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Abstract 
 
The Condensed Matter Physics and Chemistry Department is concerned with both fundamental and ap-
plied research into the physical and chemical properties of materials. The principal activities in the year 
1999 are presented in this progress report. 
 
The research in physics is concentrated on neutron and X-ray scattering techniques and the problems 
studied include two- and three-dimensional structures, magnetic ordering and spin dynamics, supercon-
ductivity, phase transitions and nano-scale structures. The research in chemistry includes chemical syn-
thesis and physico-chemical investigation of small molecules and polymers, with emphasis on polymers 
with new optical properties, block copolymers, surface-modified polymers and supramolecular struc-
tures. Theoretical work related to these problems is undertaken, including Monte Carlo simulation, com-
puter simulation of molecules and polymers and methods of data analysis. 
 
The readers are invited to contact the department or the authors of the individual contributions for more 
detailed information than can be given in this report. The postal address is: Condensed Matter Physics 
and Chemistry Department, Risø National Laboratory. P.O. Box 49, DK-4000 Roskilde, Denmark. E-
mail addresses may be found one the last pages of this report or under the titles of the contributions. 
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1. Introduction 
 
 
Department of Condensed Matter Physics and Chemistry 
Klaus Bechgaard 
klaus.bechgaard@risoe.dk http://www.risoe.dk/fys/department/introduction.htm 
 
The research activities of the department aim at creating an understanding of the relation be-
tween the atomic and molecular configuration of materials and their structural, magnetical, elec-
trical, optical, chemical or biological properties. In 1999 the activities were organised in three 
programmes: Macromolecular Materials Chemistry, Magnetism and Superconductivity and Sur-
faces and Interfaces.  
 
In addition the department is in charge of a special user programme at DR3 steady state reactor 
supported by the Commission of the European Community (CEC) Training and Mobility of Re-
searchers (TMR). 
 
Relevance 
The strategic goals of the department are identified along three main lines:  
The department shall act as a link for academic and industrial researchers to international re-
search at large facilities by providing internationally competitive neutron scattering facilities at 
DR3 and X-ray facilities at the synchroton at HASYLAB at Desy in Hamburg ,respectively. The 
specific research projects chosen fall within superconductivity, magnetism, polymer science and 
surface and interface science. 
 
The department shall engage strongly in The Danish Polymer Center with the Technical Univer-
sity of Denmark to provide danish industry and academia with a strong potential for internation-
ally competitive research and with well educated M.Sc. and Ph.D. 
 
The department shall identify and engage in the research areas of the future (ex. nanophysics 
and –chemistry and biophysics) by thriving on the competencies obtained in in the fields men-
tioned above. 
 
Dissemination of results 
The results of the department are typically published in international journals or in the form of 
reports to the relevant funding agency.  
 
During 1999 the departments researchers have participated in the filing of several patents, either 
as a result of ongoing collaborative programs or aimed at creating new business areas. 
  
In collaborative programs with industry and public research institutions the competence and in-
strumental facilities are typically shared between the partners. As an example the newly in-
stalled surface science facilities can be mentioned. Also the Polymer Center aims at creating na-
tional competencies and facilities. Both have resulted in new “customers” for the department. 
 
Several of the department’s projects are performed in collaboration with industrial partners ex-
ercising their influence on the project goals. 
 
The “industrial post-doc’s” with Danfoss A/S and Haldor Topsøe A/S within tribology and ca-
talysis have had a very strong influence on new ways of utilising the department’s expertise and 
facilities. 
 

mailto:klaus.bechgaard@risoe.dk
http://www.risoe.dk/fys/Department/introduction.htm
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Board members from Danish industry play an important role in the Danish Polymer Center and 
in DANSYNC when identifying research areas of relevance for Danish industry.  
 
Danish universities 
The department has a formalised collaboration with the Technical University of Denmark (The 
Polymer Center) and with The University of Copenhagen (Biophysics) and holds an external 
lectureship at the Ørsted Laboratory at University of Copenhagen. These collaborations have 
strong research and educational activities at the M.Sc. and at the Ph.D. level. 
 
Most of the department’s projects are in collaboration with partners at universities. 
 
The department hosts a large number of other M.Sc., Ph.D. students and post-docs in specific 
projects with universities and is an active partner at summer schools etc.  
 
Other Danish research institutions 
The department collaborates in smaller projects with other public Danish research institutions 
(ex. Mikroelektronik Centret and Danish Technological Institute) but has no formal collabora-
tion with the government research institutes. 
 
Foreign universities and research institutes 
The department’s achievements in research depend strongly on international collaboration with 
researchers at universities and public and private research institutes. The department hosts many 
foreign researchers and the staff often visits foreign laboratories and institutions. 
 
The visitors programme at DR3 is accommodating a very large number of foreign students dur-
ing their project periods. 
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2. Research Projects in the department 
 
The work is divided in the following subject categories: 

 
2.1.Theory 

 
2.2.Magnetism 

 
2.3.Superconducting materials and phenomena 

 
2.4.Structures and defects 

 
2.5.Structures and interfaces 

 
2.6.Langmuir films 

 
2.7.Microemulsions, surfactants and biological systems 

 
2.8.Polymers 

 
2.9.Organic chemistry 

 
2.10. Instrumentation 

 
2.11. Training and Mobility of Researchers - Access to Large Installations 
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2.1.  Theory 
 
2.1.1. Computer simulation of the phase diagram for the extended ASYNNNI model 
P.-A. Lindgård, N. H. Andersen, Condensed Matter Physics and Chemistry Department, Risø National 
Laboratory, Denmark and D. Mønster, UNI-C, Århus, Denmark 
e-mail: p.a.lindgard@risoe.dk http://www.risoe.dk/fys/Employee/peli.htm 
 
With the aim of getting a realistic calculation of the phase diagram for the oxygen ordering in 
YBa2Cu3O6+x we have studied the extended ASYNNNI model1. In addition to the usual interactions this 
model includes a next nearest neighbour interaction parameter, V5, which effectively represents the rele-
vant 2D Coulomb interactions with also more distant ions, while we have neglected the small 3D interac-
tion (i.e. V4=0). The detailed phase diagrams, shown for two values of V5 in the figures, reveal several 
features, which have been observed experimentally2, but previously not understood. We have found that 
the ordering vector q* for alignment of copper-oxide chains along the a-axis varies semi-continuously in 
regions denoted Q�  between the simpler commensurate ortho-II and –III structures. This is shown in the 
upper part of the figures for the lowest reduced temperature, T*�  kBT/|V1|, studied, T*=0.05, and at the 
onset of ordering, T*= TQ. A reasonable agreement between this and the prediction of a simple model3 
(dashed line) is obtained, however, we can support the underlying picture and several additional features 
are found. That is broad plateau-like peaks (the widths of which are indicated by vertical bars) and mixed 
phases (indicated by two q* points at one x and the dashed regions). The detailed features for x<0.4 have 
not been observed experimentally. The reason for this is not yet understood.   
 

  

                                                 
1 D. Mønster, P.-A. Lindgård and N. H. Andersen, Phys. Rev. B60, 110 (1999). 
2 N. H. Andersen et al., Physica C 317-318, 259 (1999), P. Schleger, P. A. Hadfield, H. Casalta, N. H. Andersen, H. F. Poulsen, 

M. von Zimmermann, J. R. Schneider, R. Liang, P. Vosanjh and W. N. Hardy, Phys. Rev. Lett. 74, 1446 (1995). 
3 A. G. Khatchaturian and J. W. Morris Jr.,  Phys. Rev. Lett. 64, 76 (1989). 

mailto:niels.hessel@risoe.dk
http://www.risoe.dk/fys/Employee/peli.htm
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2.1.2. Field dependence of the ����  resonance in high-Tc superconductors: An SO(5)-based predic-
tion  
H. M. Rønnow, Condensed Matter Physics and Chemistry Department, Risø National Labora-
tory, Denmark, N. A. Mortensen, Mikroelektronik Centret, Technical University of Denmark, 
Denmark, H. Bruus and P. Hedegård, Ørsted Laboratory, University of Copenhagen, Denmark 
e-mail: henrik.roennow@risoe.dk http://www.risoe.dk/fys/Employee/hero.htm 
 
The �  resonance observed at meV41��	  and Qq �
 )/,/( aa ��  in neutron scattering studies of 
YBa2Cu3O7 and Bi2Sr2CaCu2O8+�  hold a key position in the understanding of high-Tc superconductivity1. 
A number of different models have been proposed to explain the �  resonance2. In particular, Zhang2 was 
inspired by the existence of antiferromagnetic (AFM) fluctuations within the superconducting (SC) state 
to suggest a unified theory of antiferromagnetism and d-wave superconductivity. The SC order parame-
ter 51 innef i ��

 � and the AFM order parameter ),,( 432 nnn�m are embedded within the SO(5) order 

parameter ),,,,( 54321 nnnnn�n . Within the SO(5) space an effective Lagangian !!!! (n) can be constructed 
such that it describes the low energy physics of the t-J model. The �  resonance is directly present as fluc-
tuations into the AFM subspace around a direction in the SC plane. 

With the aim of making quantitative predictions that can provide experimental distinction be-
tween the different models, we have calculated the structure factor of the �  resonance in the presence of 
an applied magnetic field. In the SO(5) theory3, the magnetic field induced vortices are described by an 
order parameter, which for reasonably low fields within one unit cell of the vortex lattice is approxi-
mately given by ),sin)(,0),(,0,cos)(()( rr fmfn �� rrrr 
  where � r = arg(r) and f(r) = 1 except for close 
to the vortex core, where it vanishes on a length scale of � . The AFM order parameter  1/22 )1( fm �
 be-
comes non zero inside the vortex, but is irrelevant to the � -mode which is proportional to the SC order 
parameter: )0),exp(,cos)(,0,0,0(),( tiftn �	���� rr 
 . The dynamic structure factor is given by 

� � � ��		�����	 ��
 �� 2cos)(),(
2

)(2

R
R

RQq Rq feS i
in    (1) 

where the summation should run over one unit cell of the vortex lattice. As depicted in Fig. 1, the struc-
ture factor is distributed from the delta-function in zero field to a ring around Q of radius dq /�� 
 , 
where d is the vortex distance. This gives a B½ field dependence as shown in Fig. 2, which could be de-
tected as a broadening in q of a suitably optimised neutron scattering experiment. We conclude by point-
ing out that: In the presence of an applied magnetic field, the amplitude of the �  resonance is zero for 

),( ��
q ! 

  
Fig. 1. The dynamic structure factor at 	  = 	 �  as a function 
of q along the (� ,� ) - direction (for B = 10 T in 
YBa2Cu3O7). The insert shows the almost isotropic re-
sponse in the q-plane with the arrow indicating the (� ,� ) - 
direction. 

 Fig. 2. The ring radius as a function of the magnetic field 
B. The calculated splitting (� ) has the expected B½ behav-
iour. The numerical prefactor corresponds to a splitting of 
� q = � /d where d is the vortex distance. (Numerical val-
ues for YBa2Cu3O7 are used). 

 

                                                 
1 J. Rossat-Mignod, L. P. Regnault, C. Vettier, P. Bourges, P. Burlet, J. Rossy, J. Y. Henry and G. Lapertot, Physica C 185-189, 

86 (1991), H. F. Fong, P. Bourges, Y. Sidis, L. P. Regnault, A. Ivanov, G. D. Gu, N. Koshizuka and B. Keimer, Nature 398, 
588 (1999). 

2 S.-C. Zhang, Science 275, 1089 (1997), D. Z. Liu, Y. Zha and K. Levin, Phys. Rev. Lett. 75, 4130 (1995), I. I. Mazin, V. M. 
Yakovenko, Phys. Rev. Lett. 75, 4134 (1995). 
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2.1.3. Simulation of magnetic properties of small antiferromagnetic particles  
P.-A. Lindgård, Condensed Matter Physics and Chemistry Department, Risø National Laboratory, Den-
mark 
e-mail: p.a.lindgard@risoe.dk       http://www.risoe.dk/fys/Employee/peli.htm 
 
In the quest for optimal and smaller scale information storage materials, the magnetic media still play a 
dominant role. Only recently has antiferromagnetic small particles been investigated for this purpose. It 
turns out that for nano-size particles the resulting magnetic moment can be surprisingly large, probably 
due to uncompensated spins. It is this total moment, which is of interest in the information storage, and 
brings the particles into the realm of superparamagnetism. There exists a much larger number of anti-
ferromagnetic materials, than of ferro- or ferrimagnetic materials. It is therefore of interest to simulate 
the magnetic structure and the nature of the spin reversal in a magnetic field for small antiferromagnets. 
As a simple example a spherical cut NiO particle with 381 spins has been studied, as well as smaller 
ones. The structures is supposed to remain fcc, and the interaction constants J1 = 16K and J2 = -221K are 
known from spin wave measurements. The bulk structure is a simple type-II structure with ordering vec-
tor q = (1,1,1). Surprisingly, for small particles it is found that a 2-q structure with simultaneous ordering 
in q = (1,1,1) and q = (-1,1,1) is more stable, with moments (•—) pointing perpendicular to each other in 
two out of four sublattices. See the figure to the left (top, viewed along (1,1,1), below, only the middle 
plane), in agreement with a recent, different calculation1. However, even more surprisingly is that it is 
almost degenerate with a 4-q structure in which four out of eight sublattices can rotate essentially inde-
pendent of each other, see figure centre and to the right. This makes it possible that the superparamag-
netic relaxation, which in ferromagnets involves a rigid rotation of the particle spin, in antiferromagnets 
can involve partial rotations of the sublattices. 
 
Of course the fcc structure is known to be highly frustrated, and the nearest neighbour interaction is can-
celling for collinear spin arrangements. At higher temperatures a 'mean-field-like' compromise structure 
is found with about 60o relative angle between neighbouring spins. The problem with single and multiple 
q structure is familiar from the study of the nuclear magnetism in Cu2. Other materials, as hematite (� -
Fe2O3) and maghemite (� -Fe2O3), which have been investigated experimentally at Risø3, have more com-
plicated structures, but may therefore be simpler with respect to the frustration aspect. 
  
                  2-q 4-q                 4-q 
 

  
 

 

                                                 
1 R. H. Kodama and A. E. Berkowitz, Phys. Rev. B59, 6321 (1999). 
2 P.-A. Lindgård, Phys. Rev. Lett. 61, 629 (1988). 
3 M. F. Hansen, F. Bødker, S. Mørup, K. Lefmann, K. N. Clausen and P.-A. Lindgård, Phys. Rev. Lett. 79, 4910 (1997). 
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2.1.4. RLexact, a general program for exact diagonalisation of quantum spin systems 
K. Lefmann, Condensed Matter Physics and Chemistry Department, Risø National Laboratory, Denmark 
and C. Rischel, Department of Mathematics and Physics, Royal Veterinary and Agricultural University, 
Denmark. 
e-mail: kim.lefmann@risoe.dk http://www.risoe.dk/fys/Employee/kile.htm 
 
Few magnetic model systems have been solved quantum mechanically; even the solution of the nearest 
neighbour Heisenberg s = 1/2 chain takes a formidable effort. Thus one uses a number of approximate 
methods ranging from spin-wave theory to quantum field theoretical approaches. In this way, one may 
learn much about the essential physics of a system. For validating these calculations, one may use the 
method of exact diagonalization of finite-size spin clusters. By this method, quantum effects are incorpo-
rated, at the cost of introducing finite-size effects. These may be eliminated by finite-size scaling, obtain-
ing rather accurate information about a quantum spin system. 
The program RLexact performs exact diagonalisation of systems of interacting s = 1/2 spins. The crystal 
geometry and the spin interactions are determined from user input. Possible interactions terms are anisot-
ropic exchange (J x si

x sj
x + J y si

y sj
y+ J z si

z sj
z ), dipolar, and Zeeman terms. As the dimension of the quan-

tum mechanical subspace is (2s+1)N , the possible number of spins, N, is rather limited. This limit may be 
pushed somewhat by incorporating various symmetries of the Hamiltonian. RLexact supports geometri-
cal symmetries like rotation and translation, as well as time reversal ( si ����  - si ). It also utilizes good 
quantum numbers, like the magnetisation in the Heisenberg model. The diagonalization may be per-
formed by matrix methods, yielding information about all eigenstates, or by the Lanczos algorithm, ob-
taining the ground state and the lowest excited states. RLexact is able to calculate various observables of 
the system, like the energy, polarisation, and the static and dynamic structure factors. The program is 
rather versatile and has already been used for various purposes1. 
As an example, we show diagonalization results from the next-nearest neighbour Heisenberg model on 
the fcc lattice for N=32 for opposite signs of the two interaction constants, - J2 = J1 where the ground 
state structure is antiferromagnetic of type-I (ordering vectors Q={100}). At applied fields, a quantum 
driven transition has been predicted to occur at a magnetisation of m=0.41 from a spin-flop-like state to a 
state where three of each four spins point in the general direction of the magnetic field2, see Fig. 1. This 
effect has been investigated by calculating the longitudinal and transverse static structure factors, S zz(Q) 
and S xx(Q), of the classical model and compare with the RLexact data, see Fig. 2. The overall agreement 
is rather good, and the transition happens (within the resolution) at the correct value of m. The structure 
factors of the diagonalization data are somewhat too high. This effect is caused by the finite size of the 
spin cluster. 
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Fig. 1. Predicted structures of AF-I order on 
the fcc lattice at low m (A), at m=1/2 (B), and 
at large m (C).2  

Fig. 2. Longitudinal and transverse structure factors for the classical spin 
structure of Fig. 1 (small symbols) and for the quantum mechanical 
ground state found by diagonalisation (large symbols) as a function of 
magnetisation, m. Solid and dashed lines represent the sum of the two 
structure factors. 

