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Introduction 

This is the second IFF annual report now published in English. We have chosen to make this report and 
thus our scientific results and accomplishments over the past year available to the world wide scientific 
community. Additionally, this report also serves as the main base of communication to Dur international 
scientific advisory board. The articles in this report represent only a partial selection of the numerous 
projects and collaborations the scientists of the IFF are engaged in. We hope that all of you find it 
interesting and worthwhile to read through this selection. 

In the IFF we again can look back at a scientifically quite successful year. In terms of the number of 
publications, patents, and invited talks at international conferences we could still keep up the pace of our 
scientific accomplishments. Furthermore, we are also especially proud that B. Kessler was appointed as a 
professor at the "Fachhochschule Koblenz" keeping up the leading role of the IFF in providing superior 
candidates for faculty appointments worldwide. Other outstanding achievements include the award of the 
Gustav-Hertz prize (2000) of the DPG to G. SchUtz and the "Heyn-DenkmUnze" of the "Deutsche 
Gesellschaft fI1r Materialkunde" received by K. Urban. 

We are also very happy that we are again complete in terms of having all the chairs of the department 
filled. As of January 2000 Prof. Jan Dhont actually joined our department to set up his activities in soft 
matter physics and concentrating on phase transitions and shear flow in colloids. 

With this report we want to communicate our results and accomplishments in a general overview and 
c10sed form to the scientific community at large. Additionally, we acknowledge our responsibility to the 
tax payers who are funding our research. These results and the past successes of the IFF have been and are 
accounted for in terms of actual scientific discoveries and publications, patents and licenses to industry, or 
training of people and their transfer to high level positions in industry and at universities. However we 
want to clearly state and reiterate here that most of these accomplishments are a product of the scientific 
freedom and stimulating environment at the IFF, but not due to strategie planning at some government 
agency or ministry. At times, when the federal govemment is threatening to curb our scientific freedom by 
introducing socialistic planning structures, this is a grave concern of aH of us at the IFF. Technological 
advances can be planned, and then implemented at a huge cost of capital and manpower, as the 
semiconductor and computer industry has demonstrated with their road maps. True innovation and 
inventions as weH as novel scientific discoveries are not plannable, rather they are the result of a 
stimulating and nurturing atmosphere where creativity wins over long term planning. Incidentally, the 
discovery of the GMR sensors has obliterated and significantly changed the carefully and strategically 
planned advances in magnetic data storage. These are the true innovations that only basic science and the 
curious minds of creative scientists can deliver, thus enabling our society to face the social, environmental, 
and technological challenges ofthe future and to compete in the global marketplace in the lang term. 

" He whose generals are ahle and not interfered with by the sovereign will be victorious" 
Sun Tzu, "The Art ofWar", China 500 B.C. 

Wolfgang Eberhardt 
IFF Managing Director, 2000 
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Institute for Solid State Research (IFF) 

1. Management and Structure 

Institutes: 

Prof. G. Eilenberger, 
Institute 'Theory l' 

Prof. G. Gompper 
Institute 'Theory II' 

Prof. H. Mueller-Krumbhaar, 
Institute 'Theory 1II' 

Prof. Th. Brockel, 
Institute 'Scattering Methods' 

Prof. D. Richter, 
Institute 'Neutron Scattering' 

Prof. R. Waser, 
Institute 'Electroceramic Materials' 

Prof. J. Dhont 
Institute 'Soft Matter' 
(since 01.01.2000) 

Prof. K. Urban, 
Institute 'Microstructural Research' 

Prof. W. Eberhardt, 
Institute 'Electronic Properties' 
(IFF Managing Director for 2000) 

Special Group: 

'Materials under high doses ofradiation'. 
Prof. H. Ullmaier 

Central Facilities: 

'Electronics Laboratory' 
Dr. G. Durcansky 

'Numerical Methods and Data Processing' 
Prof. G. Eilenberger 

• Accelerator' 
DI. R. Hoelzle, 

, Construction' 
H. Feilbach 

'Workshop' 
K.Hirtz 

, Administration' 
H.Geisler (Permanent Deputy ofthe Managing Director) 



2.0verview 

The Institute of Solid State Research (IFF) pursues research on condensed materials in tbe solid or liquid 
state. In addition to studies of bulk properties of condensed phases, the IFF is concerned witb 
inhomogenous systems and with the consequences of low dimensionality. This refers in particular to the 
physics of clusters, surfaces, thin films and membranes. With regard to both theory and experiment, the 
institute's research can be understood in terms ofthree strategically distinct categories:-

• Phenomena oriented research: The search for, discovery of and research on an explanation for general 
phenomena and behaviour in condensed matter systems, including the mathematical and physical 
concepts and structure underlying this behaviour. 

• Materials oriented research: The investigation of specific materials or classes of materials with a view 
to gaining an understanding of their special properties and, where appropriate, exploring their potential 
for practical application. 

• Method oriented research: Development of new methods and the improvement of existing methods, 
both in the experimental and the theoreticaUnumerical sectors. 

The general physical basis for these components is provided by statistical physics and quantum mechanics, 
which describe on a microscopic scale the behaviour and the reaction to external influences of electrons and 
atoms, the building blocks whose aggregation and co operation is responsible for the formation of 
condensed phases. The issues to which these connections give rise in the context of current research form 
the basis ofthe work oftheoretical and experimental groups within the institute. 

Alongside this work i8 an increasing experimental effort in the development of systems and components 
that show promise of interesting and outstanding characteristics. This effort grew naturally as a 
consequence ofpast work on special materials and methods ofpreparation. 

In pursuing a research strategy oriented towards the future, the IFF has extended its sphere of activity 
substantially by founding Institutes focused on ceramics and on scattering methods. This establishes new 
areas in the Department with strong potential for the future, and extends and builds on it5 core activities. 
Similarly, the research sector 'Soft Materials' has been strengthened by the founding of a new Institute with 
this focus, by the choice of a Director of the Institute Theory II whose research focuses in this area, by 
coordinating work in other institutes to impact on soft materials research and by providing wide-ranging 
and attractive possibilities for cooperation within the Jülich Research Centre in general. 

The following specific foci of work in the IFF are symptomatic of the nature and purpose of a Helmholtz­
Research-Centre: 

• Contributing to the construction and operation of new experimental equipment and measuring 
facilities for international sources of neutron and synchrotron radiation. In addition to the Jülich 
Research Reactor 'DIDO', the sources at Argonne, Berlin, Brookhaven, Gaithersburg, Grenoble, 
München, Ris0, Saclay and Appleton are used. The Jülich Research Centre contributes to the FE­
Programme for the European Spallation Source (ESS), the prototype for which involves the 
participation of 11 European countries. The IFF is primarily involved in the ESS project via research 
into shock-wave effects in the liquid mercury target, the optimisation ofthe target and the moderators, 
and in the development of instrumentation. Experiments with synchrotron radiation are carried out at 
BESSY, DELTA and HASYLAB in Germany, and internationally at Argonne (APS), Berkeley 
(ALS), Brookhaven (NSLS), ESRF (Grenoble) and ELETTRA (Tri este). 

• Using the Jülich Computer Centre, mainly for theoretical investigation and large-scale numerical 
simulations. 

• Projects that require high levels of investment and/or the continuity of a highly qualified team of staff 
(in most cases in the context ofnational and international cooperative projects and services). Examples 
are the Centre for High-resolution Microscopy, the operation of accelerators, the Electro-ceramics 
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laboratory, superconductor technology and the development of sophisticated numerical algorithms and 
programs. 

Over the long term, the research effort of the IFF has achieved a broad-based and internationally 
recognized status. Special technical excellence was achieved in the following areas: application of 
synchrotron-radiation and neutron scattering, electron-microscopy, electron-spectroscopy, high-temperature 
superconductivity, magneto-electronics, the physics of clusters, electronic structure theory, dynamical 
features of phase-transitions, quasi-crystals and polymers. 

Aprerequisite for the focal areas of research in the IFF mentioned above and its position in the 
international community as a valued partner for co operation is its strong position in basic research. The IFF 
carries out basic research in areas where interesting developments having potential for the future occur, 
especially when this research provides the underpinnings ofmore applied research projects. 

Genuine innovation (as distinct from continuous development) occurs typically as a by-product of 
curiosity-driven research. This is exemplified particularly weIl by the discovery of the 'giant-magneto­
resistance' effect, which over the past years has become a very active area in solid state research. The effect 
has attractive applications for magnetic sensors ego as read heads for data storage and for control of moving 
parts. The license revenue from the patents which were take out as a result of early work in the IFF on this 
effect represents the largest contribution to the total patent revenue ofthe Jülich Research Centre devolving 
from a single application! 

The IFF participates along with ISI and IGY in the Jülich's program 'Basic Research in Information 
Technology' (PGI). With its strong basic research infrastructure as foundation, the IFF has in recent years 
in the context of PGI extended its facilities for technical development and component-design substantially. 
This has led to the acceptance of the IFF's research program within the the framework of the HGF­
Strategic-Fund Project 'Microtechnological High-Performance Components -Microinductors'. In 1999, a 
further Strategy Fund Project for development and characterization of film systems for magneto-electronics 
was granted. The development over many years in IFF ofthe program 'High-temperature Superconductors 
in Communications Technology' was to a large part integrated with the superconductivity research in IS1. 
The areas 'Squid-microscopy' and 'Hilbert-Transformation Spectroscopy' in IFF will be strengthened. 

In 1999, the scientific work ofthe IFF generated 244 publications 8 patents and 20 patent applications. IFF 
scientists gave 308 seminars at universities, institutes, conferernces of worksops of which 183 were invited. 
In addition IFF staff carried out of 47 courses or educational seminars at universities. 27 are represented in 
the formallecture schedules ofteaching institutions. 

The traditional IFF-Spring School was held in 1999 with the topie 'Magnetic Film Systems' and attracted 
250 participants. 

In 1999, 17 diploma students and 52 doctoral students worked at IFF. 12 Diploma students and 19 doctoral 
students completed their programs during the year. 

