most
distinct for no-charge gels ie the highest fraction of static structure inhomogeneities. Increased
charge lead to a significant decrease in the fraction of large-scale static inhomogeneities due to
the presence of electrostatic interactions.
The Effect of Degree of Swelling on Gel Structure. Data for poly(AAm-co-AMPS) gels with
varying volume fraction of polymer, V2, were obtained for gels in the de-swollen (v2>0.047),
over-swollen (v2<0.047) and as-prepared (v2,o=O.O47) states. It was found that £ increased with
decreasing v2, and the size of quasi-static structural inhomogeneities was rather large for all the
gels investigated, and of similar values.
The Effect of Cross-link Density and Temperature on Gel Structure. Poly(NIPA-co-AMPS)
gels cross-linked to different extents were investigated for the presence of superstructure during
temperature change. At low temperature (30°C) the scattered intensity increased with cross-link
density suggesting that additional cross-links introduced more inhomogeneities in the gel
network. At high temperatures the trend was reversed ie the lower cross-link densities the higher
the scattered intensity. Therefore, the role of cross-links at high temperature was to suppress
microphase separation. The fitting of the experimental data by RP theory indicated qualitative
agreement but quantitative treatment requires further studies.
1

Rabin Y.. Panvukov S., Macromolecules 30 (1997) 301
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2.8 A Contrast Variation SANS Study of d-polystyrene—polyisoprene Block Copolymer Micelles in the Slightly Selective Solvent Dibutyl Phthalate (DBP)
Jan Skov Pedersen, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark, Ian W. Hamley, School of Chemistry, University of Leeds, U.K., and Tim
P. Lodge, Department of Chemistry and Department of Chemical Engineering and Materials
Science, University of Minnesota, Minneapolis, U.S.A.
Di-n-butyl phthalate (DBP) is a slightly selective solvent for the polyisoprene (PI) block of
block copolymers of PI and polystyrene (PS) 1 . The block copolymer used in the present study
was asymmetric with a molecular weight of 11500 for the fully deuterated d—PS block and 47500
for the PI block and matched the polymer used in our previous small-angle x-ray scattering
(SAXS) study 1 . In the present work contrast variation SANS using solutions with 0, 28, 53, 71
and 100% d—DBP and a polymer volume fraction of 18% at 10°C were performed in order to
get detailed information on the structure of the micelles. One additional contrast was obtained
by measuring a sample at the Ris0 SAXS instrument. In agreement with our previous results 1
it was found that micelles are formed with an anisometric core of PI surrounded by dissolved
d— PS chains. The data was analysed using models which were extensions of the previous model
for micelles with a spherical core2. Form factors of micelles with, respectively, a cylindrical and
an ellipsoidal core were used. It was necessary to include a fluctuation term to describe the
concentration fluctuations in the swollen PI cores. The particle interference effects originating
from the high volume fraction were described by a hard-sphere structure factor. Both models
fit the data well, however, the cylindrical model gives a slightly better fit. For this model the
radius and length of the micelles are 190 A and 470 A, respectively and the aggregation number
is 180. The core contains 70% solvent and the correlation length of the fluctuations in the core
is 8.5 A. The PS chains have a radius of gyration Rg of 39 A and the center of the PS corona
is displaced 0.8 Rg from the surface of the core.

Fig. 1. Small-angle neutron
scattering data for the contrast variation. For clarity the
28, 53, 71 and 100% d-DBP
data have been multiplied by
10, 100, 1000 and 1000, respectively. The upper data
is from the SAXS measurements. The curves are the fits
obtained for the model with
cylindrical cores.
1

T.P. Lodge, X. Xu, C.Y. Ryu, I.W. Hamley, J.P.A. Fairclough, A.J. Ryan, J.S. Pedersen, Macromolecules 29,
5955 (1996)
2
J.S. Pedersen and M.C. Gerstenberg, Macromolecules 29, 1363 (1996)
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2.8 A Contrast Variation SANS Study of d-poly(ethylene oxide)-poly(propylene
oxide)-d-poly(ethylene oxide) Triblock Copolymer Micelles in Aqueous Solutions
Jan Skov Pedersen, Condensed Matter Physics and Chemistry Department, Ris0 National Laboratory, Denmark, Per Linse, Department of Physical Chemistry 1, Lund University, Sweden,
and Ian W. Hamley, School of Chemistry, University of Leeds, U.K.,
Block copolymers of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) form micelles in water at elevated temperatures due to the increased hydrophobicity of the PPO blocks1.
In the present work we have used a triblock copolymer with PEO15.5PPO30PEO15.5 selectively
deueterated in the outer 14.5 PEO units. In order to obtain detailed information on the structure of the micelles, we have performed a contrast variation study on the Ris0 SANS instrument
using solutions with 0, 33, 66 and 100 D 2 O. Measurements were performed on 1 wt.% solutions
at 50, 60 and 67°C. It was evident from the SANS data that the micelles are anisometric and
a model for the micelles with cylindrical cores and a corona of dissolved chains2 was applied in
the analysis. Pronounced isotope effects on the micellar length were observed at 50 and 60°C,
where the micelles are short enough to allow the length to be determined. The general trend is
that the micelles grow in length with increasing temperature. The data could be fitted having
one length for 0 and 33% D2O and another for 66 and 100% D 2 O. The micellar radius was
assumed to be the same for all D2O fractions and it varied from 36 A at 50°C to 32 A at 67°C.
The cores contain 50 - 60 % water and are thus significantly swollen. The radius of gyration
Rg of the PEO chains is 11 A at 50 and 60°C, and 9 A at 67°C. The center of the PEO chains
are displaced 0.25 Rg away from the core surface 50 and 60°C and 0.5i?5 at 67°C.

Fig. 1. Small-angle neutron scattering data for the contrast variation. For clarity the 33, 66 and 100%
D2O data have been multiplied by 10, 100 and 1000, respectively. The curves are the fits obtained for
the model with cylindrical cores.
1

K. Mortensen, and J.S. Pedersen, Macromolecules 26, 805 (1993)

2

J.S. Pedersen and M.C. Gerstenberg,
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2.8 SANS and Monte Carlo Simulation Studies of Equilibrium Polyelectrolyte
Wormlike Micelles
Peter Schurtenberger, Luigi Cannavacciuolo, Cornelia Sommer, ETH Zurich, Switzerland, Stefan U. Egelhaaf, University of Edinburgh, UK, and Jan Skov Pedersen, Condensed Matter
Physics and Chemistry Department, Ris0 National Laboratory, Denmark
We conducted a systematic study of the effect of charges and ionic strength on the micellar
flexibility, where we first investigated the effect of ionic strength at constant linear charge density
(i.e., constant weight ratio [Ci6SO3Na]/[Ci6E6 ] = 0.06) on the micellar size and flexibility1.
We performed SANS measurements for 5 different values of the ionic strength and 4 different
surfactant concentrations on the instrument D22 at the ILL, Grenoble. The data shown in
figure 1 A for a fixed surfactant concentration of 0.4 mg/ml clearly demonstrate the dramatic
effect of the ionic strength on the scattering data. Figure 1 shows, that the micellar flexibility
decreases strongly with decreasing ionic strength, and at a salt concentration of [NaCl] =
0.0025 M the data exhibits the typical pattern of a rigid rod with no signs of flexibility. The
corresponding variation of the Kuhn length b/b0, where b0 is the intrinsic Kuhn length without
charges, with ionic strength is given in figure 1 B. At the same time we made a systematic
Monte Carlo simulation study of polyelectrolytes using an extended version of the chain model
from our previous simulation work2'3 that includes a screened Coulomb potential as well. The
corresponding simulation results for the salt dependence of b are also shown in figure 1 B, and
we observe encouraging agreement. We believe that our experiments open up very interesting
possibilities to investigate the effect of electrostatic interactions on the micellar flexibility as a
function of parameters such as the linear charge density or the ionic strength.
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Fig. 1. (A) Holtzer plot ql{q) versus q for a total surfactant concentration of 0.4 mg/ml and different
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2.8.

A Novel Type of Block Copolymer based Silane Coupling Agents

N.B. Madsen, W. Batsberg Pedersen and I. Johannsen. Condensed Matter Physics and Chemistry
Department, Ris0 National Laboratory, Denmark.
A new type of diblock copolymer silane coupling agents has been investigated as interface
modifiers in polymer/inorganic composites. Diblock copolymer composed of polybutadienepolystyrene (PB-PS) and polybutadiene-polydimethylsiloxane (PB-PDMS) have been synthesized
with varying the molecular mass of the PS and PDMS blocks by living anionic polymerization. The
target molecular masses were chosen to be below, around and above the critical molecular mass for
formation of entanglements. These polymers have been catalyticaly hydrosilylated with
triethoxysilane to form diblock copolymer silane coupling agents. The investigation involved a
number of surface analytical techniques such as wet chemical analysis, Fourier transformed infrared
spectroscopy with different sampling techniques, X-ray photoelectron spectroscopy, ellipsometry,
atomic force microscopy and contact angle measurements. It has been shown that the average layer
thickness of PDMS block copolymer silanes vary with the molecular mass of the PDMS block
when applied to an oxidized silicon wafer from toluene. This variation was not observed for the PS
block copolymer silanes. Furthermore, atomic force microcopy demonstrates that the PS block
copolymer silanes segregate into an island structure on oxidized silicon. Investigations of the
interfacial adhesion have been performed by JKR-measurements and single fiber microdebond
experiments. The investigations show that the synthesized diblock copolymer silanes perform well
as adhesion promoters between SiC>2 and a polymer matrix equal to the end block of the silane. The
measurements show no increase in interfacial adhesion when increasing the molecular mass of the
end block up to 100 kg/mol, which could be below the critical mass for formation of entanglement
at the interface. Hydrolysis of the interface region is still the main problem in thermoplastic
glassfiber composites. Diblock copolymer silanes demonstrate potential as coupling agents for such
systems, but they must be optimized for hydrolytic stability. This work presents the tools for such
an optimization.
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2.8 Kinetics of the ordering process in a shear induced disordered triblock copolymer melt.
D.A. Hajduk, T. Tepe, H. Takenouchi, M. Tirrell, F.S. Bates, Dept. of Chemical Engineering and
Materials Science, University of Minnesota, USA, K. Almdal, K. Mortensen, Dept. of Solid State
Physics and Chemistry, Ris0 National Laboratory, Denmark
We have studied the ordering process in a poly(ethylene propylene)-fc/ocfc-poly(ethylethylene)&/oc£-poly(ethylene propylene) PEP-PEE-PEP triblock copolymer melt1 by combined rheology and
small angle neutron scattering. The molar mass of the PEP-PEE-PEP sample is 126kg/mol and the
volume fraction of PEP is f=0.55. As opposed to the corresponding diblock copolymer system the
order to disorder transition temperature (7ODT) decreases under the influence of a shear field. This
fact opens a new opportunity
for studying the ordering
process in a triblock co35 -i
polymer melt. The melt can
be brought to a specific temperature where the sample
under quiescent conditions is
ordered while being kept
disordered through the application of a shear field. The
shear field can be removed
(the shear stopped) much
faster than the time required
for the sample to order (and
even for the sample to mechanically relax). The quiescent TODT is 131°C. Jump
experiments at temperatures
close to but below TODT produced randomly oriented
Integrated intensity associated with perpendicular lamellar orientation as a
function of time following a shear jump from 2 s"1 to 0 s'1 at 120°C. The solid
lamellar whereas jump exline is a fit to the Avrami form. The Avrami exponent is 3.2 in this case.
periments at lower temperatures produced a lamellar morphology in the perpendicular orientation, i.e. with the layer normal
perpendicular to both the shear and shear gradient directions. This indicates that the time required to
form a lamellar grain is shorter than the characteristic time for a composition fluctuation in the disordered state at the particular temperature. The perpendicular orientation gives rise to strong intensity in a scattering experiment where the neutron beam is passed through the sample along the shear
gradient direction. The Avrami expression {I(t)=A[l-exp(-(t/x)^)]+B, P is the Avrami exponent}
represent the data well for shallow quenches. However, at lower temperatures the ordering kinetics
is described by a pure exponential. Shear suppresses composition fluctuations and thus drives the
system towards a mean-field behaviour and may therefore result in the appearance of a thermodynamic stability limit. This work indicates that although a temperature is observed below which the
ordering process is very fast this limit seems to be of kinetic origin.
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2.8 Influence of Conformational Asymmetry on Polymer-Polymer Interactions.
K. Almdal, Dept. of Solid state Physics and Chemistry, Ris0 National Laboratory, Denmark, M.A.
Hillmyer, F. S. Bates, Dept. of Chemical Engineering and Materials Science, University of
Minnesota, USA
The thermodynamics that govern polymer-polymer mixtures has a controlling influence over a
major sector of the commercial plastics and elastomer industries and present some of the most
perplexing fundamental problems in modern condensed matter statistical mechanics. In spite of
more than fifty years of intense study, a unified predictive approach to designing multicomponent
polymer alloys with prescribed phase behaviour and morphology remains an elusive goal.
Nevertheless, during the last few years several new concepts, theoretical approaches, and
experimental discoveries have invigorated a productive debate regarding the molecular basis for
constructing free-energy expressions that account for the subtle variations in mixing entropy and
enthalpy that influence miscibility. We have measured1 the order-to-disorder transition temperature
of 23 compositionally symmetric diblock copolymers consisting of various combinations of
poly(ethylene) (PE), poly(ethylethylene) (PEE),
poly(ethylene-propylene) (PEP), polyethyleneoxide) (PEO), poly(dimethylsiloxane) (PDMS), and
poly(styrene) (PS). 7ODT is taken as a measure of
the strength of the interaction between the
polymers. The 7ODT is translated into the FloryHuggins % parameter by assuming the relation
%=AJT+B, where A and B are constants and the
Fredrickson-Helfand theory2. Through knowledge
0.18 •
of composition and molar mass this theory will
associate a %-value with 7ODT- Thus each block
copolymer sample with a measurable 7ODT yield
0.17
one point (T,%). This is exemplified for PS-PDMS
in the Figure.
Conformational asymmetry makes a contribution to
polymer-polymer thermodynamics that is not
lOY'/K 1
explainable within existing simple theories by
measuring many interaction parameter in this
£ for two PS-PDMS block copolymers versus
manner we hope to provide fresh input for the
temperature. The two compositionally symmetric
PS-PDMS samples have molar masses of 6kg/mol
clarification of a conceptually simple issue: how
and 7 kg/mol, respectively.
variations in local chain structure affect the
Flory-Huggins
segment-segment
interaction
parameter. For a series of PDMS-hydrocarbon diblock copolymers the observed phase behaviour
can be rationalised through a self-consistent set of solubility parameters. However, the model breaks
down when the phase behaviour of a series of PEO-hydrocarbon block copolymers is included. We
suggest that conformational asymmetry leads to an enthalpic contribution to the Flory-Huggins
parameter % through an effective coordination number which is maximised when both of the blocks
have large conformational symmetry parameters, /J (/32=&2/(6vo), where b is the statistical segment
length and vo is the associated segment volume).
0.16