 

                                                 
1 K. Lefmann and C. Rischel, Phys. Rev. B54, 6340-50 (1996); C. Rischel and K. Lefmann, J. Magn. Magn. Mat. 177-181, 775 

(1998); K. Lefmann, J. Ipsen and F. B. Rasmussen. To appear in Physica B. 
2 M. T. Heinilä and A. S. Oja, Phys. Rev. B48, 7227 (1993). 
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2.1.5. Mesoscopic simulation of polymers  
P. Sommer-Larsen and P.-O. Åstrand, Condensed Matter Physics and Chemistry Department, Risø Na-
tional Laboratory, Denmark  
e-mail: peter.sommer.larsen@risoe.dk http://www.risoe.dk/fys/Employee/pela.htm 
  
Mesoscale models represent matter using larger fundamental units than molecular models. For example, 
polymers are represented as connected beads on the mesoscale.  Simulations to determine structure, 
properties and dynamics of such models can be performed on today's UNIX workstations for systems 
containing ten thousands of beads and for long time scales. Typically, micrometer sized volumes are 
simulated for times exceeding microseconds. Mesoscale models link atomistic simulations with macro-
scopic simulations as illustrated in the table. 
 

Table 1. Scales of polymer models 
 

Model Atomistic Mesoscale Macroscopic 
Char. length  ~1nm (<< Rg)  ~50 nm (~Rg)   ~1 mm (>> Rg) 
Unit molecule bead / density finite element 
Times ns ms s 

 
Dissipative particle dynamics (DPD)1 is an off-lattice Flory-Huggins type model where polymers are de-
scribed as beads connected with springs. Particles follow Brownian motion but the method includes a 
dissipative term that conserves momentum. Thus, DPD preserves hydrodynamic interactions. This influ-
ences the dynamics of polymer solutions, hence the method results in a Zimm's like dynamics of poly-
mers. Also, the ability of the method to simulate (micro-) phase separation in multi-component systems 
is strongly enhanced compared to Brownian dynamics - a comparable method that does not preserve hy-
drodynamics. Hydrodynamic interactions are long ranged - following inverse distance dependence - al-
though they are mediated by short ranged forces. Effectively, the effects of a strong density up-
concentration of one component at one position in the system are mediated to the whole system and these 
areas develop in a correlated manner to form homogenous phases. In a model without long-ranged effec-
tive interaction, density fluctuations will have to diffuse randomly without the guaranty of ever forming a 
homogenous phase. 
Two examples are given below. Fig. 1 illustrates the up-concentration of a polymer surfactant on a wa-
ter-oil interface. Fig. 2 is a hexagonal phase of a block-copolymer formed after a short simulation. 
 

 

Fig. 1. 24.000 Particles. A polymer surfactant at an oil 
(brown particles)/ water (blue) interface. Hydrophilic head-
groups on the surfactant are red: 

 

Fig. 2. 8.000 Particles. Block-copolymer. Hexagonal phase 
formed after 10 minutes simulation starting from randomly 
distributed molecules. Simulation performed on an IBM 
RS6000 SP Power III computer. 

 

                                                 
1 R. D. Groot and P. B. Warren, J. Chem. Phys. 107, 4423 (1997). 
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2.1.6. Simple model for the anomalous large volume expansion of polypyrrole 
P.-A. Lindgård, Condensed Matter Physics and Chemistry Department, Risø National Laboratory, Den-
mark 
e-mail: p.a.lindgard@risoe.dk http://www.risoe.dk/fys/Employee/peli.htm 
 
Polypyrrole (PPy) is a conjugated polymer with large electrical conductivity. The conducting state de-
pends on the doping with the electrolyte anion, which is potential dependent. A PPy film can be switched 
reversible between a conducting (oxidised) and an insulating (reduced) state as a function of the poten-
tial. The large interest in PPy rest on the fact that the transition is accompanied by a change in linear di-
mension of about 3%. Hence it is a material of interest as a basis for micro actuators. Studies of PPy 
films using AFM technique1 disclosed surprisingly that the expansion perpendicular to the silicon wafer 
on which it was attached (presumably with a fixed basis) could be much larger, ~ 40%. This could make 
PPy even more interesting for actuator or artificial muscle applications.  
      
To offer an explanation for the large volume change a simple “sponge” model was proposed. Suppose a 
PPy film (as a result of the synthesis from a micellar suspension) is highly porous, which in fact would 
be helpful for increasing the mobility for the anions during the oxidation. Further suppose the voids in 
the reduced state are essentially collapsed in the film plane, with the walls of the voids being relatively 
flat and stiff. During the oxidation a small linear expansion of the walls of only 3% is then able to give a 
very large perpendicular (vertical) expansion. Take for simplicity an array of rhombohedral voids with 
side length .�  An extension %/ �
� ��  upon going to the oxydized state (during the applied potential 
of typically 1 V) would give a vertical high increase relative to ., �2/ �� ���  This means a 3% linear 
expansion may result in a 25% vertical expansion relative to ,�  and much more relative to the film 
thickness. As a test a simple 2D Monte Carlo simulation (corresponding to a vertical cut) was performed. 
The walls are stiff, but elastically compressible. By expanding the walls by 3% the network is allowed to 
relax by expanding outwards, whereas the base is fixed. The obtained expansion depends strongly in the 
aspect ratio of the rhombohedral diagonals. For the case shown below it was chosen as 1:10 in the re-
duced state of the film, shown as spheres. The expanded state is shown as the relaxed rhombohedral ar-
ray. The resulting vertical expansion relative to the height is 289\% in the middle of the film, whereas the 
corners behave differently (notice the different vertical and horizontal length scales). The resulting pro-
file is rather similar to that observed in the AFM experiment. It was found that if the aspect ratio was 
chosen too small (in order to get an even larger expansion) the opposite could happen, namely that the 
voids collapsed in some regions and eliminated a large-scale expansion.  
 
The sponge model offers an idea for obtaining large expansions by simple self-organized structures, here 
in the form of the array of flat voids on a mesoscale; even if it is not the full explanation of the observed 
polypyrrole behaviour, the model might be used to get yet higher performance. 
 
      

 

                                                 
1 E. Smela and N. Gadegaard, Adv. Mater. 11, 953 (1999). 
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1 S. Hvilsted, F. Andruzzi and P. S. Ramanujam, Optics Lett. 17, 1234, 1992; R. H. Berg, S. Hvilsted and P. S. Ramanujam, 

Nature 383, 505 (1996). 
2 K. L. Bak, H. Koch, J. Oddershede, O. Christiansen and S. P. A. Sauer, J. Chem. Phys. 112, 4173 (2000). 
3 P.-O. Åstrand, P. S. Ramanujam, S. Hvilsted, K. L. Bak and S. P. A. Sauer. J. Am. Chem. Soc. Accepted for publication. 

2.1.7. Tuning the laser wavelength in azobenzene-based data storage materials by ab initio 
quantum chemical calculations  
P.-O. Åstrand, S. Hvilsted, Condensed Matter Physics and Chemistry Department, Risø National 
Laboratory, Denmark, P. S. Ramanujam, Optics and Fluid Dynamics Department, Risø National 
Laboratory, Denmark, K. L. Bak, UNI-C, Århus, Denmark and S. P. A. Sauer, Chemistry Laboratory 
IV, University of Copenhagen, Denmark  
 e-mail: per-olof.aastrand@risoe.dk http://www.risoe.dk/fys/Employee/peas.htm
 
Azobenzene dyes linked to side-chains of polymers and oligomers have been exploited for storage of 
information in thin films of these materials. Fast optical recording in a permanent manner with high 
read-out efficiencies has been demonstrated and total erasure of the inscribed information as well as 
multiple reuse of the material have also been achieved.1 
Briefly, the principle of the storage process is that the trans-conformation of the azobenzene dyes (1) 
are excited from the electronic ground state into a singlet excited state by polarised light. In its excited 
state, the dye is isomerized to the cis-conformation, and then it relaxes back to the trans-conformation 
in a new arbitrary orientation. Since polarised light is employed, the dyes with a transition dipole mo-
ment orthogonal to the external field will not be excited. Thus, if the process is carried out repeatedly, 
the azobenzene dyes will be aligned. Another laser can be used to measure the diffraction pattern of 
the material, which will be different for the part of the material where the molecules are aligned. 
One crucial aspect of the process is the wavelength of the laser used to excite the azo dyes. The ��� �  
transition of the azobenzene molecule is located at 320 nm, but often it is preferred to use lasers with 
wavelengths in the red or infrared region (>600 nm) since cheap and compact semiconductor diode 
lasers are available in this region. For example, longer wavelengths can be achieved by modifying the 
functional groups, Rn, or by replacing one of the phenyl groups by for example a thiazole unit (2). 
Ab initio quantum chemical calculations are useful for designing molecular components at an atom-
istic scale. For small molecules, they provide high accuracy and furthermore, ab initio methods can be 
used for predictive purposes since they are non-empirical. We have used a recent version of the 
SOPPA method2 to calculate the excitation energies for various azobenzene dyes.3 Calculations on 
azobenzenes (1) have been compared to experimental data and an agreement within 15 nm was found. 
Here, some results are presented for the ��� �  transition of azo dyes with a thiazole unit (2). 
 

R1 R3 R4 ���� E (nm) 
H H H 351 

OH H H 359 
OCH3 H H 385 

OCH2CH3 H H 387 
NH2 H H 417 

N(CH3)2 H H 488 
NH2 CN H 455 
NH2 CH=CH2 H 437 
NH2 CH=C(CN)2 H 484 

 

NH2 CHO Cl 470 
 
First of all, the large impact of some of the functional groups is noted. If R1 is assumed to be con-
nected to the polymer side-chain, it is noted that –N(CH3)2 is the preferred choice over –OCH3. Obvi-
ously, many possibilities exist for R3 and R4 and further investigations are required, but it has been 
demonstrated that it is possible to tune the laser wavelength by ab initio calculations. It should, how-
ever, be noted that these calculations are computer demanding, and the capacity of current computers 
sets a limit for the size of the molecule. 

N
NR1

R2

(1)

N
NR1(2) N

S
R3

R4
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2.1.8. Optical properties of large molecules as calculated by an electrostatic interaction model 
L. Jensen, Chemistry Laboratory III, University of Copenhagen, Denmark P.-O. Åstrand, Condensed 
Matter Physics and Chemistry Department, Risø National Laboratory, Denmark, K.O. Sylvester-Hvid, 
Department of Electromagnetic Systems, Danish Technical University, Denmark and K.V. Mikkelsen, 
Chemistry Laboratory III, University of Copenhagen, Denmark  
e-mail: per-olof.aastrand@risoe.dk http://www.risoe.dk/fys/Employee/peas.htm 
 
Photonic and conducting devices based on organic and polymer materials are evidently becoming impor-
tant in information distribution where data is transferred by electromagnetic waves. Furthermore, the 
limit for increasing the density of transistors in traditional silicon-based electronic devices will be 
reached in a near future.1 
 
New organic functional materials are designed on an atomistic scale by modifying components at the 
molecular level. Ab initio quantum chemical methods would be an ideal tool for studying the electronic 
structure of molecules by theoretical means, but accurate quantum chemical calculations are restricted to 
rather small molecules.2 An alternative approach is to regard a molecule as consisting of a set of point 
polarizabilities that interact according to classical. This is the approach outlined here. 
 
It is well known that the molecular polarizability may be described by additive and transferable atomic 
polarizabilities and we have demonstrated that the frequency-dependent polarizability tensor of aromatic 
molecules can be calculated as a sum of atom-type polarizability tensor contributions.3 
 
In an interaction model, the molecule is regarded as consisting of a set of spherically symmetric po-
larizabilities that interact with each other according to classical electrostatics. We have parameterised 
such a model for the elements H, C, N, O, F, and Cl from quantum chemical calculations of the fre-
quency-dependent polarizability, � (	 ), for 115 aromatic and aliphatic molecules.4 Three parameters have 
been used for each element: the atomic polarizability, a parameter describing the damping of the electric 
fields which is due to that the electron distribution is smeared out, and a parameter modelling the fre-
quency-dependence in the region well below any electronic excitations. This model has been used to cal-
culate � (	 ) for carbon nanotubes.5 As seen in the figure, the interaction model gives the same trends for 
the static polarizability as quantum chemical methods. Furthermore, the strong frequency-dependence is 
noted and then especially along the tube. 

  
Static polarizability of (5,5) nanotubes as a function of the 
number of carbon atoms 

Frequency-dependent polarizability of the (5,5) nanotube 
with 110 atoms 

                                                 
1 P. Ball, Made to Measure. New Materials for the 21st century. Princeton University Press, Princeton, New Jersey, 1997; D. A. 

Muller et al, Nature, 399, 758 (1999). 
2 See e.g. 2.1.7. in this report. 
3 K. O. Sylvester-Hvid, P.-O. Åstrand, M. A. Ratner and K. V. Mikkelsen, J. Phys. Chem. A 103, 1818 (1999). 
4 L. Jensen, P.-O. Åstrand, K. O. Sylvester-Hvid and K. V. Mikkelsen, J. Phys. Chem A 104, 1563 (2000). 
5 L. Jensen, O. H. Schmidt, P.-O. Åstrand and K. V. Mikkelsen. Submitted to J. Phys. Chem. 
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2.1.9. Accurate intermolecular potentials: Bridging the gap between quantum chemistry and mo-
lecular simulations 
P.-O. Åstrand, Condensed Matter Physics and Chemistry Department, Risø National Laboratory, Den-
mark, O. Engkvist, J. Hevrovský Institute of Physical Chemistry, Academy of Sciences of the Czech Re-
public, Prague, Czech Republic, S. Brdarski and G. Karlström, Department of Theoretical Chemistry, 
University of Lund, Sweden 
 e-mail: per-olof.aastrand@risoe.dk http://www.risoe.dk/fys/Employee/peas.htm 
 
Forces between molecules govern the properties of condensed phases consisting of molecular entities 
such as liquids, solutions and molecular crystals. Thus, intermolecular interactions to a large extent de-
termine for example the properties of polymers in solution, the conformations of peptides and proteins, 
and interactions of molecules at surfaces. The molecular geometry and the electronic structure determine 
these forces, and that they can be calculated if the molecular wave functions are known. However, nor-
mally empirical force fields are adopted. They are parameterised from experimental data and can only be 
used to model systems at conditions similar to those for which the data used in the parameterisation 
process were obtained. Thus, they have in principle only a limited predictive capacity. 
 
We have developed a method termed NEMO for calculating force-field parameters based on quantum 
mechanical perturbation theory, and these parameters have been used in molecular dynamics simulations 
of liquids and solutions. The NEMO approach is thus an example of a bridge between a more detailed 
representation in terms of molecular wave functions and an averaged description of the electronic motion 
in terms of intermolecular potentials that can be used to model an assembly of many molecules. 
 
The NEMO approach serves as a platform for studies in various parts of condensed matter theory. So far, 
it has been used for studies of molecular clusters, interactions of molecules at surfaces, macroscopic 
properties of liquids and solutions, intramolecular interactions in flexible molecules, and solvent effects 
on molecular properties.1 Intermolecular potentials based on quantum chemical calculations are unbiased 
with respect to the experimental conditions and can thus be used for predictive studies at conditions 
where experiments are difficult to perform. 
 
Adopting perturbation theory for evaluating interaction parameters provides a second-order induction 
term that can be represented by atomic polarizabilities. Thus, the most important many-body interaction 
contributions have been included in a straightforward manner. Many-body interactions are important in 
inhomogeneous environments as for example interactions with charged species and interactions at sur-
faces. 
 
Recent developments of the NEMO approach include a new model for the repulsion energy. It implies 
that the expansion centres are not the same as the atomic centres, which has been implemented in the mo-
lecular simulation program MOLSIM.2 For small changes of the repulsion parameters of the water mole-
cule, it has been demonstrated that the structure and especially the dynamics of liquid water have been 
changed drastically.3 For example, the diffusion coefficient varies with more than a factor three for the 
different potentials. 
 
Furthermore, the importance of including electron correlation in the calculation of force fields has been 
considered.4 By including electron correlation, the molecular dipole moment is reduced and the molecu-
lar polarizability is increased, or in other words, the electrostatic energy decreases whereas the induction 
energy increases. These effects have been investigated for the formamide dimer and in molecular dynam-
ics simulations of liquid formamide. It is found that the energy minimum of the dimer is hardly affected 
by electron correlation whereas the total potential energy of liquid formamide is decreased drastically. 
The importance of including many-body effects is thus demonstrated. 