3. Scientiflc and Technical Infrastructure 

In the past years, the IFF has tightened its technical infrastructure in order to retain optimal efficiency of 
the Department's internal service groups. This has been achieved through organisatorial and strategie 
measures in the context of dwindling resources, the loss of the technical know-how of retiring staff who 
could not be replaced and the need to elose down some technieal facilities. These measures have now 
reached a critical boundary. 

Research 'at the cutting-edge' requires the capability to build and maintain experimental facilities in high­
tech areas. In this regard, the basic research performed by the IFF at national and international sources as 
weIl as applied research is equally affected. Equipment must meet high international standards, and 
especially so when the work performed is to be 'industry relevant'. A basic requirement for the work ofthe 
Department is an infrastructure, within the IFF and the Research Centre itself, that supplies the necessary 
expertise, effectiveness and facilities. 
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The Electronic-Laboratory of the IFF maintains and services the workstation cluster and networks, and 
supports scientific staff in the design and performance of experiments as weil as via the networking and 
usage of workstations and PC's. In the context of its limited staffing possibilities, the EL supplies expert 
assistance in hard- and software and in the supply and repair of components. Hardware and software units 
are developed and automatization of exprimental systems facilitated. 

The Numerical Methods and Dataprocessing group is responsible for issues relating to information and 
data-evaluation. Together with the Electronics Laboratory, the group maintains the IFF-workstation cluster, 
provides programming advice and participates in the training of mathematical-technical assistants. 

The Accelerator Group is responsible for the running ofthe Compact-Cyclotron and the Tandetron. 

Construction and Workshop propose and build equipment for the IFF over a wide range, from simple 
mechanics to sophisticated modem technology. The facility works closely together with the scientists and 
engineers ofthe Institute to achieve the ambitious quality and tolerance goals set by the experimentalists. 

Staff members 

K. v. Ameln, N. Bayer, S. Berger, H.P. Esser, A. Bremen, H. Cremer, G. Durcansky, P. Eickenberg, M. 
Emmerich, H. Feilbach, U. Funk-Kath, R. Gehlhaar, G. Grimm, E. Gundt, R. Heckmann, J. Heinen, D. 
Henkel, K. Hirtz, R. Hölzle, K.H. Johnen, S. Krahe, J. Lingenbach, T. Matulewski, W. Noaek, T. Nguyen­
Vu, P. Pickartz, M. Pohl, B. Radermacher, H. Sachsenhausen, L. Schätzler, H. Schnitzler, 1. Schramm, T. 
Stare, P. Stefelmanns, W. Stellmacher, H. Terberger, E. Westphal, K. Wingerath, A. Zens. 

4. Other Scientific Activities: Collaborations with Universities, Institutions and 
Industry. 

The productivity of a Research Institute depends strongly on it5 capacity for scientifie exchange and for 
scientific and technical eollaboration. In this regard, the Jülich Research Centre offers exeellent 
possibilities. The Centre's exemplary infrastrueture offers efficient assistance, facilitating extended or 
short-term visits by extemal guests. Many guest scientists were able to utilize the infrastructure and 
facilities. Modem neutron scattering instrumentation appropriate for cutting-edge studies are available to 
many IFF guest scientists in the DIDO building and in the measuring laboratory ELLA (7). The wide 
variety of collaborations in whieh the neutron studies institutes of the IFF are involved leads to optimal 
usage of the potential of the relevant equipment. Concomitantly, the availablity of complementary facilities 
at other Institutions is important for the IFF. In partieular, by building and developing measuring 
capabilities, the IFF contributed to the development and improved usage of extemal faciHties such as ILL 
and CEN (Grenoble), FELTA (Dortmund), HASYLAB (Hamburg), BESSY (Berlin), NSLS (Brookhaven), 
NIST (Gaithersburg 7). 

Bilateral agreements as regards the use ofthe Jülich centre for high-resolution microscopy for specialized 
studies in the area of quantitative and high-resolution microscopy, and as regards use of the Jülich 
mieroscope with correction of the spherical abberation have been concluded with the Paul-Drude Institute, 
Berlin, RWTH Aachen, IBM Rüshlikon, and the universities Bonn, Göttingen and Kiel. 

In the past year, the IFF has expanded its aetivities as a sub-contraetor to large companies (eg. Bosch, 
Siemens, Daimler-Benz, Thompson, Philips) and contract work has beeome the main foeus of the scientifie 
work of several groups. This is in partieular the case with regard to attracting large-scale national (German) 
and international extern al funding. Of special importance is the IFF's participation in the BMBF-Project 
'Magnetoeleetronics'. Under the auspices of the Technology Transfer Bureau of the Jülich Research 
Centre, the IFF leases equipment to companies that have established themselves in the Jülich Technology 
Centre. In addition, the IFF has designed and built pilot equipment for industrial concems. 

Amongst the most important roles of a large Research Centre is making its facilities and equipment 
available to universities and other research organisations for research projects that need not necessarily 
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have a direct connection with active research programs of te Centre. In this regard, the Jülich Research 
Centre with its exemplary infrastructure, supports the individual Institutes of the IFF in regard to the 
Department's Guest Program in solid state research (see 23.06.0). 

Many staff members of the IFF serve in scientific committees (eg. advisory boards for institutes and 
scientific societies, program committees for international meetings, editors of proceedings, journals and 
databases, referees for the scientific community, special research areas and prize committees.) 
Collaborations with other Institutes of the Research Centre were especially fruitful and the common 
utilization of equipment and facilities lead as usual to frequent consultations in areas of common interest. 

On 25th June 1999, the Heyn-Denkmünze of the German Society for Materials Science was awarded to 
Prof. K. Urban, Director ifthe Institute for Microstructural Research ofthe IFF. 

On 22nd March 2000, in Dresden, the Gustav-Hertz prize of the German Physical Society was awarded to 
Dr. Gunter Schütz. 

Alexander von Humboldt Research Prizes were awarded to Prof. M. A. Olmstead, University of 
Washington, Seattle (Guest of the Institute Electronic Properties) and Prof. T. Burkhardt, Temple 
University, Philadelphia, USA (Guest ofInstitute Theory II), 

Alexander von Humbolt Stipendia were awarded to: 

Dr D. Caprion, University Montpellier II, Montpellier, France 
Dr H. Ishida. University ofYokyo, Tokyo, Japan 
Dr W. Ma, Southwest University, Nanying, China. 
Dr K. Maiti, IISC Bangalore, Bangalore, India. 
Dr]. Wu, Institute National Polytechnic, de Lorraine, Nancy, France 
Dr S.-S. Yan Physics department, Shandong University, Jinan, China. 

Personal Honours, Awards, and Distinctions 

Prof. Dr. W. Eberhardt was appointed for six additional years to the Advisory Board at the "Max-Plank-Institut 
for Solid State Physiks" in Stuttgart. 

Prof. Dr. W. Eberhardt was selected to serve as Member of the national committee "Forschung mit 
Synchrotronstrahlung". 

Prof. Dr. R. Waser was appointed to serve in the International Advisory Committee of the ISIF(International 
Symposium on Integrated Ferroelectrics) and as Chairman of the ISIF 2000 in Aachen (Together with 
Dr.D.Wouters, 

Prof. Dr. R. Was er was appointed to serve at the FZJ-ISI Advisory Board. 

Dr. B. Kessler was appointed as a C3 professor position at the Fachhochschule Koblenz in Laser Physics and 
Materials Science. 

Prof. Dr. K. Urban was rewarded the "Heyn-Denkmünze" ofthe "Gesellschaft ruf Materialkunde". 

Prof. Dr. Th. Brückel was selected as Proxy Chairman to the Committee "Forschung mit Neutronen"(KFN)". 

Dr. A. Wischnewski received the Young Scientists Award for his lecture "Reptation in polyethylene with 
different molecular weights" at the 2nd European Conference on Neutron Scattering 1999 in Budapest. 

Dr. G. Schütz received the "Gustav-Hertz-Award 2000" ofthe "Deutsche Physikalische Gesellschaft" 
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Institute Theory I 

General Overview 

Research Areas 

The main focus in the Institute is on gaining an understanding of electronic strncture and atomic-scale processes and, 
wherever realistically possible, performing quantitative calculations. The term 'quantitative' is used here to draw a 
distinction to the other important 'qualitative' aspect of theory, which considers characteristic elements of physical 
reality in the abstract and represents these using the simplest possible theoretical or numerical representation. The 
individual themes that constitute this area of activity will be described in more detail below. 

For a given collection of nuclei, the structure and properties of the resulting atomic assemblies are determined in the 
last analysis by the electrons. Thus the main focus of the Institute's work programme, referred to above, in fact spans 
the entire physics of condensed materials! The institute's choice of relevant problems in this area, which is addressed 
by a viftual army of theorists worldwide, is made according to the following aspects: 

• current issues of a methodological or thematic nature, 
• the expertise of staff members, 
• the availability of computer programme-packages that have evolved over many years (and so can be compared to 

moderately expensive experimental equipment), 
• special capabilities ofthe Jülich computer facility, 
• status of competition and possibilities for eollaboration, loeal, national and international. 

In this sense, a central feature is the ongoing development and application of eurrent density-functionallab initio 
molecular dynamics programmes, especially in conjunction with the powerful computational facility in ZAM. Work 
in this area has been performed by Dr. Jones, Dr. Lichtenstein and Dr. Ballone. A new example of work in this 
research area can be found below. 

The computer programmes ron currently on the nE. On-going development includes the testing of new, non-local 
approximations for the exchange-correlation energy functionaL Such approximations are essentially empirical and 
not the result of ab initio theory. This leads to systematic deviations with respect to measured values and with values 
ealculated for small systems by more reliable, but much more resource intensive quantum methods. Combining 
accuracy with ease of computation will remain achallenge into the future. The foeus of applications has been to 
atomic clusters, especially those with light atoms (organic molecules, earbon-aggregates, systems containing water), 
which require 'hard t pseudopotentials and so represent difficult numerical problems. Other applications inc1ude 
energy surfaces and phonons in glasses. 