1
2

K. Almdal, M.A. Hillmyer, F.S. Bates, Submitted to Macromolecules
G.H. Fredrickson, E. Helfand, J. Chem. Phys. 87,697-705 (1987)
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2.8. Kinetics of phase transitions for complex ordered phases in block
copolymer melts
D.A. Hajduk, R.-M. Ho, M.A. Hillmyer, F.S. Bates, Dept. of Chemical Engineering and Materials
Science, University of Minnesota, USA, K. Almdal, Dept. of Solid state Physics and Chemistry, Ris0
National Laboratory, Denmark.
We have studied the order-order transition in between the lamellar (L), perforated lamellar (PL), and
gyroid (G) phases in several diblock copolymer melts using small-angle scattering, dynamical
mechanical spectroscopy, and transmission electron microscopy1. In a particular sample the
sequence of phases L —> PL —> G can be induced by increasing the temperature at an appropriate
rate. On cooling the PL phase is bypassed. As the G phases have a much higher dynamical
mechanical elastic modulus at low frequencies than both the L and PL phases this transition can be
conveniently studied through rheology - see Figure.
The direct transition between the layered lamellar phase and the bicontinuous cubic gyroid phase is
slow. This is caused by large strain induced surface tension between the G and L phases which leads
to an unusually large critical radius for formation of a stable grain of the G phase in the L phase.
Instead the transition occurs through the metastable PL phase. The PL phase is layered thus
resembling the L phase and can be viewed as layers of three fold coordinated minority component
structural elements. These elements resemble the G phase, which can be viewed as a 3 dimensional
array of three fold coordinated
minority
component structural
10
cooling
elements. Thus the PL phase is
formed from the L phase because
the transition L -> PL is kinetically
lrf
favoured over the L -> G
G/
transition. In the case of sample
Pa
PEP-PDMS-72 the PL phase is
barely evident in the rheology on
10
heating
accessing the sequence L —> PL —>
G which in this case is feasible
rather
quickly.
However,
lrf
70
110
130
150
90
considerable hysteresis is evident
t/°C
in the data in the Figure. It turns
out that the particular point where
the PL —> G transition can occur is
Viscoelastic storage (C) and loss (G") moduli at 10 rad/s at 5% strain
associated with matched spacing
for the poly(ethylethylene)-fc/ocit-poly(dimethylsiloxane) sample PEPinvolved ordered states. Slightly
PDMS-7. The temnerature was changed from 70°C to 135°C and back
changing the composition of the
block copolymer can lead to large changes in the kinetics of the phase transitions3. On cooling the G
phase is not observed. These observations have lead us to conclude that the PL phase is metastable
even though it can be very long lived under certain conditions.

1

D.A. Hajduk, R.-M. Ho, M.A. Hillmyer, F.S. Bates, K. Almdal, J. Phys. Chem. B, 102, 1356-1363 (1998)
K. Almdal, K. Mortensen, A. J. Ryan, F. S. Bates, Macromolecules, 29,5940-5947 (1996)
3
D.A. Hajduk, H. Takenouchi, M.A. Hillmyer, F.S. Bates, M. Vigild, K. Almdal, Macromolecules, 30, 3788-3795
(1997)
2
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2.8 The dynamics of an asymmetric diblock copolymer system
CM. Papadakis, K. Almdal, K. Mortensen, Condensed Matter Physics and Chemistry Department,
Ris0 National Laboratory, F. Rittig, G. Fleischer, Fakultdt fiir Physik, Universitdt Leipzig,
Germany, 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 present work, we have investigated the dynamics of an asymmetric poly(ethylene propylene)poly(dimethylsiloxane) (PEP-PDMS) diblock copolymer.2 Apart from the disordered state, the
sample shows three ordered morphologies as a function of temperature: At low temperatures and
right below the order-to-disorder transition temperature, cubic structures are formed, which consist
of PEP-spheres in a PDMS-matrix, whereas the intermediate phase is non-cubic.3 We have studied
the dynamics of this sample in all four phases using dynamic light scattering (DLS) and pulsed field
gradient NMR. Using DLS, we find cluster diffusion and the diffusion of single chains through the
disordered melt (Fig. 1). In the cubic state right below the order-to-disorder transition temperature,
we observe two diffusive processes using DLS. We attribute the fast mode to the self-diffusion of
block copolymers through the PDMS-matrix ('free chains'), because its activation energy is close to
the one of PDMS homopolymer and because its temperature behavior is independent of the actual
structure. The slow mode is attributed to the mutual diffusion of the free chains and the chains which
are bound to PEP-spheres, because it has an activation energy close to the one of PEP
homopolymer. In the intermediate, non-cubic state, an additional weak mode is observed, having an
activation energy close to the one of pure PDMS. The origin of this mode is still unclear, but it must
be related to the non-cubic structure. In the low-temperature body-centered cubic phase, this
additional mode ceases to exist, and, in our time window, we only observe the self-diffusion of free
chains through the PDMS matrix. Pulsed field gradient NMR shows that the self-diffusivities of
single chains change only slightly at the ODT, and that, in the ordered state, the chains are confined
to micelles which further cluster to aggregates. The dynamics observed in the present system are thus
closely related to the sample structure.

Fig. 1: Arrhenius-plot of the diffusion
coefficients obtained from dynamic light
scattering. The full vertical line shows the
order-to-disorder transition and the dashed
lines the order-to-order transitions. The
dotted lines indicate the diffusion constants
for single-chain diffusion of PEP and PDMS
homopolymer.
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' C M . 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). G. Fleischer, F. Rittig, P. Stepanek,
C M . Papadakis, K. Almdal, to appear in Macromolecules.
2
C.M. Papadakis, K. Almdal, K. Mortensen, F. Rittig, G. Fleischer, P. Stepanek, in preparation. G. Fleischer,
F. Rittig, J. Karger, C M . Papadakis, K. Mortensen, K. Almdal, P. St» panek, submitted to J. Chem. Phys.
3
C.M. Papadakis, K. Almdal, K. Mortensen, M.E. Vigild, P. Stepanek, submitted to J. Chem. Phys.
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2.8.

Time-Resolved Investigation of Photoinduced Birefringence in Azobenzene Side-Chain
Polyester Films

R. Hildebrandt, M. Hegelich, H.-M. Keller, G. Marowsky, Laser-Laboratorium Gottingen,
Germany, S. Hvilsted, Condensed Matter Physics and Chemistry Department, Rise National
Laboratory, Denmark, N.C.R. Holme and P.S. Ramanujam, Optics and Fluid Dynamics
Department, Ris0 National Laboratory, Denmark
The permanent birefringence optically induced by trans-cis isomerization of azobenzene sidechains in polymers has be investigated by cw irradiation experiments for several years. We have
recently employed single nanosecond-pulse excitation1 in which the dynamics after excitation can
be quite different from those induced by a cw source, since apart from high peak intensities, short
pulses provide the possibility of fast thermal heating.
A Nd:YAG laser pumped Optical Parametric Oscillator was employed as the pump source at Xpump
= 485 rim. By use of amplified avalanche photodiode detectors in combination with a fast sampling
oscilloscope, time resolution of 1 ns was achieved. Thin films of the liquid crystalline polyester
P8al2 2 were investigated. After excitation with a single 4 ns pulse, the induced birefringence was
monitored on time scales ranging from nanoseconds up to minutes. By repeating each
measurement 6 times at different sampling rates of the oscilloscope excitation and relaxation
processes covering 12 orders of magnitude were revealed.
The maximum birefringence was attained in a dark reaction after excitation. Subsequently, most of
the induced birefringence was lost due to relaxation processes involving up to four different time
constants. Even though a detailed physical
process cannot be assigned to any of the time
constants at the moment, the experiments
presented give important information about
the dynamics of photoinduced birefringence
using pulsed pump sources. We monitored
for the first time the relaxation behaviour of
the induced birefringence, which reveals a
number of time constants depending on the
pump energy. Major consequences of the
investigations are that in contrast to cw
30 40 50 60 70 80 90 100
exposure, thermal effects originating from the
Fluence [mJ/cm*]
pump pulse cannot be neglected, and that a
permanent value of birefringence (Fig. 1) can
Fig. 1. Induced birefringence An for various fluences. The
be best induced at medium pump energies
maximum value is reached much faster involving only one timecausing moderate heating of the sample.
constant, and furthermore, most of the relaxation is completed
Furthermore, the fact that permanent birewithin 1 us, leaving only a small permanent value. Diamonds
show the permanent values after relaxation, open circles the
fringence can be induced by a single nano-seimmediate response during the pulse, and crosses denote the
cond-pulse might be important for applicamaximum value reached during dark reaction.
tions in optical storage.