                                                 
1 O. Engkvist, P.-O. Åstrand and G. Karlström. Submitted to Chem. Rev. 
2 MOLSIM version 2.8, P. Linse, A. Wallqvist,  P.-O. Åstrand, T. M. Nymand and V. Lobaskin, Lund University (1999). 
3 S. Brdarski, P.-O. Åstrand and G. Karlström. Submitted to Chem. Phys. Lett. 
4 S. Brdarski, P.-O. Åstrand and G. Karlström. Submitted to Mol. Phys. 

mailto:per-olof.aastrand@risoe.dk
http://www.risoe.dk/fys/Employee/peas.htm


20   Risø-R-1156(EN) 

2.1.10. Molecular dynamics simulation of incoherent neutron scattering experiments of water near 
macromolecules 
T. M. Nymand, Department of Chemistry, Aarhus University, Denmark, P-O. Åstrand and P.-A. 
Lindgård, Condensed Matter Physics and Chemistry Department, Risø National Laboratory, Denmark 
e-mail: per-olof.aastrand@risoe.dk http://www.risoe.dk/fys/Employee/peas.htm 

   Macromolecule’s relation to water, the so-called hydrophilic or hydrophobic forces, is highly important 
in polymer science and biophysics, and yet very poorly understood. They are expected to play a domi-
nant role in protein folding, a project receiving the greatest attention and recently used to motivate the 
construction of the next 500-fold leap in supercomputer power.1 
   The ‘force’ is not a regular physical force, but predominantly given by a change in entropy in the inter-
phase. Describing it requires, hence, a detailed knowledge of the water dynamics around the macromole-
cule. Recently, the dynamics of the hydration shell around the plastocyanin protein has been elucidated 
in a combined experimental and simulation study of the incoherent part of the dynamical structure factor, 
Sinc(q,	 ).2  
   Water molecules in a hydration shell around a macromolecule are normally less mobile than water 
molecules in the bulk liquid. These ‘frozen’ water molecules might show the same behaviour as the su-
percooled bulk liquid. It is known that water itself has many anomalous properties, in particular the den-
sity maximum at 277 K and the many ice structures. By careful studies of liquid water in the supercooled 
region, which includes also studies of the dynamic structure factor, S(q,	 ),3 some of these anomalies 
have to some extent been explained. A good understanding of this region is a prerequisite for modelling 
interactions of water with other molecules. 
  Neutron scattering measurements of Sinc(q,	 ) provide information about the dynamics of hydrogen in 
the individual molecules in a sample, because of hydrogens large incoherent scattering length. The tech-
nique is especially suitable since it is possible to exchange a selected part of the hydrogens by deuteri-
ums, which have a small incoherent scattering length. 
   We have implemented the calculation of the corresponding time-correlation function, Sself(q,t), in the 
molecular dynamics simulation program MOLSIM.4 Initial simulations have been carried out for liquid 
water, and Sself(q,t) has been calculated for various temperatures and for different intermolecular poten-
tials. It is well established that none of the existing water potentials can describe liquid water over a wide 
temperature and pressure range, and the dynamics of a liquid, in particular, is much more sensitive to the 
potential than static properties.5  Some results of the simulations are presented. 
   The further aim is to model experiments where water interacts with other objects such as proteins and 
polymers. The method is suitable both for studying specific interactions, as in particular hydrogen bond-
ing, as well as entropy-driven processes, as for example interactions at a hydrophobic surface. 
 

 
 

Static structure factors Time-dependent structure factor for hydrogen. From top to 
bottom: q=0.4n Å-1, n=1,2,..,10 

 

                                                 
1 ”IBM promises scientists 500-fold leap in supercomputing power...”, Nature 402, 705 (1999). 
2 A. Paciarano, A. R. Bizzarri and S. Cannistraro, Phys. Rev. E57, R6277, 1998; 60, R2476, (1999). 
3 P. Gallo, F. Sciortino, P. Tartaglia and S.-H. Chen, Phys. Rev. Lett. 76, 2730 (1996); F. Sciortino, P. Gallo, P. Tartaglia and S.-

H. Chen, Phys. Rev. E54, 6331 (1996). 
4 MOLSIM 2.8, P. Linse, A. Wallqvist, P.-O. Åstrand, T. M. Nymand and V. Lobaskin, Lund University  (1999). 
5 O. Engkvist, P.-O. Åstrand and G. Karlström. Submitted to Chem. Rev. 
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2.1.11. Modelling scattering experiments of polymers by the Kratky-Porod model 
P.-O. Åstrand, J. S. Pedersen, Condensed Matter Physics and Chemistry Department, Risø National 
Laboratory, Denmark and M. Ballauff, Polymer-Institut, Universität Karlsruhe, Germany 
 e-mail: per-olof.aastrand@risoe.dk http://www.risoe.dk/fys/Employee/peas.htm 
 
 
Scattering methods like small-angle neutron scattering, small-angle X-ray scattering, and static light scat-
tering may provide a detailed characterisation of, for example, polymers in solution and worm-like mi-
celles. From a theoretical or modelling point of view, a polymer may be represented by a number of 
beads along the chain where the interaction potential between the beads is considered. Furthermore, an 
averaging is carried out over the solvent, which leads to modified interaction parameters. The interaction 
between two beads is often regarded as a Lennard-Jones potential, but it may be further approximated as 
excluded volume interactions or even totally neglected. 
In the Kratky-Porod model, the polymer is regarded as a continuously bent thread (worm-like chain) and 
it is characterised by the contour length, L, and the Kuhn length, b, where b describes the stiffness of the 
chain. For an infinitely thin chain (no interactions between the beads) analytical theories exist for the 
Kratky-Porod model. Monte Carlo simulations are useful to test various analytical theories and provide 
results that are comparable directly to experiments. In Monte Carlo simulations, a discretized form of the 
Kratky-Porod model is used. We have extended previous simulations1 of the scattering function of infi-
nitely thin Kratky-Porod chains. A detailed comparison of available analytical theories to simulation re-
sults has been carried out, and it is demonstrated that only a few of the analytical models can be applied 
for comparison to scattering experiments.2 
We have also considered birefringence experiments. The birefringence induced by magnetic fields (the 
Cotton-Mouton effect) probes the quantity 

�
�

�
 �
ji

ijCM
,

2

2
1cos3 �

 

in contrast to the radius of gyration, RG, that probes cos � ij . The Cotton-Mouton effect is sensitive to 
small deviations from a linear chain and should allow for the determination of the Kuhn length of stiff 
chains. Furthermore it has been argued that the CM is only to a small extent affected by excluded volume 
interactions. This ansatz has been tested by Monte Carlo simulations with and without excluded volume 
interactions and the results have been compared to an analytical expression for infinitely thin chains.3 
Results are shown in the figure for CM and RG, respectively. It is demonstrated that CM is insensitive to 
excluded volume interactions within the small statistical uncertainties of around 1%, whereas RG is 
clearly affected by excluded volume interactions. The analytic form is valid for continuous chains and 
the presented simulation have been performed for discretizations fine enough for not affecting the results. 
It is thus concluded that the Cotton-Mouton effect in principle is suitable for determining the Kuhn 
length of polymers. 

  
The Cotton-Mouton effect (left) and RG (right) as a function of x, where x=6L/b. 

 
                                                 
1 J. S. Pedersen and P. Schurtenberger, Macromolecules 29 7602 (1996). 
2 D. Pötschke, P. Hickl, M. Ballauff, P.-O. Åstrand and J. S. Pedersen, Macromol. Chem. Theory Simul. Accepted  for publica-

tion. 
3 M. Ballauff, P.-O. Åstrand and J. S. Pedersen. In preparation. 

mailto:per-olof.aastrand@risoe.dk
http://www.risoe.dk/fys/Employee/peas.htm


22   Risø-R-1156(EN) 

2.1.12. Lattice models for protein folding 
G. Tiana, Niels Bohr Institute and Condensed Matter Physics and Chemistry Department, Risø National 
Laboratory, Denmark and R. A. Broglia, Universita' di Milano, Milano, Italy and Niels Bohr Institute, 
University of Copenhagen, Denmark.  
e-mail: tiana@nbi.dk http://alf.nbi.dk/~tiana/ 
 
Protein conformamtions are characterized by an elevated degree of designability, that is the number of 
sequences which can fold fast on them. Making use of lattice models, this number could have been calcu-
lated only for sequences composed of two kinds of residues, sequences which display non-physical fea-
tures. In the case of realistic sequences made of twenty kinds of residues it is possible to give an estimate 
of proteins designability through the knowledge of their stability. This analysis permits not only to calcu-
late the approximate, in general very high degree of designability, by also to understand its physical ori-
gin. 
 
Furthermore, we investigate the energy landscape in the space of designed good-folder sequences. Low-
energy sequences form clusters, interconnected via neutral networks, in the space of sequences. Resi-
dues, which play a key role in the foldability of the chain and in the stability of the native state, are 
highly conserved, even among the chains belonging to different clusters. If, according to the interaction 
matrix, some strong attractive interactions are almost degenerate (i.e. they can be realized by more than 
one type of aminoacid contacts) sequence clusters group into a few super-clusters. Sequences belonging 
to different super-clusters are dissimilar, displaying very small (approx 10%) similarity, and residues in 
key-sites are, as a rule, not conserved. Similar behavior is observed in the analysis of real protein se-
quences. 
 
 
  
2.1.13. Secondary structures from hydrogen bonds in polymer folding 
J. Borg, Niels Bohr Institute and Condensed Matter Physics and Chemistry Department, Risø National 
Laboratory, University of Copenhagen, Denmark 
e-mail: borg@filine.nbi.dk http://alf.nbi.dk/~borg/ 
  
We introduce a new model for hydrogen bonds in polymer and protein folding. By considering polymers 
made of monomers which have both hydrogen acceptors and hydrogen donors in specific relative orien-
tations we demonstrate that these easily fold to secondary structures in the form of helices and sheets. 
 
This is quantified by a structure index, and is studied as function of relative strength between the stan-
dard Van der Walls interaction and the hydrogen binding. 
When these two interactions are of the same order a spin glass transition is observed at low temperatures. 
 
Furthermore, we have developed a new method to sample the space of conformations at very low tem-
peratures based on a combination of simulated tempering and histogram reweighting techniques. 
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2.2. Magnetisme 
 
2.2.1. Neutron scattering study of the field-induced soliton lattice in CuGeO3 
H. M. Rønnow, D. F. McMorrow, Condensed Matter Physics and Chemistry Department, Risø National 
Laboratory, Denmark, M. Enderle, Universität des Saarlandes, Germany, L. P. Regnault, CENG, Gre-
noble, France, G. Dhalenne and A. Revcolevschi, Université de Paris Sud, France, A. Hoser, K. Prokes, 
P. Vorderwisch and H. Schneider, BENSC, Berlin, Germany 
e-mail: henrik.roennow@risoe.dk http://www.risoe.dk/fys/Employee/hero.htm 
 
The spin-Peierls materials provide an interesting example of a non-trivial 
coherent quantum ground state. The magneto-elastic coupling to the 3D 
lattice allows an S=1/2 chain to form a non-magnetic ground state of di-
merized spin singlets. This is the case in CuGeO3, where below Tsp=14 K 
the S=1/2 Cu ions dimerize along the crystallographic c-direction, pro-
ducing satellite reflections at (1/2,1,1/2)-type reflections. Though most of 
the predictions for a spin-Peierls material have been verified experimen-
tal, the exact form of the microscopic model in terms of phonon-
interactions and second neighbour and inter-chain magnetic interactions1. 
 This makes it interesting to investigate the high-field phase, for 
which the predictions depend only on the spin-wave velocity vs and spin-
excitation gap � 0, both of which can be determined experimentally with-
out assumptions about the microscopic model. The high field phase at 
Hc=12.5 T is reached when the magnetic field becomes strong enough to 
break a dimer-bond. The two S=1/2 spins of a broken dimer will be 
smeared and repel each other to form an incommensurate soliton lattice.  
 At HMI, Germany, we have performed neutron scattering studies 
of the magnetic soliton structure in CuGeO3, using a 14.5 T cryomagnet. 
The incommensurability is in perfect agreement with the soliton theory2 
(Fig. 1). The occurrence of odd and even harmonics (Fig. 2) enabled us to 
test the analytic solution for the soliton structure (Fig. 3). The amplitudes 
mu=0.097(3) and ms=0.019(3) of respectively the uniform and the stag-
gered components agree with theory3. The rapid decrease of the soliton 
width �  just above Hc (insert of Fig. 1) is not contained in the theory, but 
the minimum value � ¨=9.2c is consistent with theory, and the slow in-
crease at higher fields has been observed in density matrix calculations4. 
 

Fig. 3. The magnetic soliton 
structure m(r) and structural 
distortion u(r). 

  
Fig. 1. The incommensurability � ksp compared to the predic-
tion from soliton theory. Insert shows the soliton width ob-
tained from the 3rd harmonics. 

Fig. 2. The odd harmonics around (1/2,1,1/2) at 0 T and 13 T, 
and the second harmonics (0,0,1+2� ksp) at 13 T and 14.5 T. 

                                                 
1 J. P. Boucher and L. P. Regnault, J. Phys. I France 6, 1939 (1996). 
2 A. I. Buzdin, M. L. Kulic and V. V. Tugushev, Solid State Comm. 48, 483 (1983). 
3 J. Zang, S. Chakravarty and A. R. Bishop, Phys. Rev. B55, R14705 (1997). 
4 G. S. Uhrig, F. Schönfeld and J. P. Boucher and M. Horvatic, Phys. Rev. B60, 9468 (1999). 
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2.2.2. Neutron scattering study of the excitation spectrum in the high-field phase of CuGeO3 
H. M. Rønnow and D. F. McMorrow, Condensed Matter Physics and Chemistry Department, Risø Na-
tional Laboratory, Denmark, M. Enderle, Univ. des Saarlandes, Germany, L. P. Regnault, CENG, Gre-
noble, France, G. Dhalenne and A. Revcolevschi, Univ. de Paris Sud, France, A. Hoser, K. Prokes, P. 
Vorderwisch, P. Smeibidl, M. Mei� ner and H. Schneider, BENSC, Berlin, Germany 
e-mail: des.mcmorrow@risoe.dk http://www.risoe.dk/fys/Employee/demc.htm 
 
We have recently determined the magnetic structure of the high-field 
phase in the spin-Peierls compound CuGeO3

1. For the static structure, we 
obtained good agreement with the prediction from soliton theory. This 
provides a good foundation for going beyond the current theoretical de-
velopment and investigates experimentally the excitation spectrum of the 
high field phase. 
 Inelastic neutron scattering measurements were performed at the 
V2 cold triple axis spectrometer at HMI, Germany. In the spin-Peierls 
phase, the first excited states are the triplet modes, which split by g� BH in 
an applied magnetic field2. The two lowest of these can be seen in Fig.1 
which also shows their disappearance at the critical field Hc=12.5 T. 
Above Hc , two new modes appear. The lowest increases slightly with 
field while the upper remains fairly constant at 1.6 meV. It has been ar-
gued that the high-field phase should host two modes corresponding to 
the flipping of a soliton3, but a quantitative treatment hereof remains. 
 As seen in the energy scan at 13 T (Fig. 2), there are in addition 
to the two resolutions limited modes a broad remainder of the middle trip-
let mode. At 14.5 T this remainder has almost completely disappeared. 
 Concomitant with the formation of a static magnetic structure, it 
is expected that there should be excitations that become soft at the in-
commensurate positions. Such an incommensurate excitation has been 
found and is shown in Fig. 3. While absent at the commensurate position 
(1/2,1,1/2), the mode develops to maximum intensity and minimum inten-
sity at the incommensurate position (1/2,1,1/2+� ksp). The incomplete sof-
tening is believed to be related to the inter-chain interactions and the stag-
gered g-tensor present in CuGeO3.  
 

Fig. 3. The low-energy incom-
mensurate mode at 
(1/2,1,1/2+� ksp). 

  
Fig. 1. Excitation spectrum at q=(1/2,1,1/2) as a function of 
the magnetic field. At Hc=12.5 T the triplet modes are re-
placed by two new modes. 

Fig. 2. The excitation spectrum at 13 T shows the two 
resolution limited modes. Above these peaks, the broad 
remainder of the middle triplet mode is visible.. 

 

                                                 
1 See 2.2.1. of this report. 
2 L. P. Regnault, M. Aïn, B. Henvien, G. Dhalenne and A. Revcolevschi, Phys. Rev. B53, 5579 (1996). 
3 G. S. Uhrig and F. Schönfeld and J. P. Boucher, Europhys. Lett. 41, 431 (1998). 
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2.2.3. Finite temperature excitation spectrum of the 2D S=1/2 Heisenberg antiferromagnet CFTD 
H. M. Rønnow, D. F. McMorrow, Condensed Matter Physics and Chemistry Department, Risø National 
Laboratory, Denmark, A. Harrison, Department of Chemistry, University of Edinburgh, UK, R. Coldea, 
T. G. Perring, ISIS, Rutherford Appleton Laboratory, UK and G. Aeppli, NEC, New Jersey, USA 
e-mail: henrik.roennow@risoe.dk http://www.risoe.dk/fys/Employee/hero.htm 
 
During the last ten years, considerable interest has been devoted to the 2D S=1/2 Heisenberg antiferro-
magnet on a square lattice (2DQHAFSL) with nearest neighbour coupling constant J. At zero tempera-
ture, the system exhibits long ranged order albeit with the size of the staggered moment reduced by quan-
tum fluctuations. At finite temperatures the system still show strong correlations characterised by a tem-
perature dependent correlation length � (T). In Cu(DCOO)2�4D2O (CFTD), which is a good physical re-
alisation of the 2DQHAFSL, we have recently measured � (T) for J/5<T<J and obtained good agreement 
with the joined prediction from analytic calculations in the limits of low and high temperatures and quan-
tum Monte Carlo calculations1. Also for higher values of the spin, a good understanding of the time in-
dependent properties like � (T) has been reached. 

It is therefore of great interest to look at the dynamic properties, where we sense a need for ex-
perimental data to stimulate a convergence of the theoretical results. Using the HET time of flight spec-
trometer at ISIS, UK, we have measured the excitation spectrum of CFTD for temperatures up to J/2. 
Below the 3D ordering temperature, we observe a resolution limited spin-wave dispersion (see Fig. 1), 
from which the coupling parameter J=6.3 meV can be extracted. An interesting feature is the energy dif-
ference at the two zone boundary points (0,� ) and (� /2,� /2). This effect is correctly explained in a series 
expansion around the Ising limit2 and is an example of a non-uniform quantum renormalisation beyond 
second order spin-wave theory. 

In the 2D phase (T > TN) the spin waves are damped due to scattering against other thermally ex-
cited spin waves and due to the limited extend,� (T), of the ordered regions. Being unable to address 
quantitatively the q-dependence of the spin-wave damping, � (T), we show in Fig. 2 the average values as 
a function of temperature. Our result is compared to a scaling prediction3 and quantum Monte Carlo re-
sults4 which are shown as areas bounded by the limiting q=(0,0) and q=(� /2,� /2) values. 

The good degree of consistency between the predictions and these first data provide promising 
prospects for further development of the understanding of the dynamics of the 2DQHAFSL based on a 
convergence of the analytical results, extended Monte Carlo calculations and better experiments probing 
also the q-dependence of the damping and the softening of the excitations spectrum. 
 

 
Fig. 1. Dispersion relation along two directions in reciprocal 
space. The zone boundary dispersion is due to quantum 
corrections.  