A further area of research concerns the interaction of electrons and eleetromagnetic fields in bulk materials (Prof. 
Sturm) and on sufaces (Dr. Liebseh). A perennial challenge to the condensed matter theorist is the problem of 
interactions and correlations among electrons. Whereas for s- and p-electron systems these effects are satisfactorily 
taken into aceount by density funetionals, d- and f-electron systems show phenomena which are beyond the scope of 
LDA. Methods like dynamical mean field theory, quantum Monte Carlo calculations and exact diagonalization will 
be applied for those systems by Dr. Liebseh. Work in this direction is reported below. 

Dr. Harris retumed to the institute after a five years leave of absence during wh ich he worked in a US company 
providing scientific software. He builds on the experience of many years by applying density functional theory to 
materials problems, and together with Dr. Bringer is establishing a programme to apply data mining methods for 
materials research at the institute, as described below. 
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An important research topic in the Institute is the atomic theory of friction and the related issue of crack propagation. 
A new result is presented below as an example of the general area of research. Over tbe past years, Dr. Persson had 
pioneered work in tbis area (much of which i8 summarized in his 1997 monograph on tbis topic). This remains an 
area whose development is just breaking out of infancy, and has broad-based ramifications and many open questions 
and appllcations. 

Another research area of the Institute, the theory of non-linear systems, had been transferred for the period 1997-99 
to the 'ModeIling Forum', where Dr Lustfeld, co-opted as a member of the Forum, was applying his know-how to 
environmental problems. This multi-institutional approach to interdisciplinary tasks will retaln support from theory, 
in line with tbe research policy of our research center. 

Tbe research area of Prof. Eisenriegler - 'Geometrie Effects in Complex Fluids' - bears a elose relationship to the 
tbeory of soft-matter. At the end of this year, Prof. Eisenriegler will join the Institute Theory II and take this activity 
along with hirn. The work studies the forces that operate between geometrie objects - walls, spheres (colloids) and 
cylinders having dimensions in the mesoscopic range - which arise as a result of thermodynamic effects in the 
surrounding fluid. Examples are critical fluid mixtures and dilute polymer solutions. The methods employed in these 
studies incIude analytical, field-theoretical approaches as wen as numerical simulations in coIJaboration with Dr. 
Bringer, who contributed methodologies and programmes. 

External Funding and Collaborative Projects 

• Between 1994 and 1999, Dr. Persson was granted support by the DFG to cover annual 3-month guest visits to 
IFF by Prof. Volokitin, University ofSamara, Russia. 

• As a partieipant on a 5-year BMBF(Gerrnan Research Ministry)-supported German-Israeli Cooperative Project, 
Dr. Persson receives from 1998 annual funding of 50,000 DM to cover guest visits and travel expenses. 

• As a contributor in a collaboration between institutes from Jülich, Mainz and Heidelberg, Dr. Jones received for 
the years 1996-98 from the MaTech Programme ofthe BMBF funding ofin total 1,141,000DM. An extension of 
this funding for the years 2000-2002 is pending. 

Gert Eilenberger 
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Personnel1999/2000 and areas of activity 

Staff members 

Dr. A. Bringer 

Prof. G. Eilenberger, 
Institute Director 
Prof. E. Eisenriegler 
Dr. J. Harris 

Dr. R.O. Jones 

Dr. A. Liebsch 

Dr. H. Lustfeld 

Dr. B.N.J. Persson 

Prof. K. Sturm 

Mrs Ch. Hake 

Guests 1999 

Prof. P. Ballone 

Dr. J. Bene 

Prof. O. Braun 
Prof. KH. Fischer 

Dr. Z. Kaufmann 

Prof. A. Lichtenstein 

Dr. C. Lopez 
Dr. J. Maytorena 
Prof. V.L. Popov 

Prof. A. Volokitin 

Graduate students 

Ms S. Biermann 

R. Maaßen 

Problems of electron correlation, genetic algorithms for materials 
research 
Applications of supersymmetry in solid state problems, nonlinear 
dynamics 
Geometrie effects in complex fluids 
Practical applications of computational and informational methods 
to materials research 
Structure and dynamics of clusters and amorphous and liquid 
systems; Projeet "Chemistry-Laboratory Computer" 
Linear and non-linear response, electronic correlation with 
quantum impurity methods 
Theory of nonlinear systems and its applications in atmospheric 
chemistry 
Electronic response at surfaces, atomic friction, adsorbate modes, 
crack propagation 
Eleetronie response; dielectric properties of metals and semi­
conductors 
Secretary 

(University of Messina, Italy) Development and applications of the 
DFIDM method 
(Eötvös University, Budapest, Hungary) Theory ofnon-linear 
systems 
(University of Kiev, Ukraina) Aspects of atomic friction 
(FZ Jülich, retired) Vortices in d-wave and high super-
conductors 
(Eötvös University, Budapest, Hungary) Theory of non-linear 
systems 
(Catholic University Nijmegen, The Netherlands) Correlation 
problems in d-electron systems 
(Cuernavaca, Mexico) Optical phenomena at Ag surfaces 
(Cuernavaea, Mexico) Optical phenomena at Ag surfaces 
(Russian Academy of Sciences, Tomsk, Russia) Aspects of atomie 
friction 
(Samara University, Samara, Russia) Adsorbates at surfaces 

(Univ. Cologne) Application of supersymmetrie methods to 
interacting particles 
(Univ. Cologne) Geometrie effects in complex fluids 
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Density functional study of reactions in polycarbonate 

R. O. Jones and P. Ballonet 

Institute Theory I 

Density functional calculations have been used to study the reactions of small moleeules [phenol, 
lithium phenoxide (LiOPh), and sodium phenoxide (NaOPh)] with the cyclic tetramer ofbisphenol­
A polycarbonate (BPA-PC), which should represent very weH apart of a polycarbonate chain. 
Both LiOPh and NaOPh catalyze ring opening with small energy harriers (t>..E = 4.0,2.5 kcal/mol, 
respectively) to a chain with a phenyl carbonate at one end and a phenoxide at the other, a "living 
polymer". The barrier is large for phenol (t>..E > 40 kcal/mol), but the total energy differences 
between the reactants and the chain are very small in a11 three molecules. This demonstrates the 
usefulness of DF calculations in the study of complex chemical reactions. 

F&E-Nr: 23.20.0 

The density functional (DF) method is now well­
established as a means of performing calculations on the 
geometrical and electronie properties of molecules. When 
combined with molecular dynamics (the "Car-Parrinello 
method"), it can also be used to simulate the behaviour of 
bulk systems including disordered materials. While such 
calculations avoid the use of parametrized force fields 
common in the study of, for example, polymer systems, 
they are very demanding of computing resources. This 
has meant that they are currently restricted to systems 
with fewer than 200 atoms, and there have been few - if 
any - attempts to follow complex chemical reactions with 
this method. We describe here our first attempts to fol­
low the path of such reactions in the context ofbisphenol­
A polycarbonate (BPA-PC), the remarkable mechanical 
and optieal properties of which make it one of the most 
important polymers in industrial production. 

FIG. 1. Cyclic tetramer of BPA-PC. Carbon atoms are 
grey, oxygen atoms black, hydrogen atoms white. 
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The structural unh oi BPA-PC contains 33 atoms. It 
is quite remarkable that cyclic oligomers ean be formed 
with many such units, and the dimer and tetramer [1,2] 
can even be prepared as single crystals for which x-ray 
diffraction studies can be performed [3]. The tetramer 
[see Fig. 1], which is strain-free and shows the cis-trans 
isomerization also found in polycarbonate chains, then 
provides an ideal model for PC. We have used it to 
study the reaction of phenol and phenoxide moleeules ap­
proaching the carbonate group from both inside and out­
side the ring. The reactions with the phenoxide molecules 
are representative of "nucleophilic attack", which often 
leads to the rupture of ring systems (ring-opening poly­
merization) [2). 

The energetics of these reactions are calculated using 
a single reaction coordinate Re, namely the distance 
between the C atom of a carbonate group and the 0 
atom of the attacking moleeule. This co ordinate is re­
duced progressively from large values (> 5 A) in steps 
of 0.2 to 0.4 A until a structural transformation or a 
large energy increase occurs. For each value of Re we 
relax all other degrees of freedom until the energy gra­
dients along the unconstrained directions are less than 
10-5 a.u. The calculations employ the Car-Parrinello 
scheme (plane wave basis, large unit cell, pseudopoten­
tial description of the electron-ion interaction, Perdew­
Burke-Ernzerhof gradient-corrected functional) used in 
our earlier work on organic molecules [4J. 

In Fig. 2 we show six snapshots of the trajectory for 
the reaction of LiOPh outside the cyclic tetramer, and 
the corresponding energy changes as a function of Re are 
shown in Fig. 3(a). The two moleeules react very weakly 
for Re '" 4 A, with minor relaxations and energy changes 
of less than 1 kcal/mol. For shorter separations, the Li­
o attraction pro duces a rotation of the carbonyl group, 
and bond formation leads to a rapid decrease in total 
energy. In this configuration the C atom of the original 
carbonate has a large positive charge and approximately 
tetrahedral coordination. The configuration (4) provides 
a threefold axis for rotations of the Li-O bond that give 



rise to variations in total energy of less than 1 kcaljmol. 
The energy of structure (6) is 6 kcaljmol below the com­
bined energy of the reactants. At room temperature the 
Li-O bond should break easily, leading to an open chain 
with an active -C-O-Li termination. This in turn can 
attack another chain, Le. initiating a catalytic reaction 
that could result in the breaking of all ring structures 
present and the formation of long chain segments. 