1

2
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R. Hildebrandt, M. Hegelich, H.-M. Keller, G. Marowsky, S. Hvilsted, N.C.R. Holme, P.S.Ramanujam,
Phys. Rev. Lett., 81, 5548 (1998)
S. Hvilsted, F. Andruzzi, C. Kulinna, H.W. Siesler, P.S. Ramanujam, Macromolecules, 28,2172 (1995)
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2.8

Combined Main- and Side-Chain
Photoinduced Nonlinear Waveguides

Azobenzene

Polyesters:

A

Potential

for

F. Sahlen, T. Geisler, S. Hvilsted, Condensed Matter Physics and Chemistry Department, Rise
National Laboratory, Denmark N.C.R. Holme, P.S. Ramanujam, Optics and Fluid Dynamics
Department, Ris0 National Laboratory, Denmark, and J.C. Petersen, Danish Institute of
Fundamental Metrology, Denmark
New combined main- and side-chain azobenzene polyesters have been prepared which exhibit an
intensity dependent refractive index in order to optically fabricate nonlinear waveguides. The
general design idea of our polymers comprises a x(3)-active chromophore in the main-chain, and a
chromophore, which can be oriented by polarized light, in the side-chain. The photoinduced
orientation of the side-chains results in anisotropy or birefringence, which provides the basis for the
waveguide properties. Furthermore large surface-relief gratings have been found to arise in
azobenzene polymers. This grating formation could facilitate the coupling of light into and out of
the waveguides.
Novel sulfonyl azobenzenes, a diester, (4-[[5-(ethoxycarbonyl)pentyl]sulfonyl]-4'-[[5-(ethoxycarbonyl)-pentyl]methylamino] azobenzene, and a diol, 4-[[(8-hydroxy-7-methylhydroxy)-octyl]sulfonyl]-4'-7V, jV-dimethylamino azobenzene, have been used to prepare new polyesters by
transesterification in the molten state. The polyesters have been characterized by ! H NMR, 13C
NMR and UV-visible spectroscopy, differential scanning calorimetry (DSC), size exclusion
chromatography (SEC), third harmonic generation (THG) and optical anisotropy measurements.
The molar masses of the polyesters were in the range of 5000-19000 g mol"1, which was sufficient
in order to spin coat thin films.
Optical anisotropy measurements have been carried out in thin films of these polymers. Polarization
holography was employed to write both an anisotropic and surface relief grating. A diffraction
efficiency of approximately 12% was obtained from preliminary measurements. From atomic force
microscopic investigations, it was found that a stable surface relief grating with a typical depth of
700 nm was also formed. The peaks of the surface relief grating were found to coincide with linear
polarization perpendicular to the grating vector. From THG measurements the polymers are shown
to possess an off-resonance electronic %^ of the order 10"12 esu corresponding to a nonlinear
refractive index of 2.3x10"14 cm2/W.
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2.8.

Solid-State H NMR Spectroscopic Analysis of Optically Induced Orientation in Thin
Polyester Films

C. Rasmussen, F. H. Larsen, N.C. Nielsen, Instrument Centre for Solid-State NMR Spectroscopy,
Department of Chemistry, University ofAarhus, Denmark, 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 properties of Side-Chain Liquid Crystal Polyester (SCLCP) films have previously been studied
in great detail using a variety of experimental methods1'2. Stable orientation is readily induced in the
films by irradiation with plane-polarized light from an Argon-laser. This property makes the films
suitable for optical storage of data.
Study of orientation in the films in terms of the order parameter is usually carried out using FTIR
spectroscopy. Unfortunately this technique has the limitation that the plane of the film need to be
perpendicular to the laser beam. For a more thorough investigation of the three-dimensional
orientational behaviour of the polymer chains solid-state 2H NMR spectroscopy has been used as an
alternative and complementary technique.
2

H NMR spectra are highly dependent on the orientation of the 2H quadrupole coupling tensor
relative to the external magnetic field Bo- Using a specially designed flat-coil NMR-probe with up
to 10 oriented films stacked between glass plates, four different orientations of the films relative to
Bo has been studied. The resulting solid-state 2H NMR spectrum provides information about the
orientational distribution function. The Legendre expansion of this function has the order parameter
included in the coefficient to the 2nd Legendre polynomial. For each of the four sample orientations
the orientational distribution function has been determined by iteratively fitting a weighted sum of
theoretical sub-spectra to the experimental spectrum similar to the method described by Hentschel
et. al.3
The results obtained are in accordance with the model of the polymer proposed2: The main chain
and the mesogenic units are oriented perpendicular to the direction of the plane-polarized light but
has no preferential orientation otherwise. In the oriented direction the order parameter determined
by NMR agrees favourably with that earlier established by FTIR. Confirmation of the model2 with
respect to the other dimensions has not earlier been possible due to the mentioned limitation in
FTIR.

Fig. 1. Experimental 2H NMR spectrum of main-chain
deuterated P6al2 SCLCP-film with the chains oriented
parallel to Bo.

Fig. 2. Theoretical spectrum resulting from iterative
fitting of the spectrum in Fig. 1.

1

Hvilsted et. al., Macromolecules, 28, 2175 (1995)
Kullina et. a]., Macromolecules, 31, 2141 (1998)
3
Hentschel et. al., Polymer, 22, 1516 (1981)
2
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2.8.

The Influence of the Substituent on Azobenzene Side-Chain Polyester Optical Storage
Materials

S. Hvilsted, M. Pedersen, Condensed Matter Physics and Chemistry Department, Rise National
Laboratory, Denmark, N.C.R. Holme and P.S. Ramanujam, Optics and Fluid Dynamics
Department, Riso National Laboratory, Denmark
A number of poly(l,3-propylenetetradecanedioates) or poly(l,3-propyleneadipates) with pendantpsubstitued azobenzenes linked through a hexylene spacer in the 2-position have been prepared. The
substituents comprise: cyano, nitro, methoxy, hydrogen, methyl, n-butyl, phenyl, fiuoro, trifluoromethyl, chloro, and bromo. UV-visible and 13C NMR spectroscopies revealed absorbance and
structural features, respectively. DSC analyses disclosed the polyester thermal behaviour. The
performed molecular mass investigations substantiated the very attractive film forming properties.
Optical storage performance of thin films cast from polyester solutions was investigated through
polarization holography. The resulting diffraction efficiency was mapped and as a function of
irradiation power (see Fig. 1) and exposure time.
Polytetradecanedioates with cyano-, nitro-, methyl-, fluoro-, or trifluoromethyl-azobenzene reached
more than 50% diffraction efficiency, and thus provide film materials with excellent first order
diffraction properties (resulting from polarization holographic experiments) in the experimental
range investigated. In some cases, combinations of different substituents (as in Fig. 1) both provide
the highest achievable diffraction efficiency (> 70 %) and seem to complement the behaviour of a
corresponding material based on the single substituent. On the other hand, the initially raised
questions on the influence of azobenzene dipole strength or substituent shape can not be
enlightened by the conducted experiments. The azobenzene substituent, however, seems to strongly
influence the particular poly(l,3-propylenetetradecanedioate) material morphology. That is crucial
and the temperature range open for inducing the anisotropy (corresponding to the writing process) is
quite narrow. Creation of anisotropy is only possible in a narrow temperature range around Tg and
seems to be performed most efficiently at Tg or slightly above. In the evaluation of new materials it
is therefore important to disclose the material optimum temperature response and not restrict the
experiments to room temperature.
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2.8.

Optically Induced Surface Relief Phenomena in Azobenzene Polymers

P.S. Ramanujam, N.C.R. Holme, Optics and Fluid Dynamics Department, Rise National
Laboratory, Denmark, L. Nikolova, Bulgarian Academy of Sciences, Sofia, Bulgaria, S. Hvilsted,
M. Pedersen, R.H. Berg and P.H. Rasmussen, Condensed Matter Physics and Chemistry
Department, Riso National Laboratory, Denmark
Surface relief structures have many interesting applications in the fast expanding area of
nanotechnology, because of the replication through micromoulding techniques. Fabrication of
diffractive elements such as zero-order gratings, slanted surface relief gratings for planar optical
interconnects, and subwavelength infrared optics represent one aspect of their uses. Fabrication of
arrays of channel waveguides for applications in optical communication and photonic sensors is
already an area of advanced research. Alignment of low molar mass liquid crystals using these
gratings without the need for rubbing is a possibility. A different usage is in the area of DNA
fingerprinting and humane genome research. Capillary electrophoresis techniques make extensive
uses of deep grating-like structures. Recently it has been found that surface relief gratings can be
formed in thin films of azobenzene containing polymers through irradiation with light. Thus grating
formation has been found to occur in real time requiring no processing and compared to the
prestine film thickness, a surface relief on the order of 50% or more can be obtained.
We have examined1 a large number of polymers and oligomers with azobenzene side chains, such
as liquid crystalline (LC) and amorphous polyesters, LC and amorphous polymethacrylates2, and
peptide oligomers by holographic techniques employing orthogonally circularly polarized beams. It
is found that both an anisotropic and a topographic grating are produced. The reason for the former
is due to a statistical reorientation of the azobenzene perpendicular to the polarization of the
resultant linear polarization, with ensuing movements of the main chains of the polyester. Through
an examination of the first order diffracted beam, we found that the anisotropic and topographic
gratings arise concurrently. It was found that while in the case of the LC polyesters, the topographic
maximum coincided with the resultant horizontal polarization, a displacement between the
topographic and the resultant horizontal polarization was observed in the case of peptide oligomers.
In this case, the vertical polarization of the resultant beam coincided with the topographic
maximum.
Azobenzene, even though known for almost a century, can still spring surprises. The transfer of
mass on irradiation with polarized light is indeed a unique process. This process is definitely
amplified by the attachment of the azobenzene to main or side chains of a polymer. On the other
hand, free volume requirements when the molecule undergoes a trans-cis isomerization may not be
unimportant in the formation of topographic features, we believe that more subtle interactions
between the dipolar azobenzenes have to be taken into account. An understanding of this process,
will lead to easy methods of replication, which are very important in the fields of microelectronics
and microoptics. The potential advantage in this technique lies in the ease with which it can be
achieved and the possibilities of replication. For example, a 20 mm diameter surface relief grating
was fabricated1 in a peptide oligomer, with a first order diffraction efficiency of 0.2. The spatial
frequency of the grating was 530 lines/mm. The replication made with a silicone elastomer had a
diffraction efficiency of 0.18. We have also recently shown that it is possible to produce surface
relief gratings on a nanosecond time scale using a pulsed laser. This will lead to fast fabrication of
the master and will aid in a rapid transfer of information as surface relief structures by replication.

1
2

N.C.R. Holme, L. Nikolova, S.Hvilsted, P.H. Rasmussen, R.H. Berg, P.S. Ramanujam, Appl. Phys. Lett., 74, xx (1999)
L. Andruzzi, A. Altomare, F. Ciardelli, R. Solaro, S. Hvilsted, P.S. Ramanujam, Macromolecules, 32, xx (1999)
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2.9

Calix[4]arene Dicarboxylic Acid Receptors for Amines like (-)-Ephedrine

M. J0rgensen and F. C Krebs, Condensed Matter Physics and Chenistry Department, Rise National
Laboratory, Denmark
A series of calix[4]arene-5,17-dicarboxylic acids were prepared (Fig. 1). The neutral compounds
have the carboxylic acid groups in close proximity as seen by X-ray spectroscopy and 1H NMR.
This is very probably due to the very favorable formation of dimers held together by hydrogen
bonds. (See Fig. 2). When these calix[4]arene dicarboxylic acids where dissolved in CDC13 and
titrated with tertiery amines like triethyl amine salt formation was observed. The conformation of
the calix[4]arene changed drastically so that the carboxylate groups was pointing away from each
other. When primary or secondary amines were used in the titration the conformation did not
change, but instead a very stable supramolecular complex was observed. Binding constants were
measured for a number of amines by the NMR titration method and are collected in Table 1. The
most remarkable result is the very high binding constants in the order of 10 -10 observed for (-)ephedrine. This makes it possible to use the calixarenes as sensor compounds for this class of
naturally occuring amines.

COOH

R=H
2
Br
4
Phenylazo 9
Styryl
11

Fig. 1 calix[4]arene 5,15-dicarboxylic acids prepared.