Fig. 2. Spin wave damping (� ) compared to scaling predic-
tion (light grey) and quantum Monte Carlo calculations (dark 
grey). 

 

                                                 
1 H. M. Rønnow, D. F. McMorrow and A. Harrison, Phys. Rev. Lett. 82, 3152 (1999). 
2 R. R. R. Singh and M. P. Gelfand, Phys. Rev. B52, R15695 (1995). 
3 S. Tyc, B. I. Halperin and S. Chakravarty, Phys. Rev. Lett. 62, 835 (1989). 
4 M. Makivic and M. Jarrell, Phys. Rev. Lett. 68, 1770 (1992). 
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2.2.4. Magnetic ordering in HoD2+x thin films 
E. J. Grier, S. Hemon, R. A. Cowley, R. C. C .Ward, M. R. Wells, Oxford Physics, UK, J. P. Goff, Uni-
versity of Liverpool, UK and H. M. Rønnow, Condensed Matter Physics and Chemistry Department, 
Risø National Laboratory, Denmark 
e-mail: henrik.roennow@risoe.dk http://www.risoe.dk/fys/Employee/hero.htm 
 
The rare-earth dideuterides adopt a simple crystal structure, the fcc fluorite structure, but they are 
found to exhibit surprisingly rich magnetic phase diagrams. Powder neutron diffraction studies of RD2 
systems with R = Tb, Dy, Ho and Er show that they order with incommensurate magnetic structures 
just below TN, before transforming at lower temperature to a commensurate structure with the low-
symmetry magnetic modulation vector ¼(113). In the case of HoD2 unusual short-range magnetic or-
der is observed above TN. The fluorites have a relatively open lattice and they are able to accommo-
date a large concentration of excess deuterium on the octahedral interstitial sites. At low temperatures 
these form ordered superstructures that radically alter the electronic and magnetic properties. 
In order to understand the rather complicated magnetism of these systems high-resolution single-
crystal magnetic diffraction techniques have some advantages over powder methods. For example, it is 
easier to determine the incommensurate ordering wave vectors, to distinguish between overlapping 
incommensurate and commensurate phases and the presence of short-range magnetic order, and to 
gain information on the magnetic correlation lengths. Single-crystal films of Ho have been grown 
using molecular beam epitaxy. The films are of modest thickness, about 5000 Å, and it is possible to 
form deuterides of controlled and uniform composition. The neutron magnetic diffraction was measu-
red using the triple-axis spectrometer TAS1. 
 
Figure 1 shows the magnetic scattering observed at T ~ 2 K close to ¼(331) in scans of wave-vector 
transfer along (h,h,h/3) for pure (x ~ 0) and hyperstoichiometric (x ~ 0.2) HoD2+x. For HoD2 it is pos-
sible to resolve a large incommensurate peak as well as a weaker commensurate contribution at 
(0.75,0.75,0.25). The relative proportion of the two components differs markedly from the bulk, which 
is predominantly in the commensurate phase at low temperature. The different behaviour in the thin 
film may be due to epitaxial strain. The addition of deuterium interstitials has a dramatic effect on the 
magnetic ordering for HoD2.2. The magnetic modulation wave vector changes, and the broadening of 
the diffraction peak suggests a decrease in the magnetic correlation length. 
 
 
 

h in (h,h,h/3)

0.70 0.72 0.74 0.76 0.78 0.80

In
te

ns
ity

 (a
rb

itr
ar

y 
sc

al
e)

0

50

100

150

h in (h,h,h/3)

0.70 0.72 0.74 0.76 0.78 0.80

In
te

ns
ity

 (a
rb

itr
ar

y 
sc

al
e)

20

40

60
HoD2+x

x ~ 0

HoD2+x

x ~ 0.2

 
 
Fig. 1.  Magnetic scattering close to ¼(331) at T=2 K for pure (x ~ 0) and hyperstoichiometric (x ~ 0.2) HoD2+x. 
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2.2.5. Magnetic ordering of TbRu2Si2 at low temperatures 
S. Kawano, Research Reactor Institute, Kyoto University, Osaka, Japan, B. Lebech, Condensed Matter 
Physics and Chemistry Department, Risø National Laboratory, Denmark, T. Shigeoka and N. Iwata, 
Faculty of Science, Yamaguchi University, Yamaguchi, Japan 
e-mail: bente.lebech@risoe.dk http://www.risoe.dk/fys/Employee/bele.htm 
 
The ternary rare-earth compound, TbRu2Si2 crystallises in the ThCr2Si2 type structure (I4/mmm). The 
compound shows various magnetic phenomena, such as successive magnetic transitions with temperature 
and multi-step metamagnetic transitions in applied magnetic fields. These transitions are caused by the 
competition between crystalline field effects and long-range RKKY exchange interactions1. Magnetic 
susceptibility and specific heat data have revealed three antiferromagnetic phases in zero magnetic field: 
with transition temperatures of TN = 56 K, T1 = 5 K and T2 = 4.22. The antiferromagnetic structure may be 
described by a fundamental propagation vector Q = (3/13 0 0). Odd harmonic satellites are observed at 
lines parallel to the basal plane reciprocal lattice vectors a* and b* in all ordered phases3. In the interme-
diate phase satellites on the h = 1, h = 1-3/13 and h = 3/13 lines4 are evidence of a two-dimensional mag-
netic modulation (see Fig. 1, left). 
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Fig. 1. Diffraction patterns from TbRu2Si2 obtained for scans parallel to the k� direction. In the left-hand panel for h = 3/13, 
1-3/13 and 1 at 4.25 K and 7.5 K and in the right hand panel for h=3/13 at 4.55 K and 1.8 K. 
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Figure 1 (right) shows similar diffraction patterns (with 
slightly reduced background) at lower temperatures. The 
scans are parallel to the k� direction for h = 3/13 along at 1.8 
K (low temperature phase) and 4.55 K (intermediate tem-
perature phase). The (3/13 3/13 0) reflection (A) in the in-
termediate phase splits at low temperature. In addition, the 
position of the (3/13 5/13 0) reflection shifts slightly. The 
temperature dependencies of these reflections are illustrated 
in Fig. 2. Although the diffraction patterns in the intermedi-
ate and low temperature phases have been known for some 
time, the detailed magnetic structures are still unclear. Sal-
gueiro da Silva et al.5 have proposed a magnetic modulation 
creating paramagnetic (1 0 0) planes for the high tempera-
ture phase of TbRu2Si2. This model neither compatible with 
the data shown in Figs. 1 and 2 nor with the well-known 
magnetic behaviour of Tb and other heavy rare earth metals. 
 

Fig. 2. Temperature dependence of the A and B 
satellites (T > 4.04 K) and A1, A2 and B1 satel-
lites (T < 3.52 K) shown in Fig. 1 (right). 

 

                                                 
1 A. Garnier, D. Gignoux, D. Schmitt and T. Shigeoka, Physica B 212, 343 (1995). 
2 T. Kawae, H. Sakita, M. Hitaka, K. Takeda, T. Shigeoka and N. Iwata, J. Magn. Magn. Mater. 177-178, 795 (1998). 
3 T. Shigeoka, M. Eguchi, S. Kawano and N. Iwata, Physica B 213 & 214, 315 (1995). 
4 S. Kawano, B. Lebech and T. Shigeoka, Risø-R-1014, 22 (1998). 
5 M. A. Salgueiro da Silva, J. B. Sousa, B. Chevalier, J. Etourneau, E. Gmelin and W. Schnelle, Phys. Rev. B52, 12846 (1995). 
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2.2.6. Magnetic fluctuations in maghemite nano-particles 
K. Lefmann, S. N. Klausen, K. N. Clausen and P.-A. Lindgård, Condensed Matter Physics and Chemis-
try Department, Risø National Laboratory, Denmark, F. Bødker, S. Mørup and M. F. Hansen, Depart-
ment of Physics, Technical University of Denmark, Denmark 
e-mail: stine.nyborg.klausen@risoe.dk http://www.risoe.dk/fys/Employee/stkl4768.htm 
 
From a fundamental point of view, magnetic nano-particles are interesting because several phenomena 
can be studied, e.g. reversal of magnetisation direction along an easy axis (superparamagnetic relaxa-
tion), transverse fluctuations of the magnetisation direction near an easy direction of magnetisation (col-
lective magnetic excitations), and ordering phenomena in systems of interacting particles. From a techno-
logical point of view, magnetic nano-particles are important because of their applications in e.g. mag-
netic storage media, ferrofluids, catalysts, and because of their possible medical applications as targetable 
drug delivering objects. Previously, we have presented the first neutron scattering measurements of mag-
netic fluctuations in nano-particles of hematite (� -Fe2O3).1 Both the superparamagnetic relaxation and 
the precession modes were observed. Also inelastic neutron diffraction on antiferromagnetic NiO and 
ferromagnetic � -Fe nano-particles have revealed magnetic dynamics.2 

Our present work concentrates on nano-particles of maghemite (� -Fe2O3), which in bulk form is 
a simple ferrimagnet. Our sample consists of 5 nm particles in the form of a coated powder, i.e. magnetic 
interactions between the particles are not expected. At the antiferromagnetic q-value, Q = 1.31 Å-1, we 
have observed a broad magnetic powder line. In applied magnetic fields 1-4 T at 300 K, we observe for 
the first time a clear signal from collective magnetic excitations, see fig. 1. At high fields, the position of 
the peaks is linear with field, as expected from freely precessing particle moments. A quasielastic signal 
is clearly observed rising between 10 and 100 K, being almost constant up to 300 K. The inelastic data, 
see fig. 2, can be fitted to a sum of a damped harmonic oscillator form expected for the precession mode 
and a Lorentzian for the quasielastic signal, all convoluted with the resolution function. 
 
 

 
 

Fig. 1. Inelastic neutron data for 
maghemite in an applied magnetic 
field of 1-4 T at a temperature of 300 
K shown on logarithmic scale.  

Fig. 2. Inelastic neutron data at 3 T on logarithmic scale. Each component of the fit 
is shown explicitly. The components are a damped harmonic oscillator contribution, 
a Lorentzian and the Gaussian central incoherent peak. For comparison a uniform 
background is added to all contributions. 

 
 

                                                 
1 M. F. Hansen, F. Bødker, S. Mørup, K. Lefmann, K. N. Clausen and P.-A. Lindgård, Phys. Rev. Lett. 79, 4910 (1997). 
2 K. Lefmann, B. Bødker, M. F. Hansen, H. Vázques, N. B. Christensen, P.-A. Lindgård, K. N. Clausen and S. Mørup, Europ. 

Phys. J. D 9, 491-494 (1999); M. F. Hansen, F. Bødker, S. Mørup, K. Lefmann, K. N. Clausen and P.-A. Lindgård,. To appear 
in J. Magn. Magn. Mat. (2000); H. Casalta, P. Schleger, C. Bellovard, M. Hennion, I. Mirebeau, G. Ehlers, B. Farago, J.-L. 
Dormann, M. Kelsch, M. Linde and F. Philipp., Phys. Rev. Lett. 82, 1301 (1999). 
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2.2.7. Small angle neutron scattering from cubic ���� -Fe nanoparticles 
L. Theil Kuhn1, K. Lefmann, J. S. Pedersen and K. N. Clausen, Condensed Matter Physics and Chemis-
try Department, Risø National Laboratory, Denmark 
e-mail: kim.lefmann@risoe.dk http://www.risoe.dk/fys/Employee/kile.htm 
 
We have calculated and measured the magnetic neutron scattering cross section for a powder of bcc Fe 
nanoparticles in the size range between perfect single domain and multi domain particles. Single particle 
magnetisation measurements have indicated the presence of a vortex like configuration of the spins in 
cubic Fe nanoparticles in this size range2. We have numerically evaluated the cross sections for the bcc 
structure and various magnetic configurations in a cubic Fe nanoparticle. Special for this system is the 
finite size of the nanoparticles, requiring modifications of the expressions for the scattering cross sections 
given in3. The model includes a powder average taking into account the random orientation of the nano-
particles in the sample. The effects of an oxide surface layer, a size distribution, and correlations between 
the nanoparticles are not included.  
The vortex like spin configuration is easily distinguishable from both the nuclear spectrum and the spec-
tra for an antiferromagnetic or ferromagnetic configuration. A characteristic feature is that it appears in 
the spectrum as a giant antiferromagnetic unit cell with twice the size of the nanoparticle. 
Small angle neutron scattering (SANS) is perfect for probing long wavelength magnetic order. The 
SANS experiments were performed at DR3 at Risø National Laboratory. We have performed the first 
SANS measurements on a powder of the cubic Fe nanoparticles. They are single crystalline and of cubic 
shape in the size range 5 nm to 50 nm. The nanoparticles were deposited in a per-deuterated branched 
hydro-carbon oil (PEP-D, synthesized for SANS by F. Krebs) in order to reduce interparticle correla-
tions. The SANS spectra were recorded at 2 K and with an external magnetic field of up to 4.7 T applied 
parallel to the neutron beam. 
The figures 1, 2 and 3 show the preliminary processing of the SANS data. The data recorded at 0 T has 
been subtracted from all the data sets, i.e. the figures show the change induced by spin order due to the 
applied magnetic field. For Q1=0.009 Å and Q2=0.05 Å corresponding to the characteristic lengths 
d1=2� /Q1=700 Å and d2=2� /Q2=126 Å we find a significant difference. In the predicted vortex configura-
tion, we expect the spins forming the vortex to gradually align with the field direction upon increasing 
field. This will reduce the SANS signal with applied field. The decrease and saturation of the signal at Q1 
shows this behaviour, but the magnitude of d1 shows that it is rather a vortex formed by several nanopar-
ticles, i.e. despite the presence of the oil, d1 is the magnetic length over which the nanoparticles are inter-
acting. The signal at Q2 is positioned at the correct value for a single particle vortex configuration, but 
the increasing signal with applied magnetic field shows that it is merely a gradual polarisation of the 
spins, i.e. d2 corresponds to the interparticle correlation distance. 
The Fe nanoparticles were produced in the hollow cathode sputter cluster source at the Ørsted Labora-
tory, Niels Bohr Institute fAPG, Denmark. 
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QFig. 1. The difference between SANS 
spectra at low fields and a reference 
spectrum at zero field, shown at low q. 

Fig. 2. The difference between SANS 
spectra at high fields and a reference 
spectrum at zero field, shown at low q.

Fig. 3. The difference between SANS 
spectra at high fields and a reference 
spectrum at zero field, shown at high q. 

 

                                                 
1 Present address: Lab. of Solid State Physics and Magnetism, Katholieke University, Leuven, Belgium. 
2 L. Theil Kuhn, Ph.D. thesis, University of Copenhagen (1999). 
3 G. L. Squires, Introduction to the theory of thermal neutron scattering, Cambridge University (1996). 
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2.2.8. Powder neutron diffraction studies of UAl3C3  
B. Lebech, Condensed Matter Physics and Chemistry Department, Risø National Laboratory, Denmark, 
A. P. Gonçalves, L. Pereira, M. Kuznietz1 and M. Almeida, Departamento de Quimica, Instituto Tec-
nólogico e Nuclear, Sacavém, Portugal 
e-mail: bente.lebech@risoe.dk http://www.risoe.dk/fys/Employee/bele.htm 
 
In an ongoing effort of synthesis and physical characterisation of new uranium-poor intermetallic phases, 
the ternary compound UAl3C3 has been prepared at Sacavém by arc melting the constituting elements 
under an argon atmosphere followed by long term annealing. The structural aspects of the compound was 
initially studied be Gesing et al.2 and recently detailed studies of the magnetic properties of UAl3C3 have 
been reported by A. P. Gonçalves et al.3.  
 
X-ray powder diffraction data obtained on selected single crystals confirmed the hexagonal ScAl3C3 
crystal structure1 with the U� atoms at the 2a sites, the Al1� , Al2�  and C2� atoms at 4f sites with z = 
0.1346, 0.75004 and 0.594, respectively and the C2� atoms at the 2c sites. For the compounds made in 
Sacavém the lattice parameters of the P63/mmc space group were a = 3.3884(8) Å and c = 17.406(4) Å3. 
Powder x-ray diffraction data indicated3 a well-characterised material with negligible amounts (up to 
7%) of secondary phases. However, it was concluded3 these secondary phases do not affect the magnetic 
properties because bulk magnetic measurements performed on samples with variable amounts of such 
phases led to similar results. The bulk data showed a transition at ~15 K to an antiferromagnetic phase at 
ambient applied magnetic field and a ferrimagnetic phase for fields above 1.6 T at the lowest tempera-
tures3. A neutron diffraction study was therefore initiated with the aim to study the low temperature 
magnetic order in UAl3C3. A sample produced at Sacavém was crushed to a powder immediately before 
being sealed in a vanadium container with helium exchange gas and used for neutron diffraction studies. 
Neutron diffraction data collected using an Orange cryostat at the TAS3/POW multi-detector powder 
diffractometer did not show any evidence of magnetic order down to 1.5 K. However, unfortunately the 
diffraction data revealed amounts of secondary phases which are larger than found in the previously in-
vestigated samples made at Sacavém. Figure 1 shows the observed and calculated diffraction pattern and 
their difference.  
 

100

1000

UAl3C3  FULLPROF FIT -- � fit = 2.4380 Å -- Ge/90/311 

 

IN
T

E
N

S
IT

Y
 (

c/
82

2 
s)

0 25 50 75 100 125
-400

0

400

 

 

SCATTERING ANGLE (degrees)

I ob
s-

I ca
lc

 

 
Fig. 1. Observed and calculated neu-
tron powder diffraction patterns of 
UAl3C3. The experimental data was 
obtained at ambient temperature and 
without cryostat. The solid curve in 
the upper panel is the result of a pro-
file refinement using FullProf.984. The 
model structure included UAl3C3 and 
seven secondary phases. However, not 
all observed Bragg peaks are ex-
plained by this model. The secondary 
phases are (in order of decreasing 
importance) graphite, UC, UC2, U2C3, 
Al4C3, UAl4, UAl3, UAl2 and Al. The 
vertical bars indicate the two-theta 
positions of the expected reflections 
for UAl3C3 and the most pronounced 
secondary phases, which are graphite, 
UC, UC2, UAl4 and UAl3. 