This mechanism is not only possible, but it forms the 
basis of a process that is used to produce the polymer 
BPA-PC. The reaction proceeds in a similar fashion if 
the phenoxide molecule is initially inside the ring, and if 
the initiating molecule is NaOPh. The different sizes of 
the Li and Na ions lead, of course, to differences in detail 
between the mechanisms, but the variation in the energy 
found for NaOPh [Fig. 3(b)] is very similar. Strikingly 
different, however, is the change of energy as a phenol 
molecule approaches the carbonate group [Fig. 3(c)]. The 
inter action is repulsive for approach from both outside an 
inside the ring, confirming a well-known fact that phenol 
and BPA-PC do not react with each other. Further de­
tails are provided in Ref. [5]. 

FIG. 2. Reaction of LiOPh with cyclic tetrarner of 
BPA-PC. Only part of the ring is shown. 

The DF calculations described here have provided a 
clear picture of the mechanism of a complex, well-studied 
reaction of industrial importance. Such calculations 

should provide valuable insight into other reactions for 
which mechanisms are either unknown or very difficult 
to study experimentally. 
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FIG. 3. Variation of total potential energy with reaction 
coordinate Re during reactions of (a) LiOPh, (b) NaOPh, 
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Deformation of Sr2Ru04 Fermi Surface Observed in Photoemission 

A. Liebsch and A. Liechtenstein 
Institute Theory I 

Multi-band quasi-partide calculations based on perturbation theory and dynamical mean Held 
methods show that the creation of a photoemission hole state in Sr2Ru04 is associated with a highly 
anisotropie self-energy. Since the narrow Ru-derived d",z,lIz bands are more strongly rustorted by 
Coulomb correlations than the wide d"'l1 band, charge is partially transferred from du,,,,, to d"'lI' 
thereby shifting the d"'l1 van Hove singularity elose to the Fermi level. 

F&E-Nr. 23.20.0 

Angle-resolved photoemission spectroscopy is one of 
the key techniques providing information on the Fermi 
surface of high temperature superconductors. To verify 
the reliability of these data, the detection of supercon­
ductivity in Sr2Ru04 is Qf great importance since this 
system is the only layered perovskite compound known 
so far that is superconducting in the absence of doping. 
Surprisingly, dHvA and photoemission studies yield con­
tradictory Fermi surfaces [1]. This discrepancy raises se­
dous questions concerning the interpretation of photo-" 
emission data also in cuprate superconductors. 

In order to determine the effect of Coulomb correla­
tions on the shape of the Fermi surface, we have cal­
culated the quasi-particle spectral function for a two­
dimensional multi-band Hubbard model using both per­
turbation theory and dynamical mean Held methods [2]. 
Because of the layered structure of Sr2Ru04, the elec­
tronic bands elose to the Fermi level may be qualitatively 
understood in terms of a simple tight-binding picture for 
the Ru t2g states (see Fig. 1). The wide xy band exhibits 
two-dimensional character, while the narrow :vz, yz bands 
are nearly one-dimensional. Density functional calcula­
tions based on the Ioeal density approximation (LDA) 
place the xy van Hove singularity at M about 50 meV 
above the Fermi energy. Whereas the dHvA data are 
consistent with these results, photoemission spectra re­
veal a different topology: the xy van Hove singularity ap­
pears below the Fermi level, converting the 'Y aheet from 
electron-like to hole-like. 

According to the reduced dimensionality of Sr2Ru04. 
creation of a photohole should be associated with highly 
anisotropie screening processes reßecting the nature of 
the electronic states involved. Since the Ioeal Coulomb 
energy is believed to be ab out U = 1.5 eV, we have the 
peculiar relation WU ,lIll: < U < W:l>lI' where W:l>",yz = 
1.4 eV and Wo:y = 3.5 eV are the widths ofthe t2g bands. 
Thus, intra-atomic correlations have a much larger effect 
on the XZ, yz bands than on the xy band. Because of the 
rv 2/3 filling of the xz, yz bands, their narrowing, com­
bined with Luttinger's theorem, must lead to acharge 
How from the xz, yz bands to the ::cy band. As we have 
found, for reasonable values of U this charge transfer is 
large enough to push the xy singularity elose to or even 
below the Fermi level. 
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r M r 
FIG. 1. (a) Dispersion of tag bands of Sr2Ru04 in simpli­

Hed two-dimensional Brillouin Zone (EE' = 0). (h) Solid lines: 
Fermi surface consistent with LDA band structure and dHvA 
measurements. Dashed Une: approximate alY Fermi surface 
derived from photoemission. 

We have calculated the Iocal self-energy using a two­
dimensional next-nearest-neighbor tight-binding model 
for the t2g bands. The on-site Coulomb and exchange 
integrals are given by (i #= j): U = (UIIU), U' = (ijllij), 
and J = (U - U') /2, where i = 1 ... 3 refers to 
xv, xz, yz. Since the t2g bands do not hybridize, the self­
energy has no off-diagonal elements. Self-consistency is 
included in thc spirit of dynamical mean-field theory [3]. 
In this scheme, I:i (w) is a functional of the effective bath 
Green's function gi1 Gi1 + Ei, where the Ioeal Gi is 
given by Gi(w) = f dw1pi{WI)/[w + J.t - Ei(W) - wl

]. A 
typieal frequency variation of:Ei obtained within second­
order perturbation theory is shown in Fig. 2. Near EF, 



the imaginary parts vary quadratically with frequency 
and the real parts satisfy L:a:z,l/Z » L:a:1I' Le., the energy 
shift of the narrow xz, yz bands is much larger than for 
the wide xy band. 

Qualitatively similar results are derived from more re­
fined treatments of on-site Coulomb correlations using 
multi-band self-consistent Quantum Monte Carlo (QMC) 
methods [3J. The temperature of the simulation was 
15 meV with 128 imaginary time slices and IV 300000 
Monte Carlo sweeps. Fig. 3 shows the quasi-particle den­
sity of states Ni{W) = -~ Im Gi (W), obtained via maxi­
mum entropy reconstruction, together with the bare den­
sity of states pi(W). The van Hove singularities near the 
edges of the xz, yz bands are shifted towards EF, eaus­
ing a sizeable band narrowing. Because of the IV 2/3 
filling of these bands, this effect is not symmetrie, giving 
a stronger relaxation shlft of the oceupied bands tban for 
the unoceupied bands. There is also some band narrow­
ing of the :cy bands, but sinee U < Wa:lI this effeet is 
mueh smaIler than for the xz.1Jz bands. 

·2 -1 

Energy (eV) 

o 

FIG. 2. Real and imaginary parts of self-consistent sec­
ond-order seIf-energy for U = 1.2 eV, J = 0'.2 eV. Solid 
cnrves: ~y, dWlhed cnrves: :!lZ. 

A cruciaI point is now that in order to satisfy the Lut­
tinger theorem the more pronounced band narrowing of 
the xz, yz bands requires a transfer of speetral weight 
to the :cy bands. Thus, the :cy van Hove aingularity ia 
pushed towards tbe Fermi level. In the example shown 
in Fig. 3, it lies about 10 meV above EF, compared to 
50 meV in the single-partic1e speetrum. We note that 
this result is a genuine multi-band effect where the fi11-
ing of a relatively wide quasi-particle band is modified by 
correlations within narrow bands of a different symme­
try. Although the approximate nature of our model does 
not permit a quantitative predietion of the frequency of 
the xy singularity, it is evident that its near-degeneracy 
with EF makes it extremely difficult using angle-resolved 
photoemission to determine the k-point at which the :cy 
band crosses the Fermi energy. Photoemission data taken 
with better energy and angle resolution might provide a 
more conclusive answer. Fig. 3 also shows that due to 

16 

the narrowing of the xz, yz bands, the weakly dispersive 
band is shlfted from -0.8 eV to about -004 eV, in agree­
ment with photoemission data. For k" between M and 
X, tbis band is observed to cross Ep at about (11",0.611"), 
in good aceord with our ealeulations. Also, the caIcu­
lations indicate a satellite below the xz, yz bands which 
might be related to the speetral feature observed near 
2.5 eV binding energy using resonant photoemission. 
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FIG.3. (a) Quasi-parlicle density of states N,(w) derived 
from seIf-consistent QMC scheme for U = 1.2 eV, J == 0.2 eV. 
(b) Single-partide density of states pi(W) derived from tight 
binding bands. Solid cnrves: :!lY, dWlhed cnrves: xz. 

In summary, multi-band quasi-particle ealculations for 
Sr2Ru04 show that the simultaneous existence of nearly 
one- and two-dimensional t2g bands near EF leads to a 
highly anisotropie self-energy of the photoemission hole 
state. Beeause of Luttinger's theorem, tbis anisotropy 
gives nse to acharge flow from tbe narrow xz, yz bands 
to the wide :cy band, thereby shifting the xy van Hove 
singularity very elose to EF. As a result, in the vicin­
ity of M considerable spectral weight appears below EF. 
These results might explain the eontroversial nature of 
recent photoemission data whlch have diHiculty in deter­
mining whether or not the xy band at M is oecupied. 

[1) For discussions, see: A.V. Puchkov, Z.X. Shen, T. Kimnra, 
and Y. Toknra, Phys. Rev. B 58, R13322 (1998); A.P. 
Mackenzie, S. Ikeda, Y. Maeno, T. Fujita, R. Julian, and 
G.G. Lonzarich, J. Phys. Soe. Japan 67, 385 (1998), and 
references herein. 

[2} A. Liebsch and A. Liechtenstein, submitted to Phys. Rev. 
Lett. 

[S] A. Georges, G. Kotliar, W. Kraut, and M.J. Rozenberg, 
Rev. Mod. Phys. 68, 13 (1996). 



Application of Data-Mining Techniques in Materials Research 

Andreas Bringer and John Harris 
Institute Theory I 

The use of statistical modeling methods is widespread in organic- and bio-chemistry. In materials 
research, on the other hand, such methods have been used sparsely. One leasen for this is the absence 
of a single highly focused application such as rational drug design (that has essentially spawned the 
discipline of bioinformatics). Another is the strang foeus of eondensed matter theorists on "law­
based" rather than "statistically-based" methodologies. In this note we outline how statistical 
methods may contribute to materials research. 