Table 1. Overall binding constants
300 K.
Amine
2
Triethylamine
4.75 ± 0.09
Benzylamine
4.61 ±0.09
N-Benzy lmethy lam ine
4.7 ± 0.6
Dibenzylamine
<1
2-Phenylethylamine
n.d.
(-)-Nicotine
n.d.
(-)-Ephedrine
5.8 ±0.2
* at 330 K

128

Fig. 2. Stereo view of ll,13-dibromo-calix[4]arene
5,17-dicarboxylic acid 4.

for amines with calix[4]arene-dicarboxylic acids 2, 4, 9, 11 in CDC13 at
4
3.80 ± 0.06 •
5.4 ± 0.8
4.8 ± 0.2
2.9 ± 0.4
n.d.
n.d.
8.3 ± 0.9

9
3.0 ±0.3
5.6 ±0.3
4.2 ± 0.2
<1
5.7 ±0.9
n.d.
7.21± 0.07

11
4.1 ±0.2
5.5 ±0.3
5.0 ± 0.2
2.8 ±0.1
4.8 ± 0.3 •
1.20 ±0.06
6.45 ± 0.07
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2.9

Synthesis, Structure and Fluorescence Properties
tetrapropoxycalix[4]arenes in the Cone Conformation.

of

5,17-Distyryl-25,26,27,28-

M. Larsen, M. J0rgensen, Condensed Matter Physics and Chemistry Department, Rise National
Laboratory, Denmark, F. C. Krebs, Department of Chemistry, Technical University of Denmark,
Denmark, N. Harrit, Department of Chemistry, University of Copenhagen, SYMBION, Fruebjergvej 3,
DK-2100 Copenhagen, Denmark.
The HWE (Horner-Wadsworth-Emmons) reaction performed on the easily obtainable 5,17diformylcalix[4]arenes with arylmethyl phosphorus ylides yielded 5,17-distyryl-25,26,27,28tetrapropoxycalix[4]arenes in high yield and purely in the E/E configuration. Compounds (2-5) were
prepared this way containing bromine. Subsequent bromine-lithium exchange and reaction with
trimethoxyborane yielded the dihydroxyboryl substituted 5,17-distyrylcalix[4]arenes (6-7a). The
structures of 3, 5 and 7a were determined by X-ray diffraction. The photophysical properties of 2 were
established by absorption and fluorescence spectroscopy and compared to the monomeric fluorophore,
3,5-Dimethyl-4-propoxy-(E)-stilbene(10)\

,CHO
ArCH2P(O)(OEt)2
THF, /-BuOK
0Pr

OPr

OPOPr

2:R=H
3: R= 2-Br
4: R= 3-Br
5: R= 4-Br
6: R= 3-B(OH)2
7: R= 4-B(OH)2
•
7a:R= 4—B

Larsen, M.; Krebs, F. C ; Jergensen, M.; Harrit, N., J. Org. Chem (1998), 63, 4420-4424.
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2.9

Photophysical and Structural Characterization of the Rotationally Hindered 5,17-Bis(lnaphthyl)-25,26,27,28-tetrapropoxycalix[4]arene.

M. Larsen, M. J0rgensen, Condensed Matter Physics and Chemistry Department, Rise National
Laboratory, Denmark, F. C. Krebs Department of Chemistry, Technical University of Denmark,
Denmark, N. Harrit, Department of Chemistry, University of Copenhagen, SYMBION, Fruebjergvej 3,
DK-2100 Copenhagen, Denmark.
A new cone 5,17-bis(l-naphthyl)-25,26,27,28-tetrapropoxycalix[4]arene (4) was synthesized by using
standard Suzuki cross-coupling reaction conditions in 89 % yield. The conformational behavior of
compound 4 was studied by temperature-dependent ! H NMR. The X-ray structure was solved and
compared to the solution structure. The photophysical properties of compound 4 was studied and it
exhibited a very solvent dependent excimer-like fluorescence. The corresponding monomer, l-(3,5dimethyl-4-propoxyphenyl)naphthalene, was synthesized in 80 % yield using the same method as for
4, in order to compare the photophysical properties1.

1 -naphthylboronic acid,
Toluene, Pd(PPh3)2Cl2,
, reflux, 18 h
OPr

OPr OPr

2

OPr OPr

OPr OPr

4

Larsen, M.; Krebs, F.C.; Jargensen, M.; Harrit, N. (Submitted 1998)
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2.9

Disappearing Atropisomers. 4,5-Bis(l-naphthyI)-orthoxylene is Only Found in the transConformation in the Solid State Whereas Both Forms Exist in Solution.

F. C. Krebs, Department of Chemistry, Technical University of Denmark, Denmark, M. Larsen,
Condensed Matter Physics and Chemistry Department, Riso National Laboratory, Denmark
Atropisomery is observed when molecules are isomeric due to conformational behaviour. The title
compound can exist in two forms by appropriate rotation of the naphthyl groups. In solution both the
cis and the trans form exist in a ratio of 1:2 respectively corresponding to the statistical mixture of the
cis form and the two enantiomeric pairs of the trans form. This is because the rotational energy barrier
permits interconversion in solution at room temperature. In the crystal only the trans form is observed
but both R and S molecules of the trans form are however observed (space group P2\ln). This was
further substantiated but letting a solution evaporate slowly to dryness thus crystallizing all the
molecules. Powder diffractograms were recorded and compared with the calculated powder
diffractogram of the trans form. The existence of the trans form only was thus confirmed in the solid
state. The cis form only exist in solution and not in the solid state under the conditions of this study.
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2.9

Synthesis
and
Structural
Properties
of
5,17-Bis-(N-methyl-Narylarainocarbonyl)calix[4]arenes. Directing the Substituents Towards the Cavity by use
of the as-Generating Property of the N-methylaminocarbonyl linker.

F. C. Krebs, M. Larsen, M. J0rgensen, Condensed Matter Physics and Chemistry Department, Rise
National Laboratory, Denmark, P. R. Jensen, M. Bielecki and K. Schaumburg, Department of
Chemistry, University of Copenhagen, SYMBION, Fruebjergvej 3, DK-2100 Copenhagen, Denmark.
A series of cone-5,17-Bis(N-arylaminocarbonyl)calix[4]arenes were synthesised and N-methylated
using an easy and high yielding methylation procedure. The structures of the co«e-5,17-Bis(Nmethyl-N-arylaminocarbonyl)calix[4]arenes were studied in solution by NMR spectroscopy and in
the solid state by X-ray structural resolution using both synchrotron and conventional sources. The
use of the N-methylaminocarbonyl linker between the calix[4]arene and the aromatic substituent was
found to have a dominant influence on the molecular structure forcing the substituent towards the
cavity of the calix[4]arene regardless of the size of the substituent. The linker may be a very useful
structure generator when considering the design of molecular receptors1.

Mel, /-BuOK

•

Krebs, F.C.; Larsen, M ; Jorgensen, M.; Jensen, P.R.; Bielecki, M.; Schaumburg, K. (Accepted J. Org. Chem. 1998)
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2.9

Proline-Based DNO

Palle H. Rasmussen, S0ren Hvilsted, Rolf H. Berg, Condensed Matter Physics and Chemistry
Department, Ris0 National Laboratory, Denmark, N. C. R. Holme, P. S. Ramanujam, Optics and
Fluid Dynamics Department, Ris0 National Laboratory, Denmark
Optical holography provides unique opportunities for storing information at high density and opens
up new applications that cannot be contemplated with other techniques. Recently, a novel class of
oligopeptides with azobenzene chromophores attached to an ornithine-based backbone (DNO) was
investigated as new material for holographic information storage [1]. The results showed that
holographic gratings with extraordinarily high diffraction efficiency can be recorded in films only a
few micrometers thick. By replacing the ornithine-based backbone in DNO with a proline-based one,
the response time could be shortened from 5 minutes to less than 1 second [2, 3]. Because of their
insolubility in organic solvents other than trifluoroacetic acid and hexafluoroisopropanol, the
ornithine-based ones could only be assembled by solid-phase synthesis, which is difficult to scale up
to multi-gram or larger quantities. By contrast, the proline-based ones are soluble in methylene
chloride, chloroform, acetonitrile and other solvents compatible with solution-phase synthesis. This
unexpected property greatly facilitates large-scale synthesis, which is a prerequisite for the
production of low-cost materials. A novel solution-phase synthetic strategy has been developed and a
proline-based dimer has been synthesized on a five-gram scale.

DNO

Proline-based DNO

°^4^v
Azo = —

Optical holographic storage of information has been demonstrated in dendritic azobenzene amidebased systems as well [4] and preliminary results [5] show that topographic images can be made
from light-induced formation of surface reliefs in DNO and azobenzene polymers.
1

R. H. Berg, S. Hvilsted, and P. S. Ramanujam, Nature 383,505 (1996).
P. H. Rasmussen, P. S. Ramanujam, S. Hvilsted, and Berg, R. H., DKPatent Appl, filed 1998.

4

P. H. Rasmussen, P. S. Ramanujam, S. Hvilsted, and Berg, R. H., J. Am. Chem. Soc, to be published.

A. Archut, F. Vogtle, L. De Cola, G. C. Azzellini, V. Balzani, P. S. Ramanujam, and R. H. Berg,
Chem.Eur.J. 4,699(1998).
N. C. R. Holme, L. Nikolova, S. Hvilsted, P. H. Rasmussen, R. H. Berg, and P. S. Ramanujam,
Appl. Phys. Lett., in press.
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2.9 Photoinduced Electron Transfer to TOTA from Aromatic Molecules
Johannes Reynisson, Robert Wilbrandt, Condensed Matter Physics and Chemistry Department, Ris0
National Laboratory, Denmark, Niels Harrit, University of Copenhagen, Symbion Science Park,
Denmark
Trioxatriangulene (TOTA, 4,8,12-trioxadibenzo[a/,mn]pyrenylium) is a closed shell carbocation
which is stable in polar solvents at ambient temperatures. In the present contribution we study the
electron transfer from aromatic electron donors to TOTA. Time-resolved and steady state
fluorescence methods were utilised to monitor the fluorescence quenching of TOTA in methanol
upon addition of aromatic quenchers. Ten aromatic donors were selected and the quenching rate
constants (kq) measured. The kq derived from fluorescence lifetime measurements correlate
qualitatively with the oxidation half-wave and ionisation potentials of the donors (see figure 1),
which indicates electron transfer as the quenching mechanism. Quenching rate constants derived
from steady state fluorescence intensity measurements were all considerably larger than their timeresolved counterparts. This suggests ground state complex formation between TOTA and the
electron donors.
Ground state complexes were further investigated with UV/VIS absorption spectroscopy. A
readshift and increase in absorption were observed for the absorption spectrum of TOTA when the
donors were added. A new absorption peak was observed for pyrene as donor. These results further
support the presence of ground state complexes.
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Figure 1. The dynamic fluorescence quenching rates of TOTA versus ionisation potentials of the aromatic quenchers.
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2.9 Vibronic Activity in the Phosphorescence Spectra of Disk-Like Aromatic Molecules: A
Combined Experimental and Theoretical Investigation.
D. Baunsgaard, N. Harrit, Department of Chemistry, University of Copenhagen, Symbion,
Fruebjergvej 3, DK-2100 Copenhagen, Denmark, M. El balsami, F. Negri, G. Orlandi, Dipartimento
di Chimica "G.~Ciamician", Universita di Bologna, 40126 Bologna, Italy, J. Frederiksen and R.
Wilbrandt, Condensed Matter Physics and Chemistry Department, FYS-313, Ris0 National
Laboratory, DK-4000 Roskilde, Denmark
Triphenylene (TPH) and truxene (TN) are two examples of highly symmetric polycyclic aromatic
hydrocarbons. Some of their derivatives show self-organizing properties and form discotic liquid
crystalline phases. The supramolecular organization has attracted considerable attention in the field
of material science since excitation or charge transport phenomena are expected to be quasi onedimensional for these systems which therefore have been suggested as potential molecular energy
guides. A detailed knowledge of the electronic structure and properties of the isolated chromophores
is the preliminary requirement to elucidate the mechanism of electronic transport in columnar phases.
At the same time, the high symmetry and medium molecular size make these systems attractive to
explore the effects of increasing molecular complexity by comparing their photophysical properties
with those of the prototypical aromatic molecule, benzene.
The phosphorescence spectra of triphenylene and truxene, recorded in glassy solvents at 77 K, are
presented . Their vibronic structure is interpreted on the basis of intensities computed with the help
of quantum-chemical calculations. It is shown to be due to Herzberg-Teller active non-totallysymmetric modes which provide false origins for progressions of totally-symmetric modes. Similarly
to benzene, the dominant contribution to the T\ -> SQ transition in the two disk-like molecules is
shown to derive from triplet-triplet transition dipole moments. Radiative triplet lifetimes are
estimated on the basis of computed oscillator strengths and compared with the correspondingly
observed values.
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Fig. 1 Observed and calculated phosphorescence spectra
of triphenylene

Fig. 2 Observed and calculated phosphorescence spectra
of truxene

D.Baunsgaard, M. El balsami, J.Frederiksen, N.Harrit, F.Negri, G.Orlandi and R.Wilbrandt, "Vibronic Activity in the
Phosphorescence Spectra of Disklike Aromatic Molecules: A Combined Experimental and Theoretical Investigation", J.
Phys. Chem. A, 102 (49), 10007-10016, 1998
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2.9 Direct Determination of Coupling Rates between Aromatic Radical Anions and Alkyl and
Benzyl Radicals by Means of Laser-Flash Photolysis.
Torben Lund, Institute of Life Science and Chemistry, Roskilde University Center, DK-4000,
Denmark and Robert Wilbrandt, Condensed Matter Physics & Chemistry Department, FYS-313,
Ris0 National Laboratory, DK-4000 Denmark.