 

                                                 
1 On leave from the Nuclear Research Centre �  Negev, Beer Sheva, Israel. 
2 T.-M. Gesing, R. Pöttgen, W. Jeitchko and U. Wortmann, J. Alloys Compounds 186, 321 (1992). 
3 A. P. Gonçalves, L. Pereira, M. Kuznietz and M. Almeida,. In the ”Proceedings of the 29iemes Journées des Actinides, 14-17 

May 1999, Luso, Portugal (1999). 
4 J. Rodriguez- Carvajal, http://www-llb.cea.fr/fullweb/fullprof98/fp98.htm. 
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2.3. Superconducting materials and phenomena 
 
2.3.1. Anomalous tetragonal symmetry of a superconducting YBa2Cu3O6.62 single crystal:  
I: Magneto-optic studies of superconductivity 
T. Frello, N. H. Andersen, Condensed Matter Physics and Chemistry Department, Risø National Labora-
tory, Denmark, M. Baziljevich, T. H. Johansen, University of Oslo, Norway, R. Liang, P. Dosanjh and W. 
N. Hardy, The University of British Columbia, Vancouver, Canada 
e-mail: thomas.frello@risoe.dk http://www.risoe.dk/fys/Employee/thfr.htm 
 
For oxygen concentrations x>0.35 the high-Tc superconductor YBa2Cu3O6+x (YBCO) undergoes a transi-
tion from a tetragonal insulating to an orthorhombic superconducting state. During a systematic study of 
the orthorhombic phase diagram of YBCO a single crystal, prepared with oxygen composition  x=0.62, 
turned out to have an anomalous tetragonal symmetry (see Table 1)1. The oxygen concentration, x=0.62, 
was established by a high-precision gasvolumetric method, and another simultaneously prepared YBCO 
crystal was clearly orthorhombic. 
 

 This study Topnikov et al.2 x=0.62 (normal) x=0.30 (normal) 
a (Å) 3.8652 3.869 3.825 3.855 
b (Å) 3.8652 3.869 3.880 3.855 
c (Å) 11.7289 11.723 11.70 11.79 

 
Table 1. Lattice parameters for anomalous tetragonal x=0.62 YBCO samples compared to "normal" sample values. First 
and second columns are this study and Topnikov et al.2, respectively. Third and fourth columns are generally accepted 
values for orthorhombic YBCO with x=0.62 and for tetragonal YBCO with x=0.30. The latter data apply, if the crystal 
for some reason had not been properly oxidised. 

 
From AC susceptibility measurements it turned out that the tetragonal sample has two critical supercon-
ducting transition temperatures: a minor volume with Tc = 43K and a larger one with Tc = 27 K. To deter-
mine whether the crystal was bulk superconducting or if the superconductivity originates from a minor 
orthorhombic part of the crystal it was investigated by magneto-optical (MO) imaging. By this technique 
the magnetic field at the sample surface can be imaged, utilising the Faraday rotation in Bi-doped yttrium-
iron garnets. Due to the superconducting shielding currents there is a strong spatial modulation of the 
magnetic field distribution in and around a superconductor, and from this the path of the supercurrents can 
be determined. An example of a MO image is given in Fig. 1b. In a sample containing superconducting 
weak links the flux will first penetrate along the defects, and this is immediately seen as bright areas in the 
MO images. It is evident from Fig. 1b that the sample is bulk superconducting and that it is divided into 
three parts that shield off the applied field as separate domains. The elongated edge domain at the top has 
Tc = 43 K, the two larger domains have Tc =27 K, consistent with the AC susceptibility measurements. 
  

             
Fig. 1. Direct image a) and MO image b) of the tetragonal YBa2Cu3O6.62 crystal in a field of 10 mT at 17K. In b) bright and
dark areas correspond to high and low magnetic flux, respectively. The c-axis is normal to the plane.  

                                                 
1 More details of the tetragonal structure are presented section 2.3.2. of this report. 
2 V.N. Topnikov, V. I. Simonov, L. A. Muradyan, V. N. Molchanov, A. V. Zvarykina, V. N. Laukhin, L. P. Rozenberg, R. P. 
Shibaeva and É B Yagubskii 
JETP Lett. 46, 577 (1988). 
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2.3.2. Anomalous tetragonal symmetry of a superconducting YBa2Cu3O6.62 single crystal:  
II: Studies of the tetragonal structure 
T. Frello, N. H. Andersen, Condensed Matter Physics and Chemistry Department, Risø National Labora-
tory, Denmark, M. von Zimmermann, T. Niemöller, J. R. Schneider, HASYLAB at DESY, Germany, 
R. Liang, P. Dosanjh and W. N. Hardy, The University of British Columbia, Canada 
e-mail: thomas.frello@risoe.dk http://www.risoe.dk/fys/Employee/thfr.htm 
 
The different superconducting domains of the tetragonal YBa2Cu3O6.62 (YBCO) crystal, observed by 
magneto-optic technique,1 were studied in horizontal Laue geometry by hard x-ray diffraction at the 
BW5 beamline at HASYLAB, using a photon energy of 100 keV. A setup with optimum resolution was 
chosen. Perfect Si crystals were used as monochromator and analyzer. The Si (2 2 0) reflection was cho-
sen to investigate the (0 2 0) reflection of the tetragonal YBCO crystal, as there is a close lattice match 
for these reflections. Thus, we were close to the nondispersive setting that offers maximum resolution. 
According to Bouchard et al.2 in the non-dispersive setting we should be able to detect an orthorhombic 
splitting of � h �  10-5 Å-1 (� 0.05'') and � k �  1.4�10-4 Å-1 (� 0.55''). The size of the incoming beam was re-
duced to 0.4 �  0.4 mm2 by a slit and the crystal was mounted with the ab-plane horizontally in the scat-
tering plane. In this way we could probe the 27K domains and the 43K domain separately (see Ref. 1). 
Grid scans were performed for the (0 2 0) reflection, and the results are shown in Fig. 1.  
The peak shape was Lorentzian squared and the width of the 27K domain was � k = 4�10-4 Å-1 longitudi-
nally and � h = 4�10-4 Å-1 in the transverse direction. For the 43K domain � k = 7�10-4 Å-1 and � h = 8�10-4 
Å-1. For the 27K domains � k is essentially resolution limited, while � h is governed by the mosaicity. In 
comparison the 43K domain is broadened considerably, both transversely and longitudinally, which may 
be a sign of a very weak orthorhombic splitting. By orienting the sample with the ac-plane horizontally 
and scanning the sample itself through the monochromatic beam while monitoring the (2 0 0) reflection 
it became clear that near the center of the sample there was a local variation in the mosaicity distribution 
of 20'' in the ac-plane. Thus, the superconducting weak link boundary separating the two 27K domains 
seen in Fig. 1b of Ref. 1 is due to local variations in the mosaic distribution. 
Superconductivity in a tetragonal YBa2Cu2.862O6.62 crystal with Tc �  50K has been observed by Topnikov 
et al. (cf. Ref. 1). Their data compare well with ours but both data sets deviate significantly from the gen-
erally accepted values for the orthorhombic state with x = 0.62 as well as for the tetragonal underdoped 
one at x = 0.30. It is generally accepted that the Cu-O chain structures leading to the orthorhombic state 
are necessary for superconductivity. Despite careful search we have not been able to detect any ortho-
rhombic splitting beyond the broadening shown in Fig. 1b).  
 

 
 

Fig. 1. Grid scan of the (0 2 0) reflection for a) the 27K domain and b) the 43K edge domain. 
 

                                                 
1 The magneto-optic studies are presented in the section 2.3.2. of this report. 
2 R. Bouchard,  D. Hupfeld, T. Lippmann, J. Neufeind, H.-B. Neumann, H. F. Poulsen, U. Rütt, T. Schmidt, J. R. Schneider, 

J.  Süssenbach and M. von Zimmermann., J. Synchrotron Rad. 5, 90 (1998). 
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2.3.3. Charge density studies of YBa2Cu3O6.98 
T. Lippmann, GKSS, Geesthacht, Germany, N. H. Andersen, Condensed Matter Physics and Chemistry 
Department, Risø National Laboratory, Denmark, Th. Wolf, Forschungszentrum Karlsruhe, IPT, 
Karlsruhe, Germany and J. R. Schneider, HASYLAB at DESY, Hamburg, Germany 
e-mail: niels.hessel@risoe.dk http://www.risoe.dk/fys/Employee/nihe.htm 
 
X-ray and neutron diffraction has been extensively used for structural studies of the high-Tc 
superconductors, because the charge transfer leading to superconductivity depends strongly on details of 
the structural ordering. Thus, in YBa2Cu3O6+x the formation and ordering of copper-oxide chains on the 
Cu(1) and O(1) sites with depletion of the O(5) site l (see Fig. 1) lead to a weak orthorhombic distortion 
and charge transfer. So far focus has been on the atomic positions, and the charge transfer has been 
determined indirectly by bond valence calculations. Recently, it has been shown that x-ray 
crystallography using high energy (� 100keV) synchrotron radiation is an excellent method for charge 
density studies because absorption is negligible in most cases, and extinction is small. 1 
A high quality mono-domain single crystal (slice: � 0.2� 0.15� 0.03 mm3) of YBa2Cu3O6.98

 has been inves-
tigated on the Triple-Axis Diffractometer at beam-line BW5, and 2052 reflections were recorded in two 
octants. After Lorentz- and polarisation corrections the data were averaged to 1026 unique reflections 
with internal consistency of Rint = 0.0064. An absorption correction was tested but gave no significant 
changes of the refined data. Conventional refinements of atomic positions (i.e. the z-coordinates) were 
carried out with spherical charge distributions and anisotropic displacement factors. Anisotropic extinc-
tion corrections were included but gave no significant changes (Yext = 0.96 for the strongest reflection). 
The oxygen occupancy numbers and the z-coordinates were found in close agreement with expectations 
for a fully oxygenated crystal, and with results obtained from neutron diffraction, 2but the anisotropic 
displacement factors deviate somewhat. However, the neutron data were measured on a significantly lar-
ger twinned crystal, which impose constraints in the refinements that are not necessary in the analysis of 
the synchrotron data.  
 
Although the agreement index (R(F) = 0.0072) indicates that the data are well refined, the residual den-
sity maps show additional features that are not properly described by the spherical atom model. Hence 
refinements with multipole expansion of the charge distributions were carried out. Fig. 1 shows the de-
formation density maps, i.e. the aspherical part of the charge distributions,3,4 in the x-y-planes at z=0 
(left) and  z=0.366 (right). No significant charge density was found at the O(5) positions. Surprisingly we 
find that the density at the O(3) site shows considerable deformation whereas the O(2) distribution is 
nearly spherically. The high quality of the agreement index (R(F)=0.0049) and low residual density maps 
show the high quality of our experimental data and the model. Negative lobes, found in all the contour 
maps between neighbouring ions, indicate charge depletion, i.e. mainly ionic bonding.  Further refine-
ments and topological analyses are currently in progress. 
 

 
Fig. 1. Charge deformation density 
map in the x-y-plane at left:  z=0 (the 
basal plane), and right: at z=0.366 (a 
cut between oxygen and copper in the 
superconducting plane). Contours are 
at every 0.2 eÅ3. Full and dashed lines 
indicate additional and reduced elec-
tron densities compared to the spheri-
cal distributions, respectively. 

                                                 
1 T. Lippmann and J. R. Schneider, J. Appl. Cryst. 55 (1999). In the press. 
2 H. Casalta P. Schleger, P. Harris, B. Lebech, N. H. Andersen, R. Liang, P. Dosanjh amd W. Hardy, Physica C 258, 321 (1996). 
3 R. F. Stewart and M .A. Spackman, VALRAY Users Manual, Carnegie-Mellon Univ. Pittsburg, USA (1993). 
4 XD Users Manual, Berlin (1999). 

mailto:niels.hessel@risoe.dk
http://www.risoe.dk/fys/Employee/nihe.htm


34  Risø-R-1156(EN) 

2.3.4. Spin dynamics of PrBa2Cu3O6.2 
S. J. S. Lister, A. T. Boothroyd, Department of Physics, Oxford University, Oxford, UK,  
B. H. Larsen, N. H. Andersen, Condensed Matter Physics and Chemistry Department, Risø National 
Laboratory, Denmark, A. A. Zhokhov, Russian Academy of Sciences, Institute of Solid State Physics, 
Russia, A. N. Christensen, University of Aarhus, Denmark and A. Wildes, Institut Laue Langevin, Gre-
noble, France 
e-mail:  britt.h.larsen@risoe.dk http://www.risoe.dk/fys/Employee/brla.htm 
 
One of the outstanding problems associated with the layered cuprate superconductors is to explain the 
absence of superconductivity in PrBa2Cu3O6+x.  Substitution of Pr for Y in YBa2Cu3O6+x evidently has a 
strong effect on the charge carriers, and Pr 4f – O 2p hybridisation is likely to be important.  Such 
changes will influence the magnetic couplings within the Pr and Cu sublattices, and so studies of the 
magnetic structure and dynamics may lead us to a better understanding of the electronic structure. 
Diffraction experiments at Risø and at synchrotron x-ray sources have revealed a complex magnetic be-
haviour when the Pr and Cu sublattices order concurrently below TPr = 10 – 20 K. This phase is charac-
terised by an incommensurate ordering vector1,2 and a non-collinear arrangement of Cu spins3. Following 
these findings we embarked on a study of the magnetic dynamics in a single crystal of PrBa2Cu3O6.2. 
Measurements of the low energy (<10 meV) excitations were made on the TAS 6 (RITA) spectrometer at 
Risø, and these data were extended up to 90 meV on the IN8 spectrometer at the Institut Laue Langevin. 
The simplest view of the excitation spectrum is one of localized Pr crystal field excitations and highly 
dispersive Cu spin waves. On more careful inspection, however, we find clear evidence in the spectrum 
for both Pr–Pr and Pr–Cu coupling. On RITA we studied in detail a peak centered at 1.7 meV. Fig. 1 
shows the q dependence of the peak energy and intensity in the (h, 0, 0) direction4. There is a weak dis-
persion both in the energy and intensity, and evidence for a more rapid variation near h = 0.5 and 1.5.  
We have modeled the excitations using a pseudo-boson method, and the lines in Fig. 1.1 represent the 
calculated results for the lowest energy Pr excitation.  The agreement is generally good, and we believe 
that the deviations near h = 0.5 and 1.5 are due to mixing of the Pr and Cu excitations which was ne-
glected in the calculation.  Measurements of the Cu antiferromagnetic spin waves on IN8 revealed one 
striking difference to those of YBa2Cu3O6. We found that the optic mode gap at q = (� ,� ) was ~52 meV, 
corresponding to an interplanar exchange a factor of 2 smaller than in YBa2Cu3O6. This surprising result, 
together with the other exchange constants derived from our model, needs to be analysed in connection 
with models for the electronic structure of PrBa2Cu3O6+x. 
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Fig. 1. q variation in the (h, 0, 0) 
direction of the 1.7 meV peak in 
PrBa2Cu3O6.2. This mode is essen-
tially a magnetic excitation of the Pr 
ions. The observed dispersion reflects 
a small Pr–Pr exchange coupling. 

                                                 
1 J. P. Hill, A. T. Boothroyd, N. H. Andersen, E. Brecht and Th. Wolf,  Phys. Rev. B58  11211 (1998). 
2 A. T. Boothroyd, J. P. Hill, D. F. McMorrow, N. H. Andersen, A. Stunault, C. Vittier  and Th. Wolf,  Physica C 317–318, 292 

(1999). 
3 A. T. Boothroyd, A. Longmore, N. H. Andersen, E. Brecht and Th. Wolf,  Phys. Rev. Lett. 78 , 130 (1997). 
4 S. J. S. Lister, A. T. Boothroyd, N. H. Andersen, A. A. Zhokhov, A. N. Christensen and Th. Wolf,  Physica C 317–318, 572 

(1999). 
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2.3.5. Two coexisting oxygen configurations in non-superconducting NdBa2Cu3O6.5 
T. Frello and N. H. Andersen, Condensed Matter Physics and Chemistry Department, Risø National 
Laboratory, Denmark  
e-mail: thomas.frello@risoe.dk http://www.risoe.dk/fys/Employee/thfr.htm 
 
A new type of oxygen ordering was found by hard x-ray diffraction in non-superconducting tetragonal 
NdBa2Cu3O6.5. The experimental results and a discussion of the influence of oxygen ordering on the su-
perconducting properties are mentioned in Ref.1. It was found experimentally that the superstructure 
peaks are described by three ordering vectors Q1=� (½ ½ ½), Q2=� (¼ ¾  n/2) and Q3=� (¼ ¼  n/2) with n 
integer. Unlike the orthorhombic oxygen superstructures in YBa2Cu3O6.5 no reflections were found along 
the principal axes. The smallest unit cell describing the superstructure reflections is of the type 
2� 2a� 2� 2b� 2c. This unit cell is rotated 45�  with respect to the basal unit cell, it contains two basal 
planes and has 32 available oxygen sites. Assuming an oxygen occupancy of exactly x=0.5 each plane in 
the superstructure unit cell will be occupied by four oxygen atoms, in total eight oxygen atoms. From 
symmetry considerations we can define that the first site in the first plane is always occupied. This gives 
455 possible combinations in the first plane of the unit cell and 1820 in the second, in total 828100 con-
figurations. The limited number of combinations makes is feasible to systematically calculate the scatter-
ing structure factor for all the oxygen configurations and discard any configuration not complying with 
the experimentally observed diffraction pattern. Discarding all combinations that give reflections on the 
principal axes we find that there exist no single oxygen configuration that can give different l dependen-
cies for ordering vectors Q1 and Q2,Q3, meaning that there is more than one single oxygen configuration 
present in the sample. We also find that no configuration can give the Q3 reflections alone, thus, the Q2 
and Q3 ordering vectors are locked to each other. Taking this into account we find that only two unique 
oxygen configurations (shown in Fig. 1) exist that in combination give the right diffraction pattern. Both 
configurations are unlikely to lead to any charge transfer as no chains longer than two consecutive oxy-
gen atoms are formed. This explains the suppression of superconductivity at x=0.5 for NdBa2Cu3Ox. 
 