F&E-Nr: 23.20.0 

I. INTRODUCTION 

Theoretical physicists are trained to seck out the fun­
damentallaws that govern behaviour and to employ law­
based methods to solve problems. The foeus is on the 
understanding of a dass of behaviour in a broad sense. 
Physicists are trained to ask and to answer the question 
"Why?", whereas a technological advance often requires 
answering the question "How?". For example, the ques­
tion as to why eeramic materials exhibit superconductiv­
ity has received fairly massive attention from the com­
munity of theoretical condensed matter physicists. The 
question "Row can we prepare wires of these materials 
that can be used in general applications?" is considered 
to be a technological one. 

Statistically-based methods involving data-mining may 
provide the basis for developing an understanding of an 
issue, but are more focused on providing an answer to 
a practical question. In life science areas, the value of 
these methods is widely recognized and has resulted in a 
new discipline - bioinformatics. A rather interesting spin­
off of the use of such techniques is described in arecent 
issue of Chemical and Engineering News [lJ. Since 1984, 
Proctor and Gamble has eliminated 80% of its animal 
toxicology testing largely by using instead data-mining, 
analysis and modeling (thereby earning accolades from 
environment al and animal rights groups!). 

In condensed matter physics and materials science, 
theory is generally restricted to ideal conditions (perfect 
erystals, Hat surfaces etc.). Many questions remain un­
treatable .by law-based methods because, for example, 
they refer to systems that are not "well-characterized". 
Non-charaeterized materials are important because they 
are cheap and easy to manufacture, whereas in gen­
eral charaeterized materials are expensive and diffieult 
to manufacture. 

A training in theoretical physies can be valuable in 
eonnection with non-law-based methodologies, especially 
those which possess the characteristics of an acceptable 
theory. These are that the method should be: 

i) Predictive, ii) Practical in) Transparent, 
iv) Falsmable 
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We will consider a methodology bas~d on statistical anal­
ysis of data that can satisfy these criteria. 

II. DATA-MINING AND STATISTICAL 
METHODS 

The development of predietive methods based on data­
mining assumes that data contain patterns and correla­
tions that are hidden, but that the application of sta­
tistical methods ean extract. Methods for uncovering 
correlations within data can be classified as "structure 
mapping" [2] and "mathematical modeling" which are, 
respectively, graphical and algebraic in nature. Aigebraic 
methods (QSAR and derivatives) are in widespread use 
in bioinformatics. 

Perhaps the best known example of the use of data­
mining in materials science is Pettifor's classif1cation of 
the crystal structures of binary alloys [3]. On arrang­
ing the elements of the periodie table in a certain order 
along the axes of an x-y plot (structure map), Pettifor 
found that AnBm alloys having the same crystal struc­
ture tended to cluster in certain regions of the plot. The 
Pettifor ordering of the elements (see, for example, Fig 6. 
of ref. [2]) corresponds basically to a "string" running up 
and down the columns of the Periodic Table. By locating 
a given alloy on the plot, its strueture can be predieted 
with some degree of likelihood as being that of the al­
loys within the surrounding cluster whose structures are 
known. Structure maps have been used in several con­
nections, e.g. the stability of quasicrystals [4], high-Tc 
superconductors [5], weidability of AB intermetallics [6]. 

A more general methodology is to attempt to derive 
a mathematical model based on data for some property, 
X, of a system belonging to a certain class of systems. 
This property is conventionally expressed as aseries 

(1) 

where the di are so-ealled descriptors or basis functions 
and the Ci are coefficients. The descriptors are charac­
teristics of the system whose values are known or easily 
measured or caleulated. They may be simply numbers 



(defining a given property such as the work function of 
a metal, or its bulk modulus), or they may be fUHctions 
oi such Humbers (non~linear models). It ia assumed that 
within the dass of systems under study there is a sub­
dass, referred to as the "training sd', where the values 
of X and of aU the descriptors are known. The coef~ 
ficients Ci are determined by least squares fitting using 
these known data. The value of the method lies in its 
ability to extrapolate out of the training set of data and 
to predict values of X for systems for which this quantity 
has not been measured. 

As is well known, the ability of a model to extrapolate 
from known data is not necessarily related to the ability 
of the model to reproduce values within the training set. 
For example, suppose there are N data points. Then a 
model with N descriptors - assume for the sake of ar­
gument these are linearly independent - will reproduce 
the data exactly. However, it may do this (as a high~ 
order spline does) by developing an "oscillatory charac­
ter" which means that "points" outside the training set 
may be very poorly represented. Thus the predictive 
value of a model must contain an element that is not 
related simply to the ability of the model to reproduce 
data within the training set. 

A reasonable measure for. the ability of a model to ex~ 
trapolate €rom a given training set is the Friedman "lack­
of-fit" measure, F, defined by [7] 

F 
E 

l-(c+dp)/n' 
(2) 

where E is the least squares error for a given model, n is 
the number of data sampies used in the least squares fit, 
cis the number of (non-constant) basis functions in the 
model, P the total number of fit parameters in the model, 
and d is a control parameter of order unity. The num­
ber of fit parameters, p, will in general be different from 
the number of basis functions, c, because many of these 
will contain two or more parameters (e.g. coefficients 
and exponents). This measure discriminates in favour of 
low-order models (c, p «: n) and penalizes models that 
are "overfit" (see the "Flare Brilliance" example outlined 
below). 

The key to a successful model is to find the "right" set 
of descriptors, or basis functions and this is the heart of 
the methodology. Several methods are available includ­
ing neural-net modeling, but the potentially most power­
ful method for problems in materials science involves the 
eonstruction of a family of models and the application of 
a "genetic algorithm" [8] to generate from this family suc­
cessively better models. The genetic algorithm (GA) (or 
recipe, if one will) amounts to the following procedure. 
Step 1 is the construction of aseries of models containing 
different basis functions. A population of k models can 
be characterized via the basis functions they contain 

Xl {al,a2,ßll,ß4"'} 

X" {PhP2,P3,P4"'} 

Each model is now fit to the data within the training 
set using standard least squares, and is evaluated using 
the Friedman measure F. From the set of models so 
constructed, two "good models" are seleeted probabilis­
tically (using the set of Friedman measures as adefinition 
of "goodness"). The two models are randomly cut into 
two sections which are then joined to generate a new 
model. Viz. 

X" {Pl,P2,Pa,P4" 'Pn} 
XI = {ql' q2, Q3, q4'" qm} 

Xc {Pl,P2,Pa,Q4" 'Qm} 

(Parent modell) 
(Parent model 2) 

(New model) 

This model is then added to the set and evaluated using 
the Friedman measure. The set now contains k + 1 mod­
els, and the one having the worst value of F is discarded, 
restoring the population to k. This procedure is contin­
ued until the average value of F for the models stabilizes. 
Optionally, a "mutation" may be applied to a new model 
(e.g. replacing one of the basis functions by a randomly 
chosen basis function from another model). 

This genetic recipe for optimizing models has the im­
portant advantage of Hexibility. There is almost no re­
striction on the basis functions. They ean be analytic 
functions (sines, exponentials, etc) or non-analytic. For 
example, a basis function that has been found useful in 
deseribing threshold behaviour is (a: a)e Ca: - a). In 
addition, the model can be run for long periods without 
the problem of overfitting because the complexity of the 
model is determined by the Friedman parameter, not by 
a "training process" such as is used in methods based on 
neural networks. A standard test for the predictive ca­
pacity of an algorithm for generating a model is to subject 
it to a process known as "cross-validation". The training 
set is reduced sequentially by one member, the algorithm 
applied to the N -1 remaining members, and the value of 
the Nth predicted. This provides N examples of the pre­
dictability of the algorithm, which is expressed in terms 
of a "cross-validation" score in the range 0 < s < 1. A 
score of s < 0.3 means very poor predictability, a score 
s > 0.7 implies high predictabiIity. 

An example of the use of the GA in chemistry is the 
study of Hare brilliance by Rogers [9]. The problem of 
fIare brilliance, involving highly complex, transient chem­
icaI reaetions and the requirement that the energy liber­
ated be focussed in the visible portion of the spectrum, 
i8 not particularly tractable using standard methods in 
theoretical physics and chemistry. The Hares in ques­
tion were composed of mixtures of magnesium, sodium 
nitrate, and strontium nitrate together with a binder. 
Measurements of the illumination for specific sets of con­
centrations of the ingredients provided a training set. 
Possible descriptors for this problem are the individ­
ual concentrations of the ingredients and cross-products 
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of these concentrations. A standard analysis using a 
lO-term model containing these ingredients generated a 
"best model" which, when subject to "cross-validation", 
showed essentially zero predictability. A GA analysis as­
suming linear basis functions produced a surprising re­
sult. The genetic procedure generated as "best model" 
one which involved only the concentrations of magnesium 
and the cross-product of the magnesium and binder con­
centrations. This model was clearly superior to the stan­
dard models, but still did not score weH enough on the 
"cross-validation" test to be regarded as truly predictive. 
Allowing non-linear basis functions to represent thresh­
old processes, however, changed this situation radically. 
The leading model had 4 basis functions, one of them 
non-linear, and scored 0.9 on the "cross-validation" test, 
indicating a high degree of predictability. 

A key factor in obtaining this predictability was found 
to be the product of the concentrations of sodium and 
strontium nitrate. Ir this product fell below a certain 
value the illumination was strongly reduced. Whether 
this finding has any meaning in terms of a critical mixing 
process, or co-crystallization is not known. However, this 
is in any event not the purpose of the genetic analysis, 
which is to generate a model that has predictive value 
in a statistical sense. Ir information results that points 
towards certain physical processes and suggests a possible 
way to understand what is happening at the microscopic 
level, this is an added bonus. 