The coupling rates Li between aromatic radical anions A"' and alkyl and benzyl radicals have been
obtained by means of laser-flash photolysis. The reaction scheme behind the laser-flash method is
shown in [eqns. 1-4].
A

+ hv

*

A*

(1)

A"- +

RB(Ph)3

(2)

•>

R-

B(Ph) 3

(3)

A* + RB(Ph)3"

••»
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+

A"• +
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-»
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(4)

R

R

^

RR

(5)

+

The reaction is initiated by a photoinduced electron transfer (PET) from the alkyltriphenylborate to
the excited acceptor A* followed by a fast cleavage (< 1 ps) of the alkyltriphenylborane radical.1
Equal concentrations of A"- and R- are generated after the laser pulse and the second order radical
anion radical coupling reaction [eqn. 4] may be followed by monitoring the absorption change of
the aromatic radical anion in the visible part of the spectrum. In order to extract the coupling rate k4
from the second order process between A"- and R- it is necessary to know the extinction coefficient
of the aromatic radical at the monitoring wavelength. Recently, a large number of accurate extinction
coefficients of aromatic anion radicals have been obtained2'3. With these extinction coefficients
available we have been able to determine the rate constants of the reactions between the radical
anions 1,4-dicyanonaphtalene , 9,10-dicyanoanthracene and fluorene with the radicals methyl, n butyl, sec -butyl, tert -butyl and benzyl. All the rate constants obtained were between 1-2.5 10 M"V
l
. From the kinetic analysis it was also possible to extract the radical radical coupling rates ks . The
observation that all coupling rates k4 between aromatic radical anions A-. and alkyl and benzyl
radicals are the same within a factor of 2- 3 is important in connection with recent attempts to
estimate reversible redox potentials of alkyl and benzyl radicals from measured reduction potentials4.

'Lan.J.Y. and Schuster G. B. J. Am. Chem. Soc. 707(1985)6710.
Pedersen, S. U., Lund, T. Fussing, I. Dassbjerg, K and Lund H. Acta Chem. Scand. 1998.
3
Pedersen, S. U., Christensen, T. B., Thomasen, T. and Daasbjerg K. submitted.
4
Lund, H, Daasbjerg, K., Occhialini, D. and Pedersen, S. U., Russian Journal of Electrochemistry, 31 (19995) 865.
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The Facility for Plastically Deformed Germanium Single-Crystal Wafers
B. Lebech, K. Theodor, B. Breiting and T. Agertoft Hansen, Condensed Matter Physics and
Chemistry Department, Rise National Laboratory, Denmark
The Ris0 facility1 for plastically deformed germanium single crystal wafers was inspired by
Axe et al.2 and motivated by the wish to optimise and improve the neutron flux at the thermal
neutron beams at Rise as cost effectively as possible by producing better monochromators.
The facility has been in routine operations since June 1996. During 1998 the facility has been
used to deform germanium wafers (225) for to be used for neutron monochromators at
BENSC at the Hahn Meitner Institute in Germany (225 wafers) and Demokritos Research
Centre in Greece (45 wafers). Presently, 120 germanium wafers to be used for neutron monochromators at Oak Ridge National are being processed. The photo in Fig. 1 shows the two
first germanium composite monochromators that were made using the facility, a composite
wafer strip (20 wafers in total), a single bend wafer and a pencil for estimating the sizes.
The performance of the composite
monochromator slab made to
Demokritos is illustrated in Fig. 2.
To the left is shown the Gaussian
peak profile obtained when using
the un-collimated incident beam
produced by the Rise Ge/511
composite monochromator. To the
right is shown the profile obtained
when using perfectly collimated
incident beam from a perfect
Ge/333 monochromator.
The
incident neutron wavelength was
1.24 A in both cases. The entrance
and exit beam areas were defined
by 20x30 mm2 slits. The full width
at half maximum of 0.34° determined when using the Ge/333
monochromator corresponds to a
mosaicity r} (standard deviation og
the mosaic blocks) of ~ 9' (=
FWHM /V81n2).

Fig. 1. Germanium wafer composite neutron monochromators
used at Ris0 and Kjeller since January 1997.
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Fig. 2. Test results for one of the composite monochromator slabs made for Demokritos in Greece.

B. Lebech, K. Theodor, B. Breiting, P. G. Kealey, B. Hauback, J. Lebech, S. Aa. S0rensen and K. N. Clausen,
Physica B 241-243, 204 (1998) and Ris0-R-1O14(EN). Editors: M. Nielsen, K. Bechgaard, K. N. Clausen, R.
Feidenhans'l and I. Johansen, section 2.10.2. and 2.10.3., p. 137 and 138 (1998).
2
J. D. Axe, S. Cheung, D.E. Cox, L. Passell, T. Vogt and S. Bar-Ziv, Neutron Research 2, 85 (1994)
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2.10 Wide Angle X-ray Scattering camera - a new facility for theinvestigation of
crystalline structure in polymer films, fibres, and powders.
Martin M. Nielsen, Condensed Matter Physics and Chemistry department Ris0 National Laboratory, Denmark.
We have set up a facility for Wide Angle X-ray Scattering (WAXS), for use at the in-house rotating anode facility (Cutarget, 18 kW Rigaku). The camera is designed for flexibility, permitting many different types of samples to be
measured in either transmission or reflection geometries. The WAXS camera allows the concurrent acquisition of a large
section of the two-dimensional distribution of scattered intensity. A high dynamic range is ensured by using an imaging
plate to collect the scattered intensity. At the same time, the results are in a form, easily digitised, for further treatment
by a computer. We use a Kodak Storage Phosphor Screen, which is scanned by a Molecular Dynamics Phosphorlmager
system. The main advantage of the imaging technique is a high efficiency (in principle measuring an entire series of Qscans in parallel), making it possible to study weakly scattering or very small samples at conventional X-ray sources. At
the same time, the images are very well suited for investigating anisotropies, as seen e.g. for samples exhibiting
preferred orientations of their crystallites.
The beamline consist of a semi-focusing
Rotating Anode
graphite monochromator and two sets of horizontal and X-Ray generator
vertical slits, defining the size of the beam. The beam
enters the camera housing through a Be window
equipped with a guard-slit and passes through a second
guard-slit just before reaching the sample. The guardH +V
slits serve to remove the diffuse background intensity
Slits
due to slit-scattering in the beamline. After passing the
PGMonochromator
sample, the direct beam can be blocked by an adjustablesize beam-stop. The camera housing contains both the
Guard slits
sample and the imaging plate. It is mounted on a
standard Ris0 sample tower, which allows translation,
Imaging
rotation, and tilting of the camera, making it possible to
Plate
accurately align samples in the reflection geometry. The
entire camera can be evacuated, thereby reducing Figure 1 Schematic of WAXS camera viewed from the top.
scattering from air, while at the same time reducing the See text for details.
risk of inducing beam-damage on the sample. The distance from the sample to the imaging plate can easily be changed
by mounting extension tubes. In the present configuration, accessible Q-values span the range from 0.25 - 4.6 A'1.
Examples for two different types of samples are shown below. Figure 2 shows a measurement performed in
grazing-incidence reflection geometry of a 75 nm thick poly(alkyd thiophene) film, spin cast on a Si substrate. The
sample was placed in front of the bottom centre of Figure 2 with the surface normal pointing upward in the plane of the
paper: The weak horizontal line across the bottom of the figure corresponds to the sample 'horizon'. The dark areas
correspond to high intensity. The image clearly show the presence of crystallites and furthermore that these crystallites
have a face with a preferred orientation parallel to the substrate surface. Figure 3 shows an example of a transmission
measurement of a rolled, polyethylene based film. The white square near the bottom centre is the shadow of the beamstop. Notice the intensity variations visible along the powder rings. Knowing the scattering geometry, it is
straightforward to transform the images into scans in Q-space for different azimuth angles. Three scans of the image in
Figure 3 are shown on Figure 4 for the azimuth angles of 10°, 40°, and 90°, respectively. Such scans can be used
directly for standard analysis of crystalline structures.

Figure 2 PAT film, grazing
incidence geometry.
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Figure 3 PET film,
transmission geometry.

Q-vector [A'1]

Figure 4 Projection of radial intensity for 3 different
azimuthal angles From figure 3.
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2.10

Release of the neutron simulation package McStas 1.0

K. Nielsen, Electronics Department, Ris0 National Laboratory, Denmark, K. Lefmann, A. Tennant, and K. N. Clausen, Condensed Matter Physics and Chemistry Department, Ris0 National
Laboratory, Denmark.
Monte Carlo ray-tracing simulation is becoming a standard tool for neutron instrument design.
At Ris0, we have designed a multi-purpose simulation tool, McStas, of which version 1.0 was
released in October 1998. The release contains a compiler from the McStas meta-language to
ANSI-C, a library of well-tested components, a few example instruments, and a comprehensive
manual. All this can be freely downloaded from the McStas home page1, which also contains
newsletters, component test documentation, and a discussion forum on neutron simulation.
As of January 1999, the component library includes sources (continuous and pulsed), mirrors
and guide sections, a velocity selector, a Fermi chopper, a monochromator, simple samples
(vanadium, powder), detectors (single, position sensitive, energy sensitive, divergence sensitive,
etc.) — along with simple components like various slits and collimators. The instrument
library contains the Ris0 TASl and RITA spectrometers and a preliminary version of the ISIS
PRISMA spectrometer along with quite a number of test instruments. One of the results from
the test instrument for the velocity selector component is shown in Fig. 1.
We have performend an extensive simulation of the TASl spectrometer, which compares rather
well with experiments performed under identical conditions2. For this spectrometer, we have
further performed a direct simulation of the resolution function. This was done for a single
setting of the spectrometer by varying (q, u) of the scatterer, see Fig. 2. The results compare
well with the Cooper-Nathans and Popovici formalisms as calculated by the RESCAL program.
The McStas method, however, is easy to use on more complicated spectrometers like ones with
focusing monochromators and/or advanced analyser systems. We expect soon to perform a full
RITA simulation and to install the resolution calculation on our triple-axis spectrometers.
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Fig. 1. Simulated transmission, T, of the RITA velocity selector as a function of neutron wavelength,
A, for a velocity selector speed of 12092 r.p.m. The
different curves represents different tilts (rotations
around a vertical axis) of the velocity selector from
-1° to +1°. The instrument consists of a divergent
source resembling the Ris0 cold source plus the RITA
guide system, the velocity selector, and a beam monitor. The results are in detailed agreement with earlier results from a dedicated simulation program.

Fig. 2. A screenshot of the McStas resolution application. The small window provides an interactive 3D visualization of the resolution function in
the {qx,qy,w) subspace. The large window presents
histograms of the resoution function along the four
dimensions (upper left corner), as well as the value
(upper right corner) and a graphic visualization (bottom) of the resolution matrix.