 
 
Fig. 1. The two coexisting oxygen configurations in NdBa2Cu3O6.5. Small filled circles are Cu atoms, large circles are occupied 
oxygen sites. Open and filled circles are shifted along the c-axis by one unit cell with respect to each other. The Q1 ordering 
vector arise from the configuration shown in a) and the alternate stacking of the “ragged stripes” (filled circles) and “small 
squares” (open circles) configurations shown in b) gives the Q2 and Q3 vectors, respectively. Solid lines indicate the superstruc-
ture unit cell in the ab-plane. For a) the cell can be subdivided further as indicated by the dashed lines. 
 

                                                 
1 Risø-R-1014(EN). Editors M. Nielsen, K. Bechgaard, K.N. Clausen, R. Feidenhans’l and I. Johansen, 42 (1998). 
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2.3.6. Flux line lattice reorientation transition in LuNi2B2C with H || a  
M. R. Eskildsen1, A. B. Abrahamsen, N. H. Andersen, K. Mortensen, Condensed Matter Physics and 
Chemistry Department, Risø National Laboratory, Denmark, D. Lopez, P. L. Gammel, D. J. Bishop, Bell 
Laboratories, Lucent Technologies, New Jersey, USA and P. C. Canfield, Ames Laboratory and Iowa 
State University, Ames, Iowa, USA 
e-mail: morten.eskildsen@physics.unige.ch  http://www.risoe.dk/fys/Employee/moes.htm 
  
Using small angle neutron scattering we have studied the magnetic flux line lattice (FLL) in LuNi2B2C 
induced by an applied magnetic field along the crystalline a-axis. For this field direction we observe a 
first order reorientation transition of the flux line lattice at 3 kOe. At fields below the transition the flux 
line lattice is aligned with the nearest neighbour direction parallel to the crystalline b-axis, and above the 
transition it is parallel to the c-axis. For both orientations the flux line lattice is found to be hexago-
nal, slightly distorted by the ac-anisotropy in LuNi2B2C. The reorientation transition is found to be 
largely independent of temperature. These results are in disagreement with the currently accepted model 
for the FLL symmetry and orientation. 

 
Fig. 1. False color images of the FLL diffrac-
tion patterns in   LuNi2B2C at 2 K and 3 dif-
ferent fields. 

In Fig. 1. we show FLL diffraction patterns obtained at 2 K for 
three values of applied field going from 2 to 3.5 kOe. The data 
are obtained by a summation of a full rocking curve, rotating 
the sample around the vertical axis. This figure shows the FLL 
undergoing a transition between two discrete orientations. In 
both cases the FLL is hexagonal only slightly distorted by the 
effective mass anisotropy in the plane perpendicular to the 
field. The orientation of the FLL with respect to the crystalline 
axes is shown in the middle panel, where one must remember 
that the FLL in real and reciprocal space is related by a simple 
90o rotation. Hence, at low fields the FLL is oriented with the 
nearest neighbour direction parallel to the crystalline b-axis, 
and at high fields with the nearest neighbour direction parallel 
to the c-direction. The diffraction pattern at 3.1 kOe shows 
clearly resolved domains of the two FLL orientations coexist-
ing, proving that the reorientation does not proceed continu-
ously but is in fact a first order transition. Taking the exact 
transition field to be where the ratio between the reflectivity of 
the two domain orientations is equal to one, we find Htrans. = 
2.95 kOe at 2 K.  
Measurements at higher temperatures, although less detailed, 
revealed that the reorientation was nearly independent of T,  
with a possible small upwards shift before reaching Hc2.  
Using non-local corrections to the London model and incorpo-
rating the symmetry of the screening current plane obtained 
from band structure calculations, V. G. Kogan et al. were able 
to describe the smooth FLL square to hexagonal symmetry 
transition found in the borocarbides for H || c1. In the present 
geometry with H || a, the model predicts a qualitative similar 
behaviour, with a slight shift in the transition field and a dis-
tortion of the FLL due to the effective mass anisotropy in the 
ac-plane. It is therefore clear that the results reported above 
are not contained in the Kogan mode, and at present it is not 
possible to argue what mechanisms drives this new FLL reori-
entation transition. 

                                                 
1 Present address: Département de Physique de la Matière Condensée, Université de Genève, 24 Quai E.-Ansermet, CH-1211 

Genève 4, Schwitzerland 
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2.3.7. Magnetic structures in the superconducting state of TmNi2B2C 
K. Nørgaard, M. R. Eskildsen, N. H. Andersen, K. Lefmann, Condensed Matter Physics and Chemistry 
Department, Risø National Laboratory, Denmark, S. N. Klausen, J. Jensen, P. Hedegård, Ørsted Labora-
tory, Niels Bohr Institute fAPG, Denmark and P. C. Canfield, Ames National Laboratory and Iowa State 
University, USA 
e-mail: katrine.noergaard@riso.dk http://www.risoe.dk/fys/Employee/moes.htm 
 
TmNi2B2C is a superconductor, with Tc = 11 K, and Tm3+ is magnetically ordered, with a long wave-
length antiferromagnetic spin density wave, QF = (0.094,0.094,0) below TN = 1.5 K. This long wave-
length structure is unique among the borocarbides, and one question that immediately arises and which 
we believe is important for the understanding of the interaction between magnetism and superconductiv-
ity, is why it is found only in TmNi2B2C. Our assumption was that it was induced by the superconducting 
state which, compared to the magnetic state (Tc/TN ~7), is particularly strong in TmNi2B2C. The idea of 
the experiment was to study the magnetic order of TmNi2B2C when superconductivity is suppressed, 
which is possible because the magnetic system is Ising like with alignment along the c-axis. The critical 
in-plane field of the magnetic system is 3.3 T, while the superconducting critical field is only 2 T. Hence, 
we are able to suppress superconductivity while the Ising-like magnetic system remains ordered when 
applying an in-plane magnetic field.  
At a magnetic field of approx. 1 T in the a-direction, a new antiferromagnetic structure emerges with a 
scattering vector of QA = (0.48,0,0), see the insert in figure 1. In figure 1 is shown the intensity of the QA 
peak versus temperature at different fields. At low temperatures the intensity is saturated, between 0.5-2 
K it decreases linearly, but at app. 2 K is rounds of, and has a low intensity tail at temperatures as high as 
6 K. The origin of this low intensity tail is unknown. Figure 2 summarises the experimental data, and 
shows a phase diagram calculated theoretically. The calculations show that two effects are important: A 
suppression of the ferromagnetic component of the RKKY interaction due to the superconducting phase, 
and a reduction of the superconducting condensation energy due to the periodic modulation at the wave 
vector QA: the superzone effect. 
 

 

Fig. 1. Normalised integrated intensities versus temperature of 
the field-induced magnetic peaks at 1.2 T (! ), 1.4 T (" ) and 1.8 
T (#). The linear fit to the 1.8 T data shows the determination 
of TN(B). Inset: Scan along the [h00] direction at 100 mK and 
1.8 T, showing the field-induced satellite peaks at QA = 
(0.48,0,0) around the (000) and (200) nuclear reflections. The 
peak intensity of the (200) reflection is 800. 
 

                                                                                                                                                            
1 V. G. Kogan, M. Bullock, B. Harmon, P. Miranovi$, Lj. Dobrosavljevi$-Gruji$, P. L. Gammel and D. J. Bishop, Phys. Rev. 

B55, R8693 (1997). 
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Fig. 2. Experimental and theoretical phase diagram of 
TmNi2B2C in a magnetic field along [100]. The medium-grey 
area denotes the region where both the QA and the QF reflec-
tions are present. In the dark-grey area only the QA reflections 
were observed, up to the maximum field of 1.8 T. The light-
grey area denotes the region where the long tail of low intensity 
scattering at QA is observed. The squares denote the extrapo-
lated phase boundary between the QA phase and the paramag-
netic one, TN(B). The circles denote the upper critical field 
determined by transport measurements1. The solid lines are the 
theoretical phase boundaries. The dashed line is the calculated 
Néel temperature of the QA phase had the metal stayed in the 
normal state. The thin line labelled B0

c2(T) is the estimated 
upper critical field if the magnetic subsystem is neglected. 

                                                 
1 D. G. Naugle, K. D. D. Rathnayaka, K. Clark and P. C. Canfield, Int. J. Mod. Phys. B. Submitted for publication. 
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2.3.8. Characterisation of BiSCCO/Ag superconducting tapes 
L. G. Andersen, J.-C. Grivel, H. F. Poulsen, Materials Research Department, Risø National Laboratory, 
Denmark, A. B. Abrahamsen, B. H. Larsen, B. A. Jacobsen, N. H. Andersen, Condensed Matter Physics 
and Chemistry Department, Risø National Laboratory, Denmark, T. Tschentscher and L. Wcislak, HA-
SYLAB at DESY, Hamburg, Germany 
e-mail: niels.hessel@risoe.dk http://www.risoe.dk/fys/Employee/nihe.htm 
 
In collaboration with Nordic Superconducting Technologies and the Technical University in Denmark, 
Risø is pursuing the development of multifilament superconducting tapes. These contain a precursor 
powder within an Ag sheet, which by annealing is converted to (Bi,Pb)2Sr2Ca2Cu3Ox (2223). During the 
last 4 years we have investigated ~500 tapes with 80-100 keV x-rays at the BW5 beamline at HASY-
LAB. Uniquely, the hard x-rays penetrate the Silver, allowing in-situ structural characterisation during 
annealing (1-3 days). Using a CCD the variations in texture, phase composition and stoichiometry is 
monitored with a time resolution of 1-5 minutes1. In 1999 focus was on the phase and texture develop-
ment in 8% oxygen, the generation of the 3321 phase during cooling, the role of filament geometry and 
the use of additives such as CaF2 for increasing the flux pinning properties. 
 
A summary of the project includes 1) Models for the texturing taking place (grain growth caused by the 
instability of Pb-rich 2212 and governed by filament geometry)2,3, for the phase conversion to 2223 (fast 
and non-simultaneous nucleation and growth)2, and for the decomposition processes taking place during 
cooling (two-step model)4. 2) In-situ studies of the equilibrium phase diagram in air2,3 and at 8% oxygen 
partial pressure, with direct observation of the concentration of the partial liquid. High-temperature cy-
cling providing information on eutectics3. 3) For use in optimisation: the speed of conversion as function 
of partial pressure1,2, tape geometry (number of filaments, their density and thickness), additives (Ag, 
CaF2 fluxes) and composition of pre-cursor powder. Correlation of time-evolution with micro-structure 
(SEM) and electro-magnetic properties5. 
 
Ultimo 1999, the structural variables directly connected with the synchrotron work are well optimised. 
The mis-alignment of the c-axis of the 2223 grains from the tape normal is 14o, and the phase purity – as 
measured with x-rays – is 98%. Other variables, such as the powder quality and the flux pinning have 
become bottlenecks for the superconducting critical current. The manufacturing process have reached the 
stage where a full-scale field test of a 30 m cable for power transport, supplying the inner part of Copen-
hagen, is planned for year 2000. 
 
 

                                                 
1 H .F. Poulsen, T. Frello, N. H. Andersen and M. von Zimmermann, Physica C 298, 265 (1998). 
2 T. Frello, H. F. Poulsen, L. G. Andersen, N. H. Andersen, M D. Bentzon, and J. Schmidberger, Supercon. Sci.   Technol. 12, 

293 (1999). 
3 H. F. Poulsen, L. G. Andersen, T. Frello, S. Prantontep, N. H. Andersen, S. Garbe, J. Madsen, A. Abrahamsen, M. D. Bentzon 

and M. von Zimmermann, Physica C 315, 254 (1999). 
4 L. G. Andersen, H. F. Poulsen, T. Frello, N. H. Andersen and M. von Zimmermann, Proc. of Appl. Supercond. Conf. Septem-

ber 1998, Palm Desert , California. 
5 Y. L. Liu, W . G. Wang, H . F. Poulsen and P.Vase, Supercond. Sci. Technol. 12, 376 (1999). 
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2.3.9. In-situ study of individual grains in superconducting BSCCO/Ag tapes using the 3D XRD 
microscope 
L. Gottschalck Andersen, H. F. Poulsen, Materials Research Department, Risø National Laboratory, 
Denmark, N. H. Andersen, Condensed Matter Physics and Chemistry Department, Risø National Labo-
ratory, Denmark and U. Lienert, ESRF, Grenoble, France 
e-mail: niels.hessel@risoe.dk http://www.risoe.dk/fys/Employee/nihe.htm 
 
The properties of Ag-clad BSCCO High-Tc superconducting tapes have been studied in detail using hard 
x-ray powder diffraction at HASYLAB (cf. contribution in this annual report). As a result the average 
stoichiometry and orientation of the grains belonging to the major phases are known as function of proc-
ess parameters. However, with powder data one cannot directly test models of the texture and transfor-
mation mechanisms, due to the fact that transformation rates etc. vary with grain size, grain stoichiome-
try and grain orientation. With the 3DXRD microscope at ESRF we aimed at following the kinetics of 
the individual embedded grains inside the Ag-clad during heating and 12 hours of annealing at 838 oC. 
 
An 80 keV beam was focused to a 5 � m horizontal line, and limited horizontally to 40 � m by a slit. The 
diffracted beam from a single filament green tape was monitored by a CCD camera while oscillating the 
tape by 0.5o. Reflections from individual grains of the main phases: 2212 (Bi2-xPbxSr2CaCu2Oy) and 2223 
(Bi2-xPbxSr2Ca2Cu3Oy) are clearly visible as dots on the detector, as shown in Fig. 1. The grain volume is 
proportional to the integrated intensity of the dots and the grain stoichiomety related to the 2�  angle. Due 
to identical a/b- axes the transformation of 2212 to 2223 will give rise to spots appearing with identical 
azimuthal angle in the images, if and only if the grain orientation is conserved. In this way essential in-
formation on the transformation mechanism should be available (“intercalation” versus “growth on top” 
versus “random nucleation”). At the beginning of the annealing the diffraction pattern consisted of seg-
mented Debye-Scherrer powder rings. At 825 oC the diffraction spots from grains appeared. Validation 
tests were made continuously to test whether the fully integrated intensity was monitored. Due to an un-
fortunate setting most grains “rotated out” of the volume as function of time. The kinetics of a few con-
stantly valid diffraction spots is being analysed.  
The prospect arising from this experiment leads beyond high-Tc superconductivity. With the 3DXRD 
microscope it will in general be feasible to perform statistics on the volumes, strains, stoichiometry and 
orientation of the embedded grains in a powder, provided the grain volumes are ~1 � m3.  
 

 

 
 

Fig. 1. Detail of image ac-
quired after 8 hours of an-
nealing at 838 oC in air. Dots 
appearing on the (0 0 8) and 
(0 0 10) Debye Scherrer 
rings associated with the 
2212 and 2223 phases, re-
flect the transformation from 
2212 to 2223. 
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2.3.10. Magneto-optical investigations of multifilamentary Bi-2223 tapes 
M. R. Koblischka1, B. H. Larsen, N. H. Andersen, Condensed Matter Physics and Chemistry Depart-
ment, Risø National Laboratory, Denmark, T. H. Johansen, Department of Physics, University of Oslo, 
Norway, H. Wu, P. Skov-Hansen, M. Bentzon and P. Vase, Nordic Superconductor Technologies (NST) 
A/S, Brøndby, Denmark 

e-mail: britt.h.larsen@risoe.dk http://www.risoe.dk/fys/Employee/brla.htm 
  
For the development of long Bi-2223 tapes, it is essential to study the defects caused in production. To 
measure the quality of kilometre-length tapes, NST operates a so-called "tape-recorder" which measures 
the maximum remanent field with a resolution of about 1 cm and a speed of 150 m/h. To 
further elucidate the obstacles in the current flow found by the tape recorder, we employ magneto-optic 
(MO) imaging, which provides a spatial resolution of about 1 ���� m.  
 
In Fig. 1, we present MO images at 15 K and a field of 50 mT, taken on tapes with 14 (a), 19 (b), and 37 
filaments (c). The dark stripes in the images correspond to the filament centers; the bright regions are due 
to the field distribution around and inside the filaments. Filament bridging and twisting may lead to a 
"widening" of the observed stripes. The images clearly reveal that under DC conditions and low tempera-
tures the filaments are not coupled together. This may change with temperature as discussed recently. In 
all tapes, the number of filaments in the top layer of the tapes can be resolved; this is 5 (a), 6 (b), and 9 
(c). The tapes with 19 and 37 filaments also show that the improved deformation technique leads to ho-
mogeneous filaments; the tape with 14 filaments stems from an early production stage. Note the ex-
tremely bright stripes in (c), which are due to a well-defined filament stacking and good shielding. Fur-
ther, we also analyze for the first time flux patterns of cross-sections of tapes; enabling the study of fila-
ment quality as function of position, and to obtain information about the filament coupling in an intact 
tape. Fig. 2 presents flux patterns of a cross-section of a tape with 37 filaments. In this case the field is 
oriented parallel to the filaments. In this view, we see several dark areas along the Ag sheath; these dark 
areas are shielding filaments. Note that only a minor number of filaments contribute to the shielding of 
the sample. 
 

 
 
Fig. 1. Flux patterns of Bi-2223 tapes with 14 (a), 
19 (b), and 37 filaments (c) at 15 K and 80 mT. 
Marker = 1 mm. 