111. GA IN MATERIAL RESEARCH 

In solid state theory statistical methods have been 
applied, somewhat sporadically, in a number of areas. 
These include: i) Thermal properties 0/ materials. The 
standard problem is to determine the partition fune­
tion of a physical system by "Monte-Carlo" simulations, 
which can be done with modern computers for fairly 
large and complicated systems. ii) The determination 
0/ spectra. The Maximum Entropy algorithm has been 
used to extract real spectra from simulated thermody­
namic data. iii) Pattern Recognition. The same algo­
rithm ean be used to recover information of blurred im­
ages [10]. iv) Complex Structures. The determination of 
the structure of minimal energy of a collection of particles 
(cluster-structures) is a "Non-Polynomial-hard" prob­
lem. That means, the necessary effort to find the struc­
ture of globally minimal energy inereases exponentially 
with the number of particles, mainly beeause the num­
ber of side minima in energy increases exponentially and 
any analytical seareh routine will become trapped with 
certainty in a Ioeal minimum. To avoid this, a "thermal­
annealing" proeess, by which experimentally purification 
of imperfect crystalls is achieved, is simulated and a 
larger part of the configuration space is cheeked. 
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This type of problem, to determine simultaneously 
both loeal and global properties of a system should be 
very suitable for aGA. It has been demonstrated that 
for a system of 60 earbon atoms the "bueky-ball" struc­
ture forms after a few thousend genetic operations [11]. 
In this study the positions of the particles were taken as 
the genes of a member of the population and this genetic 
information was manipulated as outlined in the preceed­
ing paragraph. The "fitness" -funetion in this case is the 
energy directly. 

The reconstruction of the eleetron wave function in 
a Transmission Electron Microscope from micrographs 
taken at different distances from the object has been 
studied by both thermal annealing and GA [12J. The 
comparison of both methods indicates that GA results 
are as reliable as those of thermal annealing and GA 
might have a wider range of applicability (larger sys­
tems). 

There are many applications of datamining in materi­
als research of relevance to current work in the IFF. We 
are working directly on two: 1. Electrical conductivity 
of eeramics: Here the task would be to prepare a model 
that describes reasonably the electrieal eonductivity in 
terms of readily measurable or ealeulable descriptors in 
order to predict new ceramics with optimized properties. 
2. The strueture of quasi-erystals: Several groups [2] [4] 
have used strueture map teehniques to predict new quasi­
crystals. A related problem is the recovery of atomic po­
sitions from electron transmision microscopy data. This 
is in essence a pattern recognition problem that can be 
treated by maximum entropy, neural networks or GA 
methods. 

[1] Article by Gary Anthes, C&E News 06.12.1999. 
[2] J.K Burdett and J.R. Rodgers, in "Encyclopedia ofInor­
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[6] D. G. Pettifor J. Mater. Sei. Technol. 4, 674 (1988) 
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Boundary lubrication: layering transition for curved solid surfaces with long-range 
elasticity 

B.N.J. Persson 
Institute Theory I 

The properties of an atomic lubricant confined between two approaching surfaces are investigated 
by molecular dynamics. In the limit of thin interfaces, the lubricant atoms form weil defined layers, 
whose number decreases in discontinuous steps with increasing applied pressure. These transitions 
occur easily and completely for unpinned lubricant films, while they are sluggish and incomplete in 
the case of strang pinning. Before the transition, an intermediate phase arises, which facilitates the 
thinning of the lubricant. Lateral sliding of the surfaces erihances the thinning rate. 

F&E-Nr: 23.20.0 

Sliding friction is one of the oldest problems in physics, 
and has undoubtedly a huge practical importance [1]. In 
recent years, the ability to produce durable low-friction 
surfaces and lubricant fluids has become an important 
factor in the miniaturization of moving components in 
technologically advanced devices. For those applications, 
the interest is focused on the stability under pressure of 
thin lubricant films, since the complete squeeze out ofthe 
lubricant from an interface may give rise to cold-welded 
junctions, resulting in high fridion and catastrophically 
large wear. 

We have investigated the late stages of the approach of 
two elastic solids limited by two curved surfaces, wetted 
by an atomic lubricant film of microscopic thickness [2]. 
Under these conditions, the behavior of the lubricant is 
mainly determined by its interaction with the solids, that 
induces a 2D order along the surfaces, and layering in the 
perpendicular direction. We focus on the atomic pro­
cesses by whieh the thickness of the interface decreases 
by discontinuous steps, corresponding to the decrease in 
the number n of lubricant layers. For solid surfaces that 
approach without lateral sliding, separated by unpinned 
or weakly pinned (incommensurate) lubrication layers, 
fast and complete layering transitions occur. Commen­
surate or strongly pinned incommensurate layers lead to 
sluggish and incomplete transitions, often leaving islands 
trapped in the contact region. In fact, for commensurate 
layers we observe that it is nearly impossible to squeeze 
out the last few layers simply by increasing the perpen­
dicular pressure. However, the squeeze-out rate is greatly 
enhanced by lateral sliding, since, in this case, the lubri­
cant film can turn into a fluidized or disordered state, 
facilitating the ejection of one layer. 

We have performed simulations for three different 
cases. In all cases the lubricant is Xe, but we have varied 
the Xe-substrate interaction potential so that a mono­
layer film of lubrication atoms forms unpinned (case A) 
or pinned (case B) incommensurate layers, or a commen­
surate layer (case Cl. The block is looA thick, with the 
same elastic modulus as of steel. The upper surface of 
the block is "glued" to a rigid surface profile with a co-
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sine corrugation in the x-directiou, and constant in the 
y-direction, and periodic boundary couditions are used 
in the xy-plane. The amplitude of the eosine corruga­
tion is large enough that during all stages in the squeeze 
out, there is "empty" space in some regions between the 
block and the substrate, into which the lubrication fluid 
can be squeezed without building up a hydrostatic pres­
sure. The substrate i8 only one atomic layer thick, and 
is "glued" onto a flat rigid surface, which is kept fix in 
space. In all the computer simulations, the upper rigid 
surface profile moves with a constant velocity towards 
the substrate, and the distance displayed in Fig. 1 is the 
displacement of the upper rigid surface profile towards 
the substrate rigid surface, where d 0 correspond to 
an (arbitrary) starting point where the two elastic solids 
with lubrication layers are nearly in contact. 

A. Incommensurate layer (unpinned) 

Fig. lA shows the average perpendicular stress acting 
on the substrate as a function of the displacement of the 
block towards the substrate, for two different tempera­
tures, T = 50K and 300K, where (for darity) the latter 
curve is displaced towards negative pressure by O.2GPa. 
The block and the substrate are initially separated by 
about four Xe-monolayers. The three "bumps" on the 
curves correspond to the layering transitions (with in­
creasing pressure) n 4 -+ 3, 3 -+ 2 and 2 -+ 1. We ob­
serve that these transitions, in particular the n = 2 -+ 1 
transition, are rather abrupt, and are marked by a signif­
icant pressure drop. The latter implies that the squeeze­
out occur so rapidly that during the transition, the upper 
surface has moved only a small fraction of the diameter 
of the Xe-monolayer. Note that the layering transitions 
occur at higher pressures at low temperature, indicating 
that they are thermally activated. 

Fig. 2(top) shows a sequence of snapshot pictures of 
the central interface region during squeeze at T 300l<. 
The time (in natural units T i:::i 2.9ps) of each snapshot 
picture is indicated. The open circles denote the bot tom 
layer of block atoms and top layer of substrate atoms. 
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FIG. 1. The dependence of the average pressure on the dis­
tance the upper surface of the block has maved towards the 
bot tom surface of the substrate. (A) Results far model A far 
two different temperatures, T ::::: 50K and T 300K, and 
with the squeeze velocity V z ::::: 3m/s. (B) Results for model 
B at T = 200K and for (a) squeezing with V z = 4.4m/s and 
(b) squeezing (v z ::::: 4.4m/s) andsliding at !Ix = I7.7m/s. (C) 
Results for model C at T = 80K and for (a) squeeze with 
V z 4.6m/s and (b) squeezing (v z ::::: 4.6m/s) and sliding at 
v" = I8.3m/s. 

Fig. 2(bottom) shows snapshot pietures of the lu­
brication film during the nucleation of the squeeze out 
n = 2 .-7 1. Immediately before the nucleation of the lay­
ering transition the lubrication film in the central region 
has undergone a phase transformation and now exhibits 

22 

fce(lOO)-layers parallel to the solid surfaces. Since the 
fcc(lOO)-layers have a lower concentration of Xe atoms 
than the hexagonal layers (assuming the same nearest 
neighbor Xe-Xe distance), a fraction of the Xe-solid bind­
ing energy is lost during this transformation. On the 
other hand the solid surfaces can now move eloser to eaeh 
other (since the distance between the fce(lOO)-layers is 
smaller than between the hexagonallayers) and in this 
way elastic energy is released. After the phase transfor­
mation, the layering transition n 2 -+ 1 can occur 
much more easily since density ftuctuations (opening up 
of a "hole") require less energy in the more dilute fee ( 100) 
layers than in the higher density hexagonallayers. 

B. IncommenSl.lrate layer (pinned) 

Fig. 1E shows the average perpendicular stress act­
ing on the substrate (01' block) as a function of the dis­
placement of the block towards the substrate. The upper 
eurve (a) is without lateral sliding (Va; == 0) while the 
lower curve (b) is for Vx > O. For elarity the latter curve 
is displaced towards negative pressure by O.2GPa. Note 
that in cOl1trast to case A, in the present case, where 
the lateral atomic corrugation experienced by the lubri­
cation atoms is mueh higher, the squeeze out is more 
sluggish, and only very weak bumps corresponding to the 
n 4 -+ 3 and n 3 -+ 2 transitions can be detected in 
tbe upper curve. 

In case (a) it is found that at the end of squeezing in 
Fig. IB, a trapped n 2 island occurs, surrounded bya 
single Xe-monolayer. Fig. 3 shows snapshot pictures of 
the trapped island. Trapped islands have reeently been 
observed experimentally [3]. During squeezing and slid­
ing the n == 2 -+ 1 transition is complete, i.e., no n 2 
island remains trapped. 