1
2

The McStas home page: http://neutron.risoe.dk/
K. Lefmann and K. Nielsen, to appear in Neutron News and to be published
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2.11

Training and Mobility of Researchers - Access to Large Installations

K.N. Clausen, Condensed Matter Physics and Chemistry Department, Riso
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/tmr.htm 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 Ris0. 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 1998 a total of 43 experiments were performed, and 62 users from EU-countries or
associated states (Norway, Iceland, Liechtenstein or Israel) were supported by the programme.
The experiments carried out at Ris0 with support from the Commission of the European
Communities during 1998 are listed below in chronological order. The column marked applicant
is the name of the principal applicant.
Applicant
Fetid
Withers
Boothroyd
Boothroyd
Boothroyd
Olsson
Kamenev
Harris
Hamley
Gqff
Mays
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Title
Neutron reflectivity studies of insoluble monolayers of pyrole
derivates in monomeric and polymeric forms
Internal stress and its effect on the Bauschinger effect-II
Magnetic ordering of PrBa2Cu3O6+x under high pressure
Magnetic excitations of R3+in RBa2Cu3<I)6+x (R=Nd,Er)
Magnetic excitations in (Pr,Y)Ba2Cu3O6+x
Structure and dynamics of surfactant fluid surfaces
Field dependent correlations between magnetic ordering and structural
distortions in Lai.xSrxMnO3 (0.12<x<0.17)
Diffuse magnetic scattering from geometrically-frustrated pyrochlores
From hard spheres to soft spheres: a SANS study of cubic ordering in
block copolymer gels
Magnetic structure and interactions in light rare-earth superlattices
SANS-studies on percolating w/o-microemulsions with amphiphilic
triblock-copolymers

Ris0-R-1O14(EN)

Barqiiin
Booth
Hiess
Stirling
Bijlsma
Korsunsky
Cowley
Weissmuller
Cowley
McGreevy
Reynaers
Dann

Genuine cluster contribution in SANS of FeZr-based amorphous
alloys
Helical Magnetic Structures in intermetallic B20 compounds
Search for magnetic correlations in UBei3
Magnetic structures of (Ui.xPux)Sb single crystals
Water volume-fraction in multilayers of PVP+/PSS-as dependent on
air humidity and growth-solution ionic strength
Strain mapping in a fibre reinforced composite under local
compression
Magnetic structure of superlattices of the laves phases
Low temperature magnetic SANS on nanocrystalline nickel
Magnetic structure of CS2C0CI4
Dynamical anomaly in fast ion conducting AgBr
Correlation between orientation effects of oscillating shear & hightemperature cubic phase format in triblock copolymer gels
Distribution of cobalt, aluminium and germanium in the spinel series
CO(2-2x) A 1 (2x)Ge(i.X)Co(X)04

Balakrishnan
Reynaers
Greaves
Boothroyd
Glidle
Boothroyd
Hillman
Delannay
Gradzielski
Gradzielski
Samseth
Enderie
Muller
Glidle
Hutchinson
Stirling
Fabrizio
Hamley
Nylander
Coad
Risø-R-1099(EN)

Magnetic interactions in NdMn2Ge2-xSix
Pre-imposed order in block copolymer gels:radial- and star-type block
copolymers vs classical triblock systems; chemical vs physical gels
Crystal and magnetic structures of some thiospinels and substituted
iron oxides
Magnetic ordering of PrBa2Cu3O6+x under high pressure
Examination of the extent penetration of odour molecules into thin
film polymer sensors used in electronic nose devices
Magnetic excitations in (Pr,Y)Ba2Cu3O6+x
Influence of film thickness and solution pH on poly (o-toluidine) film
structure
Internal stress characterization in Al-based composites reinforced with
continuous metallic fibres
Gelation of ethylene glycol ester of silicic acid in the presence of
surfactant mesophases and the interactions between the 2 components
Preparation of bilayer structures with and without the presence of a
shear field
Aggregation and gelation in polymergel synthesis
Magnetic structure of Cu(ND3)4SO4.D2O
Spin structure determination of CrsTesand structure determination of
new ternary Alkaliruthenium and osmiumdeuterides
Examination of depth of immobilisation of oligonucleotides and small
enzymes within polymer based biosensors
High temperature texture studies of steels for analysis of anisotropic
elasticity
Magnetic structures of (Ui.xPux)Sb single crystals
Residual stress determination in several MMC subjected to different
operating conditions
Stretching cubic micelar gels: Small Angle Neutron Scattering
experiments
Interactions between B-lactoglobulin and phospholipid studied by
SANS
Quasi-elastic excitation in UGa3
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Achu, E.W.; Al-Kanani, H.J.; Booth, J.G.; Costa, M.M.R.; Lebech, B., Studies of the
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Bergmeier, M.; Gradzielski, M.; Hoffmann, H.; Mortensen, K., Behavior of a charged vesicle
system under the influence of a shear gradient: A microstructural study. J. Phys. Chem. B (1998) v.
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Bergmeier, M.; Gradzielski, M.; Hoffmann, H.; Mortensen, K., Behavior of ionically charged
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Bergström, M.; Pedersen, J.S., Small-angle neutron scattering (SANS) study of aggregates formed
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(DTAB). Langmuir (1998) v. 14 p. 3754-3761
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Bøgelund, J.; Jayaraman, M.; Ewbank, P.C.; McCullough, R.D., Self-assembly of regioregular,
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of head group methylation on the phase behavior of lipid monolayers. Thin Solid Films (1998) v.
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monolayers: An x-ray diffraction study. J. Chem. Phys. (1998) v. 109 p. 2006-2010
Brouwer, A.M.; Svendsen, C ; Mortensen, O.S.; Wilbrandt, R., Anharmonicity of excited-state
potential surfaces: Quantum chemical analysis and resonance Raman intensities. J. Raman
Spectrosc. (1998) v. 29 p. 439-445
Brouwer, A.M.; Zwier, J.M.; Svendsen, C ; Mortensen, O.S.; Langkilde, F.W.; Wilbrandt, R.,
Radical cation of N,N-dimethylpiperazine: Dramatic structural effects of orbital interactions
through bonds. J. Am. Chem. Soc. (1998) v. 120 p. 3748-3757
Bunk, O.; Falkenberg, G.; Seehofer, L.; Zeysing, J.H.; Johnson, R.L.; Nielsen, M.;
Feidenhans'l, R.; Landemark, E., Structure determination of the indium induced Si(001)-(4X3)
reconstruction by surface x-ray diffraction and scanning tunneling microscopy. Appl. Surf. Sei.
(1998) v. 123/124 p. 104-110
Chen, X.Y.; Gao, B.; Kops, J., Batsberg Pedersen, W., Preparation of polystyrene poly(ethylene
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3.5 Meetings and Courses
3.5 First Round Table meeting
February, 1998, Grand Hotel, Vesterbrogade 9, 1620 Copenhagen V, (DK)
First meeting of the programme. The main objective: how to provide the best possible
environment and the optimal facilities for the users of neutron and muon beams in
Europe.
Organisation:
C. T. Studinski, Ris0 National Laboratory, (DK)
K. N. Clausen, Ris0 National Laboratory, (DK)
Programme
• Co-ordination of activities - how to proceed.
• Discussion of which activities should be supported and procedures for application
for, selection of, administration of and reporting on activities.
• Other activities or networks to be included on the Round Table.
• Format of future meetings.
• News from the facilities
Participants
Ch-H. de Novion, Laboratoire Leon Brillouin, CEA/Saclay, (FR)
Rainer Michaelsen, HMI-BENSC, (DE)
Colin Carlile, Rutherford Appleton Laboratory, (GB)
W. G. Williams, Rutherford Appleton Laboratory, (GB)
Robert McGreevy, Studsvik Neutron Research Laboratory, (SE)
Francis Tasset, Institut Laue-Langevin, (FR)
Michael Prager, Institut fur Festkorperforschung, (DE)
Albert Furrer, Laboratory for Neutron Scattering, (CH)
Lazlo Rosta, Budapest Neutron Center, BNC, (HU)
Fabrizio Barocchi, Universita di Firenze, (IT)
A. A. van Well, Interfacultair Reactor Instituut, (NL)
Juan Colmenero, Universidad del Pais Vasco, (ES)
Joseph Zaccai, Institut de Biologie Structurale CEA-CNRS, (FR)
Mike Johnson, Rutherford Appleton Laboratory, (GB)
Gerald Badurek, Atominstitut der Osterreichischen Universitaten, (AS)
Helmut Weber, Austron, Atominstitut der Osterreichischen Universitaten, (AS)
Michael Steiner, HMI-BENSC, (DE)
Kurt N. Clausen, Rise National Laboratory, (DK)
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3.5

TMR-LSF Mid-Term Review Meeting in the field of Neutrons; Muons and
High Magnetic Fields

November, 1998, H.H. Kock Meeting Room of the Niels Bohr Auditorium,
Ris0 National Laboratory, (DK)
Organisation:
D. Pasini, European Commission, (BE)
A. Liljenstrom, Ris0 National Laboratory, (DK)
K. N. Clausen, Ris0 National Laboratory, (DK)
Each TMR Contract holder or network co-ordinator presented, to the Expert Panel,
the key features of their contract, illustrated their facility, explained its importance for
European research and why Community support is needed. Finally the expert panel
discussed this presentation and the results of the audit of the programme with the
contract holders.
Participants:
D. Pasini. European Commission, (BE)
(Expert Panel)
H. Soderlund, Technical Research Centre, (FI)
L. J. Challis, University of Nottingham, (GB)
P. Day, The Royal Institution of Great Britain, (GB)
K. A. McEwen, University College London, (GB)
A. Poves, Universidad de Madrid, (ES)
R. Scherm, P.T. Bundesanstalt, (DE)
(Contract Managers — access to high magnetic field laboratories)
J. Perenboom, University of Nijmegen, (NL)
W. Joss, MPI Grenoble, (FR)
G. Martinez, MPI Grenoble, (FR)
P. van Engelen, University of Amsterdam, (NL)
(Contract Managers - access to neutron and muon facilities)
Ph. King, ISIS muon Facility, (GB)
C.Carlile, ISIS neutron Facility, (GB)
R. McGreevy, NFL Studsvik, (SE)
C-H. de Novion, LLB, (FR)
R. Michaelsen and M. Steiner, HMI Berlin, (DE)
K. N. Clausen, DR3 Ris0, (DK)
(Contract co-ordinators - networks)
K. P. Jungmann, University of Heidelberg, (DE). Muon instrumentation at ISIS,
M. Johnson, ISIS Facility, (GB). The XENNI network
U. Steigenberger, ISIS Facility, (GB).The RTD network 'Cold neutron optimisation'
K. N. Clausen, Ris0 National Laboratory, (DK). The neutron round-table
Parallel meeting of the Neutron Round Table
The meeting was for the members of Neutron Round Table present for the Mid-Term
Review Meeting.
K. N. Clausen, Status of the round-table.
D. Pasini, Research Infrastructure in the 5th Framework Programme
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3.5

Unifying Principles For Engineering Soft Materials

Conference at Ris0 National Laboratory, Denmark, Monday June 22 to Thursday June
25,1998
in celebration of the 40th anniversary of the founding of
Ris0 National Laboratory
organised by:
Condensed Matter Physics and Chemistry Department
Ris0 National Laboratory
and
Department of Chemical Engineering and Materials Science,
The University of Minnesota.
Program
Monday June 22:
Opening of the meeting:
Kristoffer Almdal
Nanostructural Design Principles:
Discussion leader: Per Anker Lindgard
Chris Ober: Competing Molecular Interactions as a Means for Engineering Soft
Materials
Reinhard Strey: On the Nature of Interfacial Films in Microemulsions
Oral poster presentations for poster session 1 (Monday evening).
Chairman: Frank Bates
Reaction Driven Morphologies:
Discussion leader: Klaus Bechgaard
Markus Antonietti: Amphiphilic Block Copolymers and Their Use for the Generation
of New Materials and Nanohybrides
Marc A. Hillmyer: Synthesis of Amphiphilic Block Copolymers and Their Application
as Nanostructural Templates
Michael D. Ward: Pillared Hydrogen Bonded Networks with Adjustable Porosity:
"Zeolite-like" Molecular Frameworks
S0ren Hvilsted: Prodigious Optical Storage Polyesters- The Matrix-Integrated
Azobenzene Puzzle
Poster Session 1
Tuesday June 23:
Templating via Metastability and Epitaxy:
Discussion leader: Jens Als-Nielsen
Zhen-Gang Wang: Fluctuation, Kinetics and Metastability in Microphase Ordered
Block Copolymers
Brad Chmelka: Liquid Crystal and Block Copolymer Processing of Silica Organic
Composites and Mesoporous Solids
Wim H. de Jeu: Orientational Wetting in Thin Films of Hybrid Smectic/Isotropic
Block Copolymers
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J. A. Zdazazinski: Factors Governing Monolayer Stability - To Bend Rather than
Break
Poster presentations for poster session 2 (Tuesday afternoon).
Chairman: Frank Bates
Poster Session 2
Wednesday June 24:
On the Role of Dynamics:
Discussion leader: Tim Lodge
G. Fytas: Relaxation Processes in Block Copolymers
Gregoire Porte: Non homogeneous Flow Patterns in Complex Fluids
Ulf Olsson: Spherical and Wormlike Microemulsions
N. P. Balsara: Evolution of Microstructure in the Liquid and Crystal Directions in a
Quenched Block Copolymer Melt and its Implication on Phase Transition Mechanisms
The Influence of Fields; flow, electromagnetic etc.:
Discussion leader: Matthew Tirrell
F. Lequeux: Mechanics of concentrated emulsions
Ulrich Wiesner: Non-equilibrium phenomena of diblock copolymers under shear:
order and dynamics
Anthony J. Ryan: Precrystallisation Fluctuation Phenomena in Homopolymer Melts
Geoffrey Mitchell: Flow-Induced Orientational Behaviour in Liquid Crystal Polymers
General trends in soft materials
Pierre-Gilles de Gennes: General trends in soft materials
End of the Conference