 
Fig. 2. Flux patterns of a cross-section of a 37 filament Bi-2223 tape, 
T = 7 K and field applied parallel to the filaments. (a) ����  polarization  
image, 20 mT (b), and 50 mT (c). Marker = 1 mm. 

                                                 
1 Also at Nordic Superconductor Technologies (NST) A/S,  Brøndby, Denmark. 
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2.4. Structure and defects 
 
2.4.1. Evaluation of the solid state dipole moment and pyroelectric coefficient of phosphangulene 
by multipolar modelling of x-ray structure factors 
G. K. H. Madsen, F. K. Larsen, Department of Chemistry, University of Aarhus, Denmark, F. C. Krebs 
and B. Lebech, Condensed Matter Physics and Chemistry Department, Risø National Laboratory, Den-
mark  
e-mail: frederik.krebs@risoe.dk http://www.risoe.dk/fys/Employee/frkr.htm 
 
The electron density distribution of the molecular pyroelectric material phosphangulene has been studied 
by multipolar modelling of X-ray diffraction data. The “in-crystal” molecular dipole moment has been 
evaluated to 4.7 D corresponding to a 40% dipole moment enhancement compared to the dipole moment 
measured in chloroform solution. It is substantiated that the estimated standard deviation of the dipole 
moment is about 0.8 D.The s.u. of the derived dipole moment has been derived by splitting the dataset 
into three independent datasets. A novel method for obtaining pyroelectric coefficients has been intro-
duced by combining the derived dipole moment with temperature dependent measurements of the unit 
cell volume. The derived pyroelectric coefficient of 3.8(7) � C m-2 K-1 is in very good agreement with the 
measured pyroelectric coefficient of 3(1) � C m-2 K-1. This method for obtaining the pyroelectric coeffi-
cient uses information from the X-ray diffraction experiment alone and can be applied too much smaller 
crystals than traditional methods: 
 
 
 

 
 

Fig. 1. A picture of a typical phosphangulene 
crystal along with an illustration of the orienta-
tion of the molecules with respect to the crystal 
morphology. 
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2.5.16. Our new versatile TOF-SIMS instrument  
K. Norrman, N. B. Larsen and R. Feidenhans’l, Condensed Matter Physics and Chemistry Depart-
ment, Risø National Laboratory, Denmark  
e-mail: kion.norrman@risoe.dk 
 
Our department recently acquired a TOF-SIMS (Time Of Flight-Secondary Ions Mass Spectrometry) 
instrument, a TOF-SIMS IV from CAMECA/ION-TOF. The technique is primarily used for chemical 
surface characterization. It is a qualitative method, which analyses the outermost atomic layer of a sur-
face. The instrument can be operated in static or dynamic mode; perform imaging (including SEM); 
and perform depth profiling. First and foremost non-volatile compounds can be analyzed, but a cold 
finger arrangement makes volatile compound analysis possible. A temperature-regulated device can 
regulate the sample temperature between –130 � C and 600 � C with 1 � C precision. The maximum 
sample size is approximately 10x10x2 cm. The instrument is equipped with two different ion guns, a 
Ga gun and an EI gun for various gasses, which makes it highly versatile. The pulsed ion gun can pro-
duce an ion pulse between 0.6 ns and 100 ns each 50 to 300 � s. The energy of the primary ion beam 
can be varied between 5 and 25 keV. The primary ion beam can raster an area of up to 0.5x0.5 mm. 
With the mechanical stage the raster area can be increased to approximately 10x10 cm. The primary 
ion beam can be focused to a width between 30 � m and 50 nm. Depth profiling can be performed to a 
depth of approximately 100 nm, with a depth resolution of approximately 1 nm. The TOF analyzer is 
equipped with a reflectron, which gives a high mass resolution as well as a high ion transmission. The 
length of flight is 2 m. The mass resolution (M/� M) is up to approximately 15000 and the mass preci-
sion is between 10 and 1 ppm. For most compounds the detection limit is in the ppm range. The versa-
tility of this instrument makes it applicable for a variety of applications on almost all known materials, 
for example metals, ceramics, inorganic salts, polymers, organic and biological material, pharmaceuti-
cal materials, and electronics. Figure 1 A to D displays illustrative applications.  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. TOF-SIMS analysis results of various types of samples. A) Cross-section of a paint floe (90x125 � m) analyzed with 
imaging and spectrometry. The ion images shows the distribution of some of the pigments in the bulk material. B) Depth 
profiling (1 keV SF5

+) of epitaxial multi layers of metals (Cr/Au). The excellent depth resolution demonstrates how powerful 
SF5

+ is as a molecular sputter ion. C) Total ion image (500x500 � m) of a woven textile sample. This illustrates the applicabil-
ity on samples having a highly corrugated surface. D) Mass spectrum illustrating the excellent mass resolution of the TOF 
analyzer. At the lowest mass to charge ratios the optimal mass resolution is approximately 3000, and at higher mass to charge
ratios the mass resolution approach approximately 15000. The two ions are separated by only 1.6 mg/mol. 
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2.6.2. Langmuir films of self-complementary hydrogen bonded disk molecules 
T. Bjørnholm, N. Reitzel, CISMI, Laboratory for Materials Science, Department of Chemistry, Univer-
sity of Copenhagen, Denmark, E. W. Meijer, J. H. K. K. Hirschberg and R. P. Sijbesma, Laboratory of 
Organic Chemistry, Eindhoven University of Technology, The Netherlands, T. R. Jensen and K. Kjær, 
Condensed Matter Physics and Chemistry Department, Risø National Laboratory, Denmark  
e-mail: kristian.kjaer@risoe.dk http://www.risoe.dk/fys/Employee/krkj.htm 
 
Self-complementary hydrogen bonded disk-shaped molecules, illustrated in Fig. 1, can be manipulated to 
form hydrogen bonded polymers1 and discotic phases typically in non-polar organic solvents or in the 
bulk. This is a step wise process; first the two complementary half-disks assemble into a full disk by hy-
drogen bonding. Next the full disks organize in larger supramolecular aggregates such as polymers or 
columns depending on the detailed molecular structure of the monomer (Fig. 1). In this way molecular 
recognition through hydrogen bonding is directly coupled to the co-operative assembly of molecular 
nanoscale architectures as illustrated in Fig. 1. 
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ig. 1.  Left: Schematic representation of various aggregation phenomena of self-complementary hydrogen bonded half disks 
shown in middle). Right: Bragg rod of semi-columns assembled at the air-water interface. 

e have extended the study of the organization of these systems to interfaces. By X-ray diffraction and 
pecular reflectivity studies of Langmuir films of these molecules we have shown that highly ordered 
semi-columnar" lamellae form at the air-water interface (Fig. 1 D).  By Langmuir-Blodgett multi-layer 
eposition the half-disk bound to the water surface are allowed to reassemble into "full disks" resulting in 
he layer by layer deposition of re-assembled columns. Multi-layer films possess optical properties which 
ndicate the formation of a new supramolecular arrangement which presently is being studied by XRD.  

                                                
  R. P. Sijbesma, F. H. Beiher, L. Brunsveld, B. J. B. Folmer, J. H. K. K. Hirschberg, R. F. M. Lange, J. K. L. Lowe and E. W. 

Meijer, Science 278, 1601 (1997). 
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2.6.6. Monolayer structures of triple-chain phosphatidylcholines as substrates for phospholipases 
U. Dahmen-Levison, G. Brezesinski, H. Möhwald, Max-Planck-Institute of Colloids and Interfaces, 
Golm/Potsdam, Germany, T. R. Jensen and K. Kjær, Condensed Matter Physics and Chemistry Depart-
ment, Risø National Laboratory, Denmark 
e-mail: kristian.kjaer@risoe.dk http://www.risoe.dk/fys/Employee/krkj.htm 
 
This study is performed as a part of investigations on the enzymatic hydrolysis of phospholipids by 
phospholipase A2 (PLA2). It is known that the activity of PLA2 depends on the properties of the lipid sub-
strate, such as thermodynamical state, crystallographic and chemical structure. The study of phospholip-
ids with well-defined chemical modifications should help to understand the mechanism of hydrolysis by 
PLA2 and to find potential inhibitors. Branched-chain phospholipids have been used as substrates for 
PLA2 and were found to be resistant to hydrolysis1. In order to elucidate the competitive interactions be-
tween the hydrophilic headgroup and the hydrophobic chain regions, a number of molecular properties 
(chain length, linkage to the glycerol, branching) were varied. Film-balance pressure/area isotherms and 
grazing-incidence X-ray diffraction (GIXD) experiments, using the liquid surface diffractometer at the 
undulator beamline BW12, were utilized in the present study. 
At higher lateral pressures, monolayer structures of all triple-chain compounds investigated show hex-
agonal packing of the hydrophobic chains. Differences are observable at lower lateral pressures. Compo-
nents substituted (branched) at the 2-position result in monolayers consisting of rectangular unit cells 
with tilted chains. 
 
  
 

 

 

 

 

 

 

Fig. 1. Left: Tilt angles of compounds 1 (� ), 2 (� ) and 3 (� ) as a funct
the tilting transition determined from the pressure/area isotherms. Right: 
stearoyl-phosphatidylcholine), 2 (1-O-(2-tetradecyl-hexadecyl)-2-stea
palmitoyl)-2-stearoyl-phosphatidyl-choline). 

Figure 1 compares the tilt angles of the unbranched with t
replacement of an ether (-O-CH2-) in compound 2 by an es
change the polymorphism. At low lateral pressure, the tilt a
compound. The pressure of the tilting transition (determine
larger values. Branching at the 4-position (not shown) redu
hydrophobic spacer. Therefore 4-substituted branched comp
oriented chains already at lower pressures. The cross-sectio
rather large (ca. 20.8 Å2). 
 

                                                 
1 F. M. Menger and M. G. Wood, Angew. Chem. 101, 1277 (1989). 
2 In Hasylab at DESY, Hmaburg, Germany 
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2.6.7. Cardiolipin: A four-chain phospholipid coupled to the charged polyelectrolyte PDADMAC 
C. Symietz, G. Brezesinski, H. Möhwald, Max-Planck-Institute of Colloids and Interfaces, 
Golm/Potsdam, Germany, K. Kjær, T. R. Jensen, Condensed Matter Physics and Chemistry Department, 
Risø National Laboratory, Denmark 
 e-mail: kristian.kjaer@risoe.dk http://www.risoe.dk/fys/Employee/krkj.htm 
 
Charged polyelectrolyte chains dissolved in water do not tend to adsorb at the air/water interface. How-
ever in the presence of an oppositely charged monolayer of surface active substances a strong electro-
static interaction can result in the formation of coupled double layers. They represent a well ordered 
combination of self organized lipids, similar to biological membranes, and the mechanically stabilizing 
polymer chains. It is difficult to characterize the polyelectrolyte layer directly, but the observation of 
structure changes in the lipid layer allows some conclusions about the layer formation. Extensive studies 
by de Meijere1,2 on 1,2-dipalmitoyl phosphatidic acid (DPPA) coupled to polydiallyldimethyl-ammonium 
chloride (PDADMAC) resulted in a model of rod shaped, horizontally streched PDADMAC molecules 
coupled in a one to one stoichiometry to the DPPA monolayer. A correspondence was found between the 
calculated distance of the positive binding sites on PDADMAC with the lattice parameters of DPPA. The 
grazing-incidence X-Ray Diffraction (GIXD) measurements were performed at the liquid surface diffrac-
tometer on the undulator beamline BW1 at HASYLAB, DESY in Hamburg, Germany. GIXD from the 
quadruple-chain phospholipid cardiolipin on water shows a rectangular NN-tilted chain lattice at lower 
surface pressure. After a phase transition above �  
  12 mN/m (pressure area isotherm Fig.1) the tilt angle 
of the chains is reduced to zero and a hexagonal chain packing is observed, indicated by a single diffrac-
tion peak which for 30 mN/m is shown in Fig. 2. (top). Its position at Qxy = 1.494 Å-1 gives a lattice pa-
rameter of 4.86 Å and an area per molecule of 82 Å2. The FWHM = 0.015 Å-1 corresponds to a positional 
coherence length of L
 470 Å using the Scherrer equation. On binding of PDADMAC this well ordered 
hexagonal lattice is expanded and disturbed. A broad peak of very low intensity at Qxy = 1.398 Å-1 yields 
an area per chain of 23.3 Å2 under the assumption of a hexagonal-like lattice. The FWHM = 0.245 Å-1 

gives a coherence length of only 23 Å, leading to the idea of clusters of tens of cardiolipin molecules 
kept apart by the binding to relatively stiff PDADMAC chains. A comparable broad peak is observed on 
water at T = 25 °C in the liquid expanded phase just below the transition pressure to the LE/LC coexis-
tence region. Thus one can assume a weak interaction between the four chains of a single molecule that 
results in a poorly correlated structure which consequently can also be detected after the coupling of 
PDADMAC. The chains are in a fluid-like state with a molecular area typical for liquid-crystalline L� -
phases in lipid/water dispersions. 

  

 

 
1

2

T = 20°C
6  

Fig. 1. (left): Pressure area isotherms 
of Cardiolipin on water and on 
PDADMAC (c = 10-3 mol/l) with the 
marked values of area per molecule 
from the GIXD measurements. 

Fig. 2. (right): GIXD peaks of DPPA 
integrated over Qz  measured at �  = 30 
mN/m on water (top) and on PDAD-
MAC (bottom). 

 

 

                                                
 K. de Meijere, G. Brezesinski and H. Möhwald, Macromolecules 30, 2337 (1997). 
 K. de Meijere, PhD thesis, University of Potsdam, Germany (1998). 
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2.7.4. A small-angle neutron scattering (SANS) study of surfactant aggregates formed in aqueous 
mixtures of sodium dodecyl sulfate (SDS) and didodecyldimethylammonium bromide (DDAB) 
M. Bergström, Department of Chemistry, Surface  Chemistry,  Royal  Institute of  Technology, Sweden 
and J. S. Pedersen, Condensed Matter Physics and Chemistry Department, Risø National Laboratory, 
Denmark 
e-mail: jan.skov.pedersen@risoe.dk http://www.risoe.dk/fys/Employee/jask.htm 
 
The structure of aggregates formed in aqueous mixtures of a single-chain anionic surfactant (SDS) and a 
double-chain cationic surfactant (DDAB) has been investigated at 38 ° C using small-angle neutron scat-
tering (SANS). Several overall surfactant concentrations [SDS] + [DDAB] between 0.1 - 5 wt % were 
measured at the two SDS-rich compositions [SDS]:[DDAB] = 90:10 and 95:5. Samples with a concentra-
tion above about [SDS] + [DDAB] = 1 wt % at [SDS]:[DDAB] = 95:5 contained only somewhat elon-
gated tablet-shaped micelles (tri-axial ellipsoids) with typical values of the half axes a (related to the 
thickness) = 14 Å, b (related to the width) = 23 Å and c (related to the length) = 27 Å. When a sample at 
[SDS]:[DDAB] = 95:5 is further diluted below about [SDS] + [DDAB] = 1 wt %, an increasing amount 
of small unilamellar vesicles forms and in the samples below about 0.2 wt % only vesicles are observed. 
The average radius of the vesicles �R�  increases from about 90 Å at 0.3 wt % to 110 Å 0.1 wt %. The 
transition from micelles to vesicles with decreasing surfactant concentration was also observed in the 
samples at [SDS]:[DDAB] = 90:10 in which, however, an additional amount of bilayer sheets was seen 
to be always present. Compared with the micelles at [SDS]:[DDAB] = 95:5, the micelles formed at 
[SDS]:[DDAB] = 90:10 were considerably longer (c �  40 Å), but with similar cross-section dimensions, 
and the vesicles formed were seen to be somewhat larger than the corresponding aggregates at 95:5. The 
relative standard deviation &R/�R�  of the (number-weighted) vesicle size distributions were seen to be in 
the range 0.2 < &R/�R�  < 0.3. 
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ormalized scattering intensity as a function of the scattering vector q for samples with an overall surfactant concentra-
S] + [DDAB] = 0.20 wt % (triangular symbols), 0.31 wt % (circular symbols) and 0.72 wt % (squared symbols), respec-
 a given surfactant molar ratio [SDS]:[DDAB] = 95:5. Individual symbols represent SANS data obtained with different 
tions of neutron wavelength and sample-detector distance. The lines are the fits with a model for spherical bilayer shells 
, triangles), a model for tri-axial ellipsoids (micelles, squares) and a model for coexisting micelles and vesicles (circles). 
ements of these fits as measured by  2 are 4.0 (triangles), 1.6 (circles) and 2.2 (squares), respectively. 
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2.7.6. SANS Study of semi-dilute salt water solutions of polymer-like micelles of TDAO   
V. M. Garamus, GKSS Research Centre, Geesthacht, Germany, J. S. Pedersen, Condensed Matter Phys-
ics and Chemistry Department, Risø National Laboratory, Denmark, H. Kawasaki and H. Maeda, De-
partment of Chemistry, Kyushu University, Fukuoka, Japan 
e-mail: jan.skov.pedersen@risoe.dk http://www.risoe.dk/fys/Employee/jask.htm 
 
 
Aqueous solutions of alkylmethyleamine oxide are suitable model systems for studies of polymer-like 
micelles. A specific property of these surfactants is that it is quite easy to change the electrical charge 
density of the micelles. Alkylmethyleamine oxide exists as either a nonionic or cationic (protonated 
form) species depending on the pH of the aqueous solutions and thus the solution properties vary with 
pH. It has been found that the aggregation number of dodecyldimethylamine oxide exhibits a maximum 
around the half-ionized state and that salt addition initiate elongated micelle formation. 
 