C. Commensurate layer 

Fig. lC shows the average perpendicular stress acting 
on the substrate (ar block) as a function of the displace­
ment ofthe block towards the substrate. The upper curve 
(a) is without lateral sliding (vx = 0) while the lower 
curve (b) is far Vx > O. Note that the commensurate ad­
sorbate layers are strongly pinned, and even though the 
Xe-substrate binding energy in the present case is much 
smaller than for case A, it is (if no lateral sliding occurs) 
difficult to squeeze out the lubrication film. Thus at the 
end of the squeeze-out process in Fig. lC (no sliding) 
the surfaces are still separated by four Xe-Iayers, just as 
at the beginning of squeeze-out. However, lateral sliding 
tends to break up the pinning (e.g., fiuidization of the ad­
sorbate layer may occur), and during sliding it is much 
easier to squeeze out the lubl'ication layer, and at the 
end of squeeze-out [curve (b)] only one Xe-Iayer remains 
between the surfaces in the high-pressure region. 
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FIG. 2. Top: Snapshot pictures during squeeze-out. The 
time of each snapshot is indicated. Bottom: Snapshot pic­
tures of the lubricant layer for times elose to the point where 
the n = 2 -+ 1 squeeze out transition occur. The first and sec­
ond monolayer atoms are indicated with different grey-scale. 
For model A at T = 300K. 
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FIG. 3. Snapshot pictures, at two different view angles, of 
the trapped island. For model B at T 2001<. 
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Chemical dynamics of pollutants in the atmosphere 

H. Lustfeld 
Institute Theol'Y I 

By modelling chemical reaction equations of the troposphere with 10 particularly important 
pollutants it is shown that these equations contain real or hidden instabilities. These occur for 
certain output strengths of pollutant sources like NO and CO and lead to ßuctuations of pollutant 
concentrations by a faetor of 10 in a few days. The instabilities are all of the Hopf type and 
a generalized time dependent Ginzburg Landau equation can explain the mechanism behind the 
huge ßuctuations occuring in the chemical equations. The meaning of the results for pollutants in 
atmospheric flows is briefly discussed. 

F&E-Nr: 23.15.0 

The chemical reaction equations of pollutants in the 
troposphere are relatively weIl known1 . Until recently it 
was believed that they always converge to a stationary 
state due to their dissipative character. 

As is known from the theory of dynamical systems, 
however, dissipative systems may have periodic or even 
chaotic attractors. After periodic solutions [2] had been 
found in a simple model we investigated solutions of a 
model containing ten pollutants (NO, N02, 0 3 , CO, 
OH, H02 , H202, HCHO, M02

2 , CH4 ) and the corre­
sponding 32 chemical reactions that occur among them 
in the troposphere. The aim was to look for possible in­
stabilities of this system and to elucidate the mechanism 
behind the nonstationary solutions. These have a char­
acteristic structure: The concentrations vary slowly over 
a large time interval but suddenly undergo a drastic fluc­
tuation on a time scale of a few days, (cf Fig. 1). All fixed 
points of the system (including the complex ones) could 
be detected by applying the Groebner basis scheme3 [6}. 
It turns out that there is only one single physical fixed 
point which can become unstable and we concentrated on 
this fixed point. The onset of its instability depends on 
the strength of the pollutant sources NO source, CO source 

and the CH4 concentration4 that act as control parame­
ters of the system. In a typical scenario beyond the insta­
bility threshould a slow variable, (the CO concentration,) 
starts moving away from the fixed point driving the sub­
system to an instability. At this stage the slow variable 
acts as a control parameter of the subsystem. Finally 
the subsystem undergoes a subcritical Hopf bifurcation. 
After that it changes faster than exponentially. The hith-

IThe equations were first established by F. Stockwell [1] and 
part of various computer codes. 

2 M O2 is a methyl peroxy radicaL 
3The Groebner basis scheme was successfully applied to a 

simpler model [5] and to the present one [3]. It failed when 
applied to a model with 14 pollutants [4]. 

4 Because of their slow variation we keep G H4 as a parameter 
here. 

erto slow variable (CO) becomes dynamic because of the 
coupling to the subsystem and returns to the vicinity of 
the (unstable) fixed point in which the subsystem be­
comes stable again. The fast motion of the subsystem 
stops and the 810w motion described above starts again. 

This phenomenon can be modeled by coupling a time 
dependent Ginzburg Landau equation to a furt her quan­
tity. The result beyond the point of instability is shown 
in Fig. 2. The qualitative agreement between the model 
and the complicated chemical system is good indeed for 
the aforementioned scenario. 
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FIG. L pollutant concentrations of 0 3 (solid line, in 
ppb) and CO (dashed line, in O.lppb) versus time (in 
days). concentration of CH4 : 1700 ppb. pollu­
tant source strengths: GOsoure. = 2.75· 106 cm-3 sec-1, 
NOsouTce = 4.5. 106cm-3sec-l. 



When incorporating the transport by the atmospheric 
flows the chemical dynamics of the pollutants will change, 
of course. First of all very long periods of the chemi­
cal dynamics cannot be detected. However, the strong 
fluctuations of the trajectories should remain important 
because they lead to changes of the pollutant concentra­
tions witin a few days. 
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FIG. 2. result of model equations simulating the abrupt 
change of the real system, shown in Fig. 1. The units are 
arbitrary. 
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FIG. 3. Hidden instabilities occur in the real as well as in 
the model system. Here a hidden instability of the model 
system is shown. Solid line: a small perturbation decays ex­
ponentially. Dashed line: a slightly larger perturbation gives 
rise to a strang peak as in Fig. 2 before the system returns to 
the (globally) stationary state. 
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Note that even globally stable fixed points can give rise 
to these fluctuations: Aperturbation driving the subsys­
tem beyond the subcritical Hopf bifurcation leads to such 
an effect. We caU this a hidden instability. In this case 
the region of stability of a stable fixed point is not iden­
tical to the basin of attraction. It is smaller and given 
by the lleighborhood that excludes an instability of the 
subsystem. This is shown in Fig. 3. 

The detection even of long - periodic solutions in the 
chemical system can have areal meaning in that at least 
one Lyapunov exponent becomes llonnegative. If diffu­
sion within the flow is neglected, the concentrations of 
pollutants become discontinuous. Such an effect has been 
demonstrated for a model consisting of Olle isolated VOf­
tex plus the reaction equations of the Brusselator and a 
point source located in the vortex stream [7]. The results 
demonstrate the much more important role of diffusion 
in such situations. 

In summary, we have gained a relatively dear und er­
standing of chemie al dynamics in a model containing es­
sential pollutants of the troposphere. Next we plan to 
investigate the full chemical system (RADM2) of pollu­
tants in a similar manner as described here. Furthermore 
we have developed an approximation for 2 dimensional 
flows [8] and plan to incorporate transport in the chemi­
cal reaction equations. 
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Structure, vibration frequencies, and reactions 
Seminar, 26.05.1999, General Eleetric Research and 
Development Laboratories, Schenectady, USA 
23.20.0 

Jones R. 
Geometrie und Spektroskopie von atomaren Clustern -
Möglichkeiten und Grenzen von Dichtefunktionalrechnungen 
Seminar, 02.07.1999, Physikalisches Institut, Universität 
Hamburg 
23.20.0 

Jones R. 
Simulations of polycarbonate systems Density funclional 
studies of structure, vibration frequencies, and reacUons 
Kolloquium, 08.12.1999, Dept. 01 Polymer Sclenee and 
Engineering, University of Massaehusetts, Amherst, USA 
23.20.0 

Jones R. 
Struktur und Spektroskopie von Kohlenstoflclustern -
Möglichkeiten und Grenzen der Theorie 
Seminar, 14.06.1999, I. Physikalisches Institut, Universität zu 
Köln 
23.20.0 

Jones R. 
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Thermal expansion 01 anisotropie materials - density functional 
study of high quartz systems 
01.12.1999, Materials and Research Society Symposium, 
Boston, USA 
3.20.0 

Liebsch A.; Liechtenstein A.1 
1 University of Nijmegen 
Photoemission quasi-particle spectra of Sr2Ru04 
Workshop on Strong Correlations in Solids, 02-06.10.1999, 
Prag 
23.20.0 

Lustfeld H. 
Dynamical flows and Poincare maps 01 simple nllpellers 
Seminar, 07.09.1999, Eötvös University, Budapest 
23.15.0 

Persson B. 
Brittle Fracture 
APS Meeting, 21-25.3.1999, Atlanta, USA 
23.20.0 

Persson B. 
Layering transition in molecular thin lubrication films 
APS Meeting, 21-25.3.1999, Atlanta, USA 
23.20.0 

Lecture courses 

Eisenriegler E. 
Kritisches Verhalten begrenzter Systeme 
SS 99, Universität Düsseldorf, V 2 

Lustfeld H. 
Wavelets in der Physik mit Beispielen in C++ 
WS 99/00, Universität Duisburg, V 2, Ü 1 

Stunm K. 
Elektronentheorie 
WS 98/99, 30. IFF-Ferienkurs "Magnetische Schichtsysteme", 
01-12.03.1999 

Sturm K. 
Elektronische Anregungen im Festkörper 
SS 99, Universität Düsseldorf, V 2 
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Institute Theory 11 

General Overview 

Introduction: Soft Matter Research 

The main research topic of the Institute is the theory of "complex fluids" and "soft matter" systems. 
Soft matter physics is an interdisciplinary research area encompasing statistical physics, material science, 
chemistry, and biology. The systems are characterized by 

• Supramolecular structure and self-assembly 

• Typicallength scales ranging from nano- to micro-meters 

• Typical energy scales comparable to the thermal energy kBT. 

Classical examples of complex fluids are 

• Polymer solutions, mixtures, and melts 

• Mixtures of block copolymers and homopolymers 

• Lyotropic liquid crystals 

• Amphiphilic systems, Le. mixtures of oil, water and amphiphiles 

• Colloidal suspensions. 