Ris0-R-1O99(EN)

171

3.5

Workshop on Monte-Carlo simulation of neutron spectrometers

October, 1998, Ris0 National Laboratory
Organisation:
M. Hagen, University of Keele, (UK).
I. Anderson, ILL, (FR)
K. N. Clausen, Ris0 National Laboratory, (DK).
The Workshop was held with support from the EU RTD programme - Cold neutron
optimisation. 23 people attended, representing most European Neutron Centres, as
well as representatives from the US and Japan.
The objective of the workshop was to get an overview of the current activities in
Europe on Monte-Carlo simulation of neutron spectrometers. As part of the EU-RTD
programme Ris0 has developed a programme McStas, which can be used to generate
Monte-Carlo code. This code is based on an instrument description, which is made up
from a sequential array of components. McStas was presented and released at the
meeting and we proposed to encourage collaboration and sharing of codes describing
components and also agreed to host and manage a WWW site, which contain
information about available software and activities in Europe and provide a link to
similar efforts in United States and Japan.
Pre-meeting:
Steen Bang/Kurt Clausen, Instrumentation at Rise - new projects, Ris0 components
Bente Lebech ,The Ge monochromator project.
Jens S0gaard-Hansen, Henrik Rjannow Shielding - codes and materials.
Henrik Rjannow, Tour of the neutron scattering facilities at Ris0.
Programme:
Kurt N0rgaard Clausen, Introduction and perspectives.
Ken Hervig, What is being done in the US - SNS project
Andrew Garret, What is being done in Japan
Short presentations on European efforts;
Monte-Carlo simulations on instruments at:
ISIS - Mark Hagen
ILL - Ian Anderson
HMI - Dietmar Wechsler
Budapest Lazlo Pusztai
FRM II Munich - Franz Demmel
CENG Grenoble - BJ0rn Fak
RESTRAX, Jan Saroun (NPI Prague)
SHADOW, Manuel Sanchez de Rios, ESRF
Kristian Nielsen, Mcstas
Kurt N0rgaard Clausen, Summary and conclusions.
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3.5

Ph.D. course: Magnetism and Magnetic Materials

4 hours per week, 14 weeks, February to May 1998, held at Niels Bohr Institute,
University of Copenhagen and Department of Physics, Technical University at
Denmark
Organisation:
Lefmann, K., Ris0 National Laboratory
Programme:
Hedegard, P., University of Copenhagen (14 lectures). Theory of magnetic
interactions, localised spin models and magnetism in metals.
Madsen M. B., University of Copenhagen (2 lectures). Ferromagnetic materials and
magnetic minerals on Mars.
Merup, S., Technical University of Denmark (3 lectures). Mossbauer spectroscopy
and magnetism of nano-sized particles.
Rasmussen, F. B., University of Copenhagen (3 lectures). NMR and nuclear magnetic
order.
Clausen, K. N., Ris0 National Laboratory (4 lectures). Magnetic neutron scattering.
McMorrow, D. F., Ris0 National Laboratory (2 lectures). Magnetic X-ray scattering.
Lefmann, K. and Rannow, H. M., Ris« National Laboratory ( 1 4 x 2 hours). Problem
sessions.
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3.5 Third FREQUENT ESPRIT Meeting
October 1998, Ris0 National Laboratory.
Programme
Langeveld, Bea, Technical University Eindhoven (NL). Let's make P3HT better.
Apperloo, Joke, Technical University Eindhoven (NL). Ordering of polythiophenes
by oxidation-reduction.
Bauerle, Peter, University of Ulm (DE). Regioregular Oligo(3-alkylthiophenes).
de Leuw, Dago, Philips Eindhoven (NL). Mobility and XRD structure of P3AT
MISFETs.
Matters, Marco, Philips Eindhoven (NL). Modelling of organic transistors.
Nielsen, Martin M., Ris0 National Laboratory (DK). Crystalline ordering of P3HT
films.
Brown, Peter and Sirringhaus, Henning, University of Cambridge (UK). Device
physics of P3HT FETs.
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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 Ris0 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
(Until May)
Member of IUCr Commission on Synchrotron Radiation
Danish Representative in Nordsync.
Council Member of the European Synchrotron Radiation Society
Chairman of DANSYNC
Member of the Program Advisory Committee at Hasylab
Hvilsted, S.,
Treasurer of the Danish Society for Polymer Technology
Contributor to "The Great Danish Encyclopedia" (in Danish: Den Store Danske
Encyclopaedi"), 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
Treasurer of the Society of Engineers at Ris0 National Laboratory, FRI
Member of the Organising Committee for Nordic Polymer Meeting 1999,
Copenhagen May-June 1999
Kjasr, K.,
Member of the European Synchrotron Radiation Facility (ESRF) Review Committee
on Soft Condensed Matter
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Lebech, B.,
Member of the European Neutron Scattering Association (ENSA) Executive Board
(secretary)
Danish Representative in the European Neutron Scattering Association (ENSA)
Member of the Danish National Committee for Crystallography
Member of the Programme Committee for NFL Studsvik, Sweden
Chairman of the Danish Neutron Scattering Community (DANSSK)
Lefmann, Kim
Member of the board of the Danish Neutron Scattering Community (DANSSK)
Lindgard, P.-A.,
Member of the Executive 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 the Board of Solid State Division of the Danish Physical Society
Member of the Board of Engineers at Ris0, FRI
Member of the board of the Danish Neutron Scattering Community (DANSSK)
Pedersen, J. S.,
Coeditor of Journal of Applied Crystallography
Member of the IUCr Commission on Neutron Scattering
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3.7 Colloquia Held at the Department
Loffler, J., Paul Scherrer Institut, Villigen (CH). Structure and magnetic properties
of consolidated nanostructured Fe,Co and Ni: a study combining small angle neutron
scattering and magnetization measurements, January 1998.
Barnes, J.D., NIST Polymer Structure and Mechanics Group, NIST Gaithersburg
(US). Small angle scattering in the NIST Polymers Division - An Overview, January
1998.
Kuhn, O., Department of Physics, Chalmars University of Technology (SE). Phase
correlated diffuse transport in mesoscopic superconductor-normal conductor
structures, January 1998.
Vigild, M.V., Department of Chemical Engineering & Materials Science, Institute of
Technology, Minneapolis (US). Scattering from mesomorphic PEP-PDMS diblock
copolymers, January 1998.
Schreiber, F., MPI-Stuttgart (DE). Growth kinetics and structural phases of selfassembled monolayers, January 1998.
Linse, P., Lund University (SE). PEO-containing block copolymers in aqueous
solution at surfaces and interfaces. Predictions from Mean-Field lattice theories,
March 1998.
Harris, M., ISIS Facility, Rutherford Appleton Laboratory (UK). Boson peaks,
March 1998.
Boni, P., ETH Zurich & Paul Scherrer Institut, Villigen (CH).
spallation neutron source SINQ, March 1998.

The new Swiss

Kyriakidis, J., Institute of Physics and Astronomy, University of Basel (CH).
Quantum dynamics of magnetic solitons, March 98.
Sundstrom, V., Department of Chemical Physics, Lund University (SE). Ultrafast
energy migration in polythiophene polymers, March 98.
Norris, A., IRC in Surface Science Center, University of Liverpool (UK). Alkaliinduced removal of a 'clock' reconstruction and formic acid decomposition on
TiO 2 (110),Mayl998.
Jonsson, B., Lund University (SE).
correlations, May 1998.

Explaining DNA-folding by electrostatic

Gedde, U.W., KTH, Stockholm (SE). 1) Diffusion of small-molecule penetrants in
polythelene and 2) Long-term behaviour of polyolefm hot-water pipes, May 1998.
Hult, A., Royal Institute of Technology, Department of Polymer Technology (SE).
Dendritic polymers, May 1998.
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Umapathy, S., Department of Inorganic and Physical Chemistry, Indian Institute of
Science (IN). Structural dynamics of azobenzene systems from Raman spectroscopy,
June 1998.
Canfield, P.C., Ames Laboratory and Department of Physics and Astronomy, Iowa
State University (US). Energy scales and stranger tales: the physics of new materials,
June 1998,
Fischer, I.R., Ames Laboratory and Department of Physics and Astronomy, Iowa
State University (US). Flux growth and magnetic properties of large, single grain
quasicrystals, June 1998,
Maw, S., University of Alberta (CA). Artificial muscle fibres, June 1998.
Ishii, H., Department of Material Science, Osaka City University (JP). Nuclear spin
relaxation in ultra low temperatures, July 1998.
Alexandridis, P., State University of New York, Buffalo (US). Ternary systems of
amphiphilic block copolymers and selective solvents (oil & water), August 1998.
Waltenburg, H., Copenhagen University, Department of Chemistry (DK).
influence of steps on reactivity: NO on Pd surfaces, August 1998.

The

Tiana, G., Milano University (IT) / Niels Bohr Institute, (DK). Hot pot in protein
folding, September 1998.
Su, Y., Durham University (UK). From X-ray scattering of charge stripes in bulk
crystal to surface and interface X-ray diffraction, September 1998.
Faivre, C , Laboratoire de Spectrometrie Physique, Universite J. Fourier (FR). Phase
transitions of fluids confined in porous silicon: A differential scanning calorimetry
and high resolution X-ray diffraction study, September 1998.
Karlstrom, G., Lund University (SE). Theory and experiments of polymers
containing ethylene oxide, September 1998.
Keimer, B., Department of Physics, Princeton University (US). Spin excitations in
pure and Zn-substituted YBa2Cu3O6+x , September 1998.
Ott, H.R., ETH, Laboratorium fur Festkorperphysik (CH). New puzzles in the
physics of hexaborides, September 1998 .
James, M., University of Groningen (NL). The structural and magnetic properties of
metal oxide layers, October 1998.
Mosler, S.,
Fraunhofer-Institute of Interface and Bio-Process Technology,
Department of Cell Culture Technology (DE). Fibrillar collagen-structure, function,
biomedical applications, October 1998.
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Lake, B., Department of Physics, University of Toronto (CA). Dimerized spin
systems and longitudinal modes, October 1998.
Vinckier, A., ETH Zurich (CH). AFM and biological applications, November 98.
Levis, T.W., Intelligent Polymer Research Institute, University of Wollongong (AU).
Development of an all polymer electromechanical actuator, November 1998.
Erwin, S., Naval Research Laboratory, Washington D.C. (US). Adsorption on semi
conductors: Old theories and new theories, November 1998.
Kumpf. C , University of Erlangen (DE). Properties of thin platinium and ridium
silicide layers on silicon: growth, epitaxy, roughness, November 1998.
Malherbe, J., Department of Physics, University of Pretoria, South Africa. Ion
sputtering, surface topography, SPM and surface analysis of electronic materials,
November 1998.
Cantor, R., Darmouth College, Hanover, NH (US). Lateral pressures and protein
function in cell membranes: anesthetics, alcohol, polyunsaturated fats and cholesterol,
december 1998.
Tennant, A., ISIS Facility, Rutherford Appleton Laboratory (UK). Two magnon
bound modes and continua in an alternating chain, December 1998.
Marks, L.D., North Western University, Chicago (US).
determination of 3D surface structures, December 1998.