Aqueous solutions of tetradecyldimethylamine oxide varying surfactant concentration, degree of ioniza-
tion of surfactant molecules (pH variation) and concentration of added salt (NaCl) were studied by small-
angle neutron scattering. The scattering data demonstrate the presence of worm-like micelles in the solu-
tion with high salt concentration (0.1 M). The data were successfully analysed using polymer theory and 
the results from Monte Carlo simulation. A concentration dependence of the growth of the micelles was 
obtained from analysis of the forward scattering and it was found to be in agreement with mean-field 
theory. A modified random phase approximation expression was applied for analysis of the scattering 
data in the full range of measured scattering vector and it gives an excellent agreement (Figure). The fits 
demonstrate that cross-section of the micelles is elliptical. The variation of degree of ionization of surfac-
tant molecules from 0 to 0.2 does not influence to the local structure of micelles. Small differences are 
present at low q which is due to a variation of the overall size of the micelles. The micelles are largest for 
the highest degree of ionization. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 
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1.  SANS data versus scattering vector q for different concentrations of half-ionized TDAO  (TDAO concentration from top 
ttom of scattering curves 2.88, 8.51, 14.7, 23.7, 29.8 and 62 mg/ml, respectively) in a 0.1 M NaCl heavy water solution and 
sponding model fits using the modified random phase approximation expression (solid lines). 
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2.7.9. Charged worm-like micelles as model systems for polyelectrolytes: Semi-dilute solutions 
investigated by SANS and Monte Carlo simulations 
P. Schurtenberger, C. Sommer, Physics Department, University of Fribourg, Switzerland, L. Cannavac-
ciuolo, ETH Zürich, Switzerland, S. U. Egelhaaf, University of Edinburgh, UK and J. S. Pedersen, Con-
densed Matter Physics and Chemistry Department, Risø National Laboratory, Denmark 
e-mail: jan.skov.pedersen@risoe.dk http://www.risoe.dk/fys/Employee/wape.htm 
 
We have previously demonstrated the close analogy between polyelectrolytes and polymerlike micelles 
doped with a small amount of ionic surfactants1. While we initially concentrated on the effect of charges 
on the micellar flexibility and thus worked at very low surfactant concentrations, we have now started to 
extend our experiments to higher concentrations. Solutions were prepared at a fixed charge density (con-
stant weight ratio [C16SO3Na]/[C16E6] = 0.03, 0.06 and 0.09, respectively). The SANS experiments were 
performed at the instrument D22 of the ILL in Grenoble, France (dilute solutions), and at the SANS in-
strument at PSI, Switzerland (semi-dilute solutions). At a salt concentration of 10-3 M NaCl, we clearly 
see the appearance of a well-defined structure factor peak at a finite scattering vector value q* factor for 
surfactant concentrations c > 5 mg/ml. It becomes more pronounced and shifts to higher values of q at 
higher surfactant concentrations (Figure 1(a)). This peak completely disappears at higher salt concentra-
tions, where the electrostatic interactions are efficiently screened by the salt and the solution exhibits 
classical polymer behavior. In Figure 1(b) we have plotted the location of the peak q* versus the surfac-
tant concentration for different doping levels. We find that q* follows a power law of the form q* ~ c1/2, 
i.e., we observe exactly the same behavior as reported for classical polyelectrolytes. We currently com-
pare these data with results from a systematic Monte Carlo simulation of many chain polyelectrolytes 
under comparable conditions. In the simulations we use a semi-flexible chain model with fixed valence 
angle and free rotation around the bonds. The interaction potential consists of a hard-sphere part and a 
screened electrostatic potential. The simulations are rather time consuming and we are currently running 
series of simulations. Although the data is not analysed in any detail, the scattering functions qualita-
tively agree with those observed experimentally in the sense that a structure factor peak is observed for 
the same range of volume fractions, charge densities and ionic strength where it is observed experimen-
tally.  
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ig. 1. (a) Formation of a peak in I(q) at low salt ([NaCl] = 0.001 M) for doped non-ionic polymer-like micelles at different 
oncentrations c = 0.4, 5, 10, 15, and 20 mg/ml  and (b) location q* of the structure factor peak vs. surfactant concentration for 
ifferent doping levels [C16SO3Na]/[C16E6] = 0.03 (•) , 0.06 (o)  and 0.09 (+). Also shown as the solid line is a power law of 
he form c1/2. 

                                                
 G. Jerke, J. S. Pedersen, S. U. Egelhaaf and P. Schurtenberger,  Langmuir 14, 6013 (1998). 
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2.8.2. Dielectric spectroscopy of a polyurethane 
P. Sommer-Larsen and C. Wang, Condensed Matter Physics and Chemistry Department, Risø National 
Laboratory, Denmark  
e-mail: peter.sommer.larsen@risoe.dk http://www.risoe.dk/fys/Employee/pela.htm 
 
Segmented polyurethanes (PU) are thermoplastic elastomers. The thermal and electric properties of a 
commercial PU (Dow 2103-80AE) have been investigated. The polymer is a block-copolymer of hard 
urethane segments capable of crystallising (Bis-[4-isocyanat-phenyl]methan and 1,4-butandiol) and soft 
polyether segments (poly(oxytetramethylene)). The complex dielectric constant has been measured for 
frequencies between 10-3 Hz and 106 Hz and temperatures between 173 K and 423 K. The dispersion 
curves was fitted to an expression including dielectric relaxation terms (Havriliak- Negami functions), 
intrinsic conductivity and the effect of blocking electrodes. 
Two dielectric relaxations were identified as � - and � -relaxations connected to the mobility of the poly-
ether chain. The temperature dependence of the � -relaxation follows a Vogel-Fulcher-Tammann-Hesse 
(VFTH) equation (see fig 1. For parameters) whereas the � -relaxation is Arrhenius like (Fig. 1). The Vo-
gel temperature found for the � -relaxation is 5 degrees below Tg for poly(oxytetramethylene).  
The conductivity likewise follows VFTH temperature dependence with almost the same parameters as 
the � -relaxation (Fig. 1). The differences are insignificant because of the low number of data points. The 
Vogel temperature found for the conductivity is 25 degrees below Tg for poly(oxytetramethylene). Pre-
sumably, the conductivity is ionic in nature, takes place in the amorphous polyether phase and is allowed 
by - or coupled to - the chains movements. 
 

 
Fig. 1. Temperature dependence of relaxation times for dielectric relaxations (left) and temperature dependence of intrinsic con-
ductivity (right). The VFTH equations with fitted parameters are given. 
 
 
The elastic properties of the PU are due to the micro-phase separation of the hard and soft segments. The 
nature of the hard segment phase is strongly dependent on the thermal treatment of the polymer. Films 
cast from a solution of the PU in THF or films heat pressed from pellets show no crystallinity. After an-
nealing at 145OC for days, DSC traces show a melting endoterm at 170 OC - a clear indications of a crys-
talline phase (Fig. 2). 
 
 
 
 
 
 
 
 
Fig. 2. Differential Scanning Calorimetry  (DSC) traces of a 
heat pressed PU film. The upper trace is for a sample annealed 
at 145OC for 1 week. The lower trace is for an unannealed 
sample. The two curves are displaced for visualisation. 
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2.8.4. Conducting polymer actuators 
K. West, S.V. Skaarup, L. Bay, Department of Chemistry, The Technical University of Denmark, Den-
mark, M. M. Nielsen, E. Smela, I. Johannsen, J. Hooker, O. Jørgensen, T. Mazur and P. Sommer-Larsen, 
Condensed Matter Physics and Chemistry Department, Risø National Laboratory, Denmark  
e-mail: keld.west@risoe.dk http://www.risoe.dk/fys/Employee/kelw.htm 
 
Polypyrrole (PPy) films formed by electrochemical polymerisation of pyrrole in a sodium dodecylben-
zenesulphonate (DBS) solution are electromechanical active, i.e. they change volume upon oxidation and 
reduction. The DBS anions are incorporated as immobile counterions surrounding the positively charged 
PPy chains. PPyDBS can be used as actuator material.  
Commercially available DBS is a technical grade. A GPC analysis indicates that it is a mixture of iso-
mers as well as benzenesulphonates with C10 to C13 chains. Furthermore, microanalysis shows the com-
mercial DBS to contain large amounts of sodiumsulphate. Use of a well-characterised DBS as immobile 
counterion has a pronounced influence on the properties of PPyDBS. We have synthesised three isomers 
of DBS (see fig.1), in short they are denoted (1D)BS, (2D)BS, (6D)BS. 
 

Fig. 1. (1D)BS    (2D)BS    (6D)BS  
4-(1-dodecyl)-benzenesulphonate  4-(2-dodecyl)-benzenesulphonate  4-(6-dodecyl)-benzenesulphonate  

 
Using the pure DBS, PPyDBS forms layered structures as shown by their X-ray diffraction pattern. (fig. 
2). The repeat distance in the layers correlates with the chain lengths of DBS. 
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fraction patterns for PPyDBS synthesised with the three different anions. The 
the layer repeat distances given below each figure. The broad amorphous peak 
Py and between dodecyl chains (~ 4 Å). The high angle diffraction is from the 
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2.8.8. Structure of poly(benzylether) dendrimers in solution 
R. Kleppinger, FOM Institure for Atomic and Molecular Physics, Amsterdam, The Netherlands, B. Fo-
rier, W. Dehaen, Laboratory for Organic Synthesis, Catholic University Leuven, Heverlee, Belgium, H. 
Reynaers, Laboratory for Molecular Structural Chemistry, Catholic University Leuven, Heverlee, 
Belgium and K. Mortensen, Danish Polymer Centre, Condensed Matter Physics and Chemistry Depart-
ment, Risø National Laboratory, Denmark 
 e-mail: kell.mortensen@risoe.dk http://www.risoe.dk/fys/Employee/kemo.htm 
 
Dendrimers are well-characterised macromolecules consisting of branched subunits that grow step-wise 
from a central core. A crucial aspect in view of their potential application as molecular carriers of highly 
reactive catalysts, is the distribution of the large number of end-groups. Several models have been pro-
posed to account for these distributions. Most well known is the dense shell model, proposed by de Gen-
nes and Herves, suggesting an increasing density of the sub-units toward the periphery (see Fig.1). In 
contrast, the dense core model proposed by Mathukumar and Lescanec, predicts a density maximum in 
the molecular core caused by backfolding of the sub-units. Both simulations1,2 and experimental studies2,3 
on model dendrimers seem to agree in a relatively homogeneous mass distribution within the dendrimer 
molecules. Most of the experimental systems that have been studied are, however, polyelectrolytes, 
where the charges to more or less extend might influence the structure. For this reason, the 
poly(benzylether)-dendrimers was investigated, where the structure are determined by the conformation 
of the branched aromatic sub-unints only. In the attempt to further rule out the influence of the solvent, 
the experiments were performed in both a moderate (tetrahydrofuran, THF and THF-d4) and a highly po-
lar solvent (dimethylsulfoxide, DMSO and DMSO-d4). Using contrast variation by mixing the deuterated 
and non-deuterated solvents, rather detailed structural insight was gained. 
 
The small-angle neutron scattering results shows, that in spite of the significant difference in chemical 
structure, the dimensions and overall structure of the poly(benzylether)-dendrimers is quite similar to that 
of both poly(amidoamine) and poly(propyleneimine) systems. The dendrimer size seems also rather un-
affected by solvent quality, a result, which differ from that of linear polymers. The molecular parameters 
shows that the subsegments are relatively homogeneous distributed throughout the polymer, and that the 
dendrimer-molecule include a significant amount of solvent molecules. 
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Fig.1. The typical imagination of a perfect
dendrimer molecule. This dense shell model
seems far from the true structure. Scattering
data on both polyelectrolyte and neutral den-
drimers indicate rather homogeneous mass
distribution throughout the dendrimer poly-
mer, caused by major backfolding of the sub-
units. 
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2.8.14. Crystallographic studies of triblock copolymer gels, applying neutron scattering and elec-
tron microscopy 

 

K. Mortensen, K. Almdal, Danish Polymer Centre, Condensed Matter Physics and Chemistry De-
partment, Risø National Laboratory, Denmark, R. Kleppinger, FOM Institute Amsterdam, The Nether-
lands, E. Theunissen, H. Reynaers, Catholic University Leuven, Belgium and R. Spontak, North Caro-
lina State University, USA 
e-mail: kell.mortensen@risoe.dk   http://www.risoe.dk/fys/Employee/kemo.htm
 
The ability of block copolymers to order into nanoscaled microstructures can be controllably modified
through the addition of low-molar-mass solvents. We have studied the structure of triblock copolymers
of the SEBS type: poly(styrene)-poly(ethylene bytylene)-poly(styrene) mixed with solvent selective 
for the PEB-midblock, such as tetradecane. The triblock copolymer system investigated within large
regimes of the temperature/concentration phase diagram form spherical polystyrene micelles. At am-
bient temperatures these micelles are glassy resulting in a permanent network structure.  
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n annealing above the glass transition temperature, the micelles organize into a body centered cu-
lattice. Upon exposure to oscillatory shear, the ordered domains align into basically defect free
roscopically ordered crystal, as verified by both neutron scattering and electron microscopy. The
n orientation of the nanoscale ordered structure depends on both shear amplitude and frequency. 
frequencies of the order of 1 sec-1 and shear amplitudes of the order of 50-100% the sample is sin-
crystalline with shear gradient (---- ) and vortex (e) direction parallel to respectively the [111] and 
] crystallographic axes. For shear amplitude of more than 100%, the sample form the bcc-twin 

cture with ----  parallel to [110] axis and e parallel to the common [111] axis Fig.2 shows the SANS
 of such shear aligned twin structure. 

Fig. 1. Schematic illustration of the micellar network structure 
obtained from triblock copolymers in midblock selective sol-
vents. 
  Risø-R-1156(EN) 

g. 2.  SANS data of 30% SEBS-1650 in tetradecane, as obtained at T=65oC after large amplitude shear. The 9 pattern
 obtained with the sample rotated in steps of 10 degree around the common [111]-axis of the two twin domains. The
-left figure corresponds to the (111,112) twin plane. 
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2.8.20. Form factors of block copolymer micelles with spherical, ellipsoidal and cylindrical cores 
J. S. Pedersen, Condensed Matter Physics and Chemistry Department, Risø National Laboratory, Den-
mark 
e-mail: jan.skov.pedersen@risoe.dk http://www.risoe.dk/fys/Employee/jask.htm 
 
When a block copolymer is dissolved in a solvent, which is a good solvent for one block and a poor sol-
vent for the other block, micelles are formed. The insoluble blocks form a relatively compact core 
whereas the soluble blocks form a diffuse corona surrounding the core. The form factor of a micelle 
model with a spherical core and Gaussian polymer chains attached to the surface has previously been 
calculated analytically1. Non-penetration of the chains into the core region was mimicked in the analyti-
cal calculations by moving the center of mass of the chains Rg away from the surface of the core, where 
Rg is the radius of gyration of the chains. In the present work2, the calculations have been extended to 
micelles with ellipsoidal and cylindrical cores. Non-penetration was also for these taken into account by 
moving the center of mass of the chains Rg away from the core surface. In addition results for worm-like 
micelles, disk-shape micelles and micelles with a vesicle shape are given. The figure shows the form fac-
tor of cylindrical micelles for homogeneous contrast, where core and chains have equal contrast, for core 
contrast, where only the core scatters and shell contrast, where only the chains are observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig
tras
 
 

  
 
 

    
1 J.
2 J.
4  Risø-R-1156(EN) 

. 1. Form factor of a micelle with a cylindrical core with radius R = 40 Å and length L = 100 Å. Full line: homogeneous con-
t, broken line: core contrast, and dotted line: shell contrast. 

                                             
 S. Pedersen and M. C. Gerstenberg, Macromolecules 29, 1363 (1996). 
 S. Pedersen,  J. Applied Cryst. In the press. 
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2.8.21. Structure factors effects in small-angle scattering from block copolymer micelles and star 
polymers 
J. S. Pedersen, Condensed Matter Physics and Chemistry Department, Risø National Laboratory,  Den-
mark 
e-mail: jan.skov.pedersen@risoe.dk http://www.risoe.dk/fys/Employee/jask.htm 
 
When a block copolymer is dissolved in a solvent, which is a good solvent for one block and a poor sol-
vent for the other block, micelles are formed. The insoluble blocks form a relatively compact core 
whereas the soluble blocks form a diffuse corona surrounding the core. Results for the form factor of a 
block copolymers micelle model with a spherical core and Gaussian polymer chains attached to the sur-
face has previously been calculated1. In the present work2 the inclusion of particle interference effects in 
terms of a structure factor S(q) is described, where q is the length of the scattering vector. The scattering 
intensity is described by the expression 
 
      I(q) = Fmic(q) + Aav

mic(q)2 [S(q)-1], 
 
where Fmic(q) is the form factor of micelle and  Aav

mic(q) is the amplitude of the Fourier transform of the 
centro-symmetrically averaged (radial) scattering length density distribution. The expression is not a 
simple product of the form factor and the structure factor, which has the important consequence that  the 
effective structure factor, defined as 
 
         Seff(q)=I(q)/Fmic(q), 
 
depends on the relative scattering contrast of the core and  the corona of polymer chains. This is demon-
strated in the Figure, where the effective structure factor is plotted for micelles interaction with a hard-
sphere potential. The hard-sphere volume fraction is 0.3 and the interaction radius is equal to R + 2 Rg, 
where R is the core radius and Rg is the radius of gyration of the chains in the corona. The effective struc-
ture factors have large differences for q > 0.04 Å-1 where the effective structure factors of decay much 
faster to unity than the hard-sphere structure factor. Note that for shell contrast there is even a reduction 
of the first maximum in the structure factor relative to the pure hard-sphere structure factor. Similar ef-
fects as those described for the micelles are present for star polymers, as the form factor of star polymers 
is obtained from that of micelles by letting the radius approaching zero.   

 

Fig. 1. The effective structure factor of a micelle with 
hard-sphere interactions and with equal scattering 
length of the core and the chains (broken curve) and of 
a micelle for which only the chains contribute to the 
scattering (dotted curve). The pure structure factor for 
a hard sphere is also shown (full curve). 
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2 J. S. Pedersen. Submitted to J. Chem. Phys. 
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