Towards black box

Salditt, T., Sektion Physik, LMU Miinchen (DE). Scattering from highly oriented
membranes from simple phospholipids to naive biological systems, December 1998.
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4.1 Staff
Scientific Staff and Consultants
Aeppli, Gabriel (Consultant)
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)
Flyvbjerg, Henrik
Hvilsted, Soren
Jensen, Jens (Consultant)
Johannsen, Ib (Head of Research Programme)
J0rgensen, Mikkel
Kjaer, Kristian
Lebech, Bente
Lebech, Jens
Lefmann, Kim
Lindgard, Per-Anker
McMorrow, Des
Mortensen, Kell (Research Professor)
Nielsen, Mourits
Offersgaard, Jesper Falden (Until July 31)
Pedersen, Jan Skov
Pedersen, Walther Batsberg
Smela, Elisabeth
Sommer-Larsen, Peter
Wilbrandt, Robert
Post-Docs
Balakrishnan, Gurusamy (Until November 30)
Bergstrom, Magnus
Eskildsen, Morten Ring (From July 1)
Frielinghaus, Henrich (From September 1)
Geisler, Tommy (Until September 14)
Hooker, Jacob (From September 1)
Howes, Paul (Until September 30)
Jannasch, Patric (Until February 28)
Jensen, Torben Rene (From November 1)
Kesztjelyi, Tamas (Until March 31)
Lemmich, Jesper (Until April 30)
Lake, Bella (From September 1)
Larsen, Britt Hvolbaek (From October 1)
Larsen, Niels B.
Madsen, Nils B. (From October 1)
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Ndoni, Sokol (Until January 15)
Nielsen, Martin Meedom
Papadakis, Christine (Until August 14)
Pedersen, Marianne (Until June 30)
Rasmussen, Frank Berg
Sahlen, Fredrik (Until August 31)
Singh-Zocchi, Mukta (From June 10)
Vejby-Christensen S0gaard, Lise (Until October 14)
Astrand, Per-Olof

Temporary Scientific Staff
Eskildsen, J0rgen (From September 19)
Hansen, Birgit Freisleben (From January 19 until March 31)
Vigild, Martin (Until February 28)
Wang, Christian (From October 1)
Zuccarello, Guido (From November 16)
Ph.D. students and Other Students
Abrahamsen, Asger
Andreassen, Mikkel (Until February 11)
Andresen, Thomas Lars (From February 2 until July 31)
Arleth, Lise (On leave from September 1)
B0gelund, Jesper Poder
Christensen, Niels Bech
Eskildsen, Morten (Until June 30)
Faldt, Andre
Frello, Thomas
Gadegard, Nikolaj
Grage, Mette
Hansen, Kristoffer (Until June 30)
Ishoy, Torben (From December 1)
Kofod, Guggi (From September 1)
Krebs, Frederik
Larsen, Mogens (Until April 30)
Lauridsen, Erik Mejdal (Until February 28)
Lausen, Bo Wegge (From February 1)
Madsen, Nils Berg (Until July 15)
Mentzel, Soren (From September 7)
Nielsen, Kristian (From August 31 until December 31)
N0rgaard, Katrine (From September 29)
Palmelund, Anders (From August 31 until December 31)
Rasmussen, Palle H.
Reynisson, Johannes
Ronnow, Henrik M.
Schultz, Thomas (Until January 31)
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Svaneborg, Carsten (From February 1)
Thorn, Volkmar (From September 23)
Thomsen, Kristina (From November 1)
Zhou, Ji
Technical Staff
Arltoft, Kasper Buus (Trainee from June 1 until August 31)
Bang, Steen
Berntsen, Allan N0rtoft
Breiting, Bjarne
Danielsen, Egon Rosengren (From August 17 until December 1)
Hansen, Lisbeth Haugaard (Trainee from August 15 to December 14)
Hansen, Thomas Agertoft (From March 1)
Hubert, Lene
Jensen, Birgit
J0rgensen, Ole
Kjaer, Kristine (From June 6)
Kjaer, Torben
Larsen, Bent Lykke (From December 1)
Lundgaard, Mette (From June 30 until July 7)
Nielsen, Anne Banke
Nielsen, Lotte
Nielsen, Steen
Olsen, Carina Nykjasr (Trainee until March 31)
Rasmussen, Helle D.
Rasmussen, Ove
Saxild, Finn
Stahl, Kim
Theodor, Keld
Secretaries
Frederiksen, Lajla
Liljenstrom, Anette
Schlichting, Bente O. (On leave from August 5)
Studinski, Ca
Thomsen, Alice (From July 1),
Guest Scientists and Long Time Visitors
Ivan, Bela
Mosler, Stephan
Tennant, Alan
Temporary Student Assistants
Steenstrup, Frederik (From September 1)
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4.2 Short Time Visitors under the EC-TMR Programme 1998
Bailey, L.
Balakrishnan, G.
Bijlsma, R.
Booth, J.G.
Boothroyd, A.
Bramwell, S.
Champion, D.
Coad, S.
da Costa, M.
Cowley, R.
Daniel, C.
Dann, S.
Dewhurst, C.
Enderle, M.
Facci, P.
Felici, R.
Fernandez, L.
Girardin, E.
Giuliana, A.
Glidle, A.
Goff, J.
Gomez Sal, J.G.
Gradzielski, M.
Greaves, C.
Hamley, I.
Harris, M.
Henderson, M.
Hiess, A.
Hutchinson, B.
Khakhar, J.
Kleppinger, R.
Lister, S.
Loureiro, F.
Lutnaes, S.B.
Madgwick, A.
Mays, H.
Michels, A.
Mills, G.
Miiller, M.
Mflller, P.
Normile, P.
Nylander, T.
Pack, M.
Palmer, H.
Roser, S.
Ryeland, L.
Salmon, C.
Samseth, J.
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Leicester University, Department of Chemistry (Research) (UK)
Warwick University, Department of Physics (UK)
Delf University of Technology, Department of Radiation Physics (NL)
University of Salford, Department of Physics, Joule Laboratory (UK)
Oxford University, Department of Physics (UK)
University College London, Department of Chemistry (UK)
University College London, Department of Chemistry (UK)
Institut Laue Langevin (FR)
University of Coimbra, Department of Physics (PT)
Oxford University, Department of Physics (UK)
University of Lees, School of Chemistry (UK)
Loughborough University, Department of Chemistry (UK)
Warwick University, Department of Physics (UK)
Universitat des Saarlandes, Technische Physik (DE)
University of Parma, Department of Physics (IT)
European Synchrotron Radiation Facility (FR)
Universidad de Cantabria,, Facultad de Ciencias (ES)
Universita degli Studi di Ancona, Istituto di Scienze Fisiche (IT)
Universita degli Studi di Ancona, Istituto di Scienze Fisiche (IT)
Glasgow University, Department of Electronics (UK)
Oxford University, Department of Physics (UK)
Universidad de Cantabria, Facultad de Ciencias (ES)
Universitat Bayreuth, Physikalische Chemie I (DE)
University of Birmingham, School of Chemistry (UK)
Leeds University, School of Chemistry (UK)
ISIS Facility, Rutherford Appleton Laboratory (UK)
Leicester University, Department of Chemistry (UK)
Institut Laue Langevin (FR)
Swedish Institute for Metals Research, Dept. of Mechanical Metallurgy (SE)
University of Lund, Center for Chemistry and Chemical Engineering ( SE)
FOM Institute for Atomic and Molecular Physic (NL)
Oxford University, Department of Physics (UK)
University of Coimbra, Department of Physics (PT)
Institut for Energy Technology, Department of Physics (NO)
University of Cambridge, Dept. of Materials Science and Metallurgy (UK)
Uppsala University, Department of Physical Chemistry (SE)
Universitat des Saarlandes, Technische Physik (DE)
University of Salford, Telford Building (UK)
Universitat Bayreuth, Physikalische Chemie I, (DE)
Institut fur Anorganische Chemie RWTH Aachen (DE)
Liverpool University, Department of Physics ( UK)
University of Lund, Physical Chemistry 1 (SE)
University of Southampton, Department of Chemistry (UK)
University of Birmingham, School of Chemistry (UK)
University of Bath, School of Chemistry (UK)
Univ. Catholique de Louvain, Dept de Sc. et des Materiaux des Procedes (BE)
Univ. Catholique de Louvain, Dept de Sc. et des Materiaux des Procedes (BE)
Institute for Energy Technology, Department of Physics (NO)
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Samuelsen, E.
Schroder, A.
Stirling, W.
Swann, M.
Terrill, N.
Theunissen, L.
Tuck, J.R.
Turner, S.
Weissmuller, J.
Weller, M.T.
Wells, K.E.
Wilson, R.
Zetterstrom, P.
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Institute for Energy Technology, Department of Physics (NO)
Universitat Karlsruhe, Physikalisches Institut (DE)
Liverpool University, Department of Physics (UK)
Glasgow University, Department of Electronics (UK)
University of Shieffield, Department of Chemistry (UK)
K.U. Leuven, Department of Chemistry (BE)
University of Newcastle upon Tyne, Dept. of Mechanical and Manufacturing
Engineering (UK)
University of Shieffield, Department of Chemistry (UK)
Universitat des Saarlandes, Technische Physik (DE)
University of Southampton, Department of Chemistry (UK)
University of Newcastle upon Tyne, Dept. of Mechanical and Manufacturing
Engineering (UK)
University of Leicester, Department of Chemistry (UK)
Uppsala University, Studsvik Neutron Research Laboratory (SE)
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4.3

Degrees and Awards

Eskildsen, Morten, Ph.D. degree and Christian og Anny Wendelbo's fonds rejselegat
Larsen, Mogens, Ph.D. degree
Madsen, Nils B., Ph.D. degree
Schultz, Thomas, Ph.D. degree
S0rensen, Steen Aa., Ph.D. degree
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Direct phone numbers, fax numbers and e-mail addresses of the scientific staff of
the Condensed Matter Physics and Chemistry Department
Name
Abrahamsen, Asger
Almdal, Kristoffer
Als-Nielsen, Jens
Andersen, Niels Hessel
Arleth, Lise
Bechgaard, Klaus
Berg, Rolf H.
Clausen, Kurt N.
Eskildsen, Morten Ring
Faldt, Andre
Feidenhans'l, Robert
Flyvbjerg, Henrik
Frielinghaus, Henrich
Grage, Mette M.L
Hooker, Jacob
Hvilsted, Soren
Ish0y, Torben
Jensen, Torben Rene
Johannsen, 1b
J0rgensen, Mikkel
Kjser, Kristian
Kofod, Guggi
Krebs, Frederik
Lake, Bella
Larsen, Britt Hvolbask
Larsen, Niels B.
Lausen, Bo Wegge
Lebech, Bente
Lebech,Jens
Lefmann, Kim
Lindgard, Per-Anker
Madsen, Nils Berg
McMorrow, Des
Mortensen, Kell
Nielsen, Martin Meedom
Nielsen, Mourits
Pedersen, Jan Skov
Pedersen, Walther Batsberg
Rasmussen, Frank Berg
Rasmussen, Palle H.
Reynisson, Johannes
R0nnow, Henrik M.
Singh-Zocchi, Mukta
Sommer-Larsen, Peter
Svaneborg, Carsten
Thorn, Volkmar
Wilbrandt, Robert
Zhou, Ji
Astrand, Per-Olof
186

Direct phone
+45 4677 4741
+45 4677 4785
+45 4677 4728
+45 4677 4711
+45 4677 4726
+45 4677 4701
+45 4677 4782
+45 4677 4704
+45 4677 4713
+45 4677 4261
+45 4677 4708
+45 4677 4528
+45 4677 4779
+45 4677 4242
+45 4677 4748
+45 4677 4784
+45 4677 4720
+45 4677 4713
+45 4677 4747
+45 4677 4717
+45 4677 4709
+45 4677 4748
+45 4677 4261
+45 4677 4715
+45 4677 4712
+45 4677 4721
+45 4677 4261
+45 4677 4705
+45 4677 4761
+45 4677 4726
+45 4677 4706
+45 4677 4743
+45 4677 4723
+45 4677 4710
+45 4677 4741
+45 4677 4703
+45 4677 4718
+45 4677 4783
+45 4677 4722
+45 4677 4776
+45 4677 4205
+45 4677 4715
+45 4677 4720
+45 4677 4744
+45 4677 4722
+45 4677 4746
+45 4677 4248
+45 4677 4754
+45 4677 4712

Fax no.
+45 4677 4677 4790
+45 4677 4677 4791
+45 4677 4677 4790
+45 4677 4677 4790
+45 4677 4677 4790
+45 4677 4677 4790
+45 4677 4677 4791
+45 4677 4677 4790
+45 4677 4677 4790
+45 4677 4677 4791
+45 4677 4677 4790
+45 4677 4677 4790
+45 4677 4677 4791
+45 4677 4677 4202
+45 4677 4677 4791
+45 4677 4677 4791
+45 4677 4677 4790
+45 4677 4677 4790
+45 4677 4677 4791
+45 4677 4677 4791
+45 4677 4677 4790
+45 4677 4677 4791
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