While these areas remain active fields of research, the focus has recently shifted to more complex systems 
which are obtained by combining two or more of the components listed above. A few examples are 

• Colloidal partieles in polymer solutions 

• Mixtures of surfactants and amphiphilic block-copolymers 

• Mixtures of several surfactants or lipids 

• Colloids in liquid crystals 

This brings the systems which are studied in physics eloser to applications in material science or biology. 

Since the structures in soft matter systems often contain a large numer of molecules, mesoscale modelling 
is typically required to bridge the length- and time-scale gap between the microscopic domain - of atoms 
and their interactions and the emerging properties of supramolecular assemblies on meso- or macroscopic 
scales. Microscopic models are employed to study properties of complex systems on the molecular scale, and 
to provide a link of mesoscale models to molecular architecture. 

A large variety of methods is used to study soft matter systems. In fact, a combination of analytical and 
numerical methods is often needed to successfully characterize these complex systems. In particular, simula­
tion methods (Monte Carlo, molecular dynamies), computational hydrodynamics, field theory, perturbation 
theory, and exact solutions are employed in our institute. 

A characteristic feature of soft-matter research is the fruitful interaction between theory and experiment. 
With a third ofthe IFF institutes [Neutron Scattering (Richter), Theory II and (starting January 2000) Soft 
Matter (Dhont)] now focusing on soft matter research, many of the essential aspects of these systems are 
investigated here. 
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Some Remarks: 

1999 has been a year of change in the group. Prof. Kehr, who was the acting director of the group 
for several years (1994-1999) until my arrival in March '99, retired last summer. I would like to use this 
opportunity to thank hirn for his leadership during this period. I hope that he will be a regular visitor in 
the institute for years to come. 

Prof. Baumgä.rtner, who was a member cf the "Forum Modellierung" from 1997 to 1999, has returned to 
the group at the beginning of this year. He will strengthen the research activity on biological systems. 

Prof. Eisenriegler is currently a member of the Institute Theory L Since his work is part cf soft matter 
research, his research projects are described here as part of the "Theory II" research activities. It is intended 
that he will formally become a member of "Theory II" this year. 

Research projects and results: 
(in alphabetic order) 

1. Polymer-induced depletion interaction between a particle and a wall: 
The motivation to study this geometry comes from experiments which can measure the interaction 
of an individual colloidal particle with a wall. For ideal, flexible polymers we obtain the potential 
of mean force for arbitrary dist,ance and particle-to-polymer size ratio. While for large particles the 
force decreases monotonically with increasing distance, for small particles we find a force-maximum. 
(Eisenriegler, Bringer, Schlesener, Hanke) 

2. Small particles in solution 0/ nonadsorbing polymers: 
For colloidal particles much sm aller than the polymer size and screening length a number of new exact 
results is derived. These encompass the depletion profile of the monomer density and the force between 
two particles in case of ideal chains, and the influence of the excluded volume interaction between 
chain monomers for the density distribution around one particle. Beyond their contribution to the 
understanding of polymer depletion the results provide acheck for more versatile but approximate 
methods. (Eisenriegler) 

3. Infiuence 0/ inter-chain overlap on depletion effects in polymer solutions: 
We investigate a boundary wall of and a spherical particle in a polymer solution with concentration 
up to and beyond the overlap concentration. This is relevant for experiments which in general operate 
in between the dilute and semidilute limits. (Eisenriegler, Maassen, Bringer) 

4. Cubic bicontinuous phases in ternary amphiphilic systems: 
Interfaces in amphiphilic systems can often be well described by elastic sheets with bending rigidity 
"', saddle-splay modulus K" and spontaneous curvature co. The amphiphilic monolayers in ternary 
mixtures with water and oil can arrange in different ways to form micellar, hexagonal, lamellar and 
various triply periodic, bicontinuous cubic phases. The relative stability of the latter phases can be 
explained by the way in which their universal geometrical properties conspire with the concentration 
constraints. (Gompper, Schwarz) 

5. Freezing 0/ planar membranes: 
The thermal behavior of membranes on mesoscopic scales can be modelled very successfully by dy­
namically triangulated surfaces, which consist of hard spheres connected by tethers. We study the 
transition form the fluid to the crystalline phase by reducing the tether length and thereby increasing 
the in-plane density. For plan ar systems, a two-stage freezing transition is observed, with a very narrow 
region of stability of the hexatic phase. (Gompper, Kroll) 

6. Dynamics 0/ swollen lamellar phases: 
Among the large variety of phases, which appear in amphiphilic systems, the lamellar phase plays a key 
role for the understanding of the physical properties of these systems, since its simple geometry allows 
for detailed theoretical and experimental investigations. We study the relaxation rates of lamellar 
phase in a ternary system of water, oil and amphiphile, which are governed by the hydrodynamics 
cf the fluid layers. A direct comparison with light scattering and neutron-spin-echo experiments is 
possible. (Gompper, Theissen) 
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7. Wetting behavior in amphiphilic systems: 
Due to the strong reduction of the interfacial tension of water-oil and water-air interfaces in the presence 
of amphiphilic molecules, the wetting behavior of these systems is very interesting. We calculate the 
contact angles of a mieroemulsion drop at the water-air interface, as a function of amphiphile chain 
lengths and temperature. [Supported by DFG priority program "Wetting and Structure Formation at 
Interfaces".] (Gompper, Schilling) 

8. Multidimensional NMR and the dynomics 01 complex moleeules 
The effect of the slow dynamics of polymers in melts whieh is due to entanglements and repulsive 
inter-ehain interactions - on two-dimensional NMR spectra is investigated. The motion of the poly­
mers is simulated by the bond-fluctuation model, and the correlation functions which yield the 2-D 
NMR spectra are estimated. Differences in the dynamics of mid- and end-segments are predicted to 
be clearly visible. (Kehr, Krenzlin) 

9. Diffusion in glasses 
The diffusion of interstitial particles in disordered systems without lattice translational invariance is 
investigated by a novel Monte Carlo approach. Experimental and simulated structures of silicate and 
alkali-silicate glasses are used to calculate the positions and energies of the minima and saddle points 
for the interstitials. The resulting transition rates are then utilized in Monte Carlo simulations, whieh 
can be extended to sufficiently long times to extract asymptotic diffusion coefficients. These show 
approximate Arrhenian behavior as functions of inverse temperature. (Kehr, Mussawisade) 

10. Reptation dynamics in polymer metts: 
The dynamics of polymer melts and concentrated solutions can be described by the reptation model of 
Edwards, de Gennes and Doi. We have developed a lattice gas model for reptation which incorporates 
the collective effects of the entanglement network on the dynamies of a single polymer. It turns out 
that the predictions of the model are in very good agreement with experimental data for the tube 
length relaxation. (Schütz) 

11. Phase transitions in driven diffusive systems: 
Shocks in driven partide systems are analogous to domain walls in equilibrium systems. We have 
found a heuristie criterion for the stability of a shock whieh follows from the macroscopic current­
density relation. Investigation of a specific model has given further evidence that in homogeneous low­
dimensional non-equilibrium systems phase transitions occur only for vanishing loeal hopping rates. 
(Schütz, Popkov, Helbing, Mukamel) 

12. Quantum spin chains lor Irom equilibrium: 
Non-stationary initial states of the XY quantum chain at T=O are shown to evolve into a station­
ary current-carrying state selected by an extrem al principle obtained through a Lagrange multiplier 
method. In the presence of a local conservation law one observes quantum aging phenomena even 
though no coarsening takes place. (Schütz, Antal, Riikas, Racz, Trimper) 

A wards etc.: 

• G. Schütz spent the summer semester 1999 as visiting professor at the Universität Essen. 

• G. Schütz has received a Heisenberg-Stipendium by the Deutsche Forschungsgemeinschaft, whieh is 
intended for the support of highly qualified young scientists. 

• G. Schütz will be awarded the Gustav-Hertz Preis 2000 by the Deutsche Physikalische Gesellschaft, in 
recognition of an excellent recently completed research project from the group of young scientists. 

• Prof. Ted Burkhardt (Temple University, Philadelphia, USA) has received an award from the Alexander 
von Humboldt Stiftung, whieh he used to spend half a year (Sept. 1999 to Febr. 2000) as a visiting 
scientist at the IFF. 

Gerhard Gompper 
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Personnel 1999/2000 and areas of activity 

S cientific Staff 

Dr. A. Baumgä.rtner 

Dr. G. Gompper 
Institute Director 
Prof. K. Kehr 
Dr. G. Schütz 

Technical Staff 

H. Paffen 

Graduate Students 
M. Krenzlin 

K. Mussawisade 
J.-H. Lin 
T. Schilling 

Guests 
Prof. T. Burkhardt 

Dr. Z. Koza 

Dr. D.M. Kroll 

Dr. K.P.N. Murthy 

C. Pigorsch 

Dr. V. Popkov 

Dr. J. Santos 

Statistical mechanics of proteins and membranesj 
Member of Forum Modellierung until Dec.1999 
Statistical mechanics of amphiphilic systems 

Diffusion and relaxation in disordered systems 
Driven diffuse systems, reptation models 

Secretary 

Dynamics of complex molecules by multi-dimensional 
NMR 
Diffusion in disordered materials 
Memhrane proteins 
Wetting in amphiphilic systems 

(Temple University, Philadelphia, USA) Statistical 
mechanics of polymers; stochastic processes 
(Sept. 1999 - Fehr. 2000) 
(University of Wroclaw, Poland) Driven lattice gas 
models (Mar. - May 1999) 
(University of Minnesota, Minneapolis, USA) Statistical 
mechanics of memhranes (Oct. 1999) 
(IGOAR, Kalpakkam, India) Relaxation processes in 
glasses (July - Oct. 1999) 
(Universität Halle) Driven many-body systems 
(Nov. - Dec. 1999) 
(Inst. for Low-Temperature Physics, Kharkov, Ukraine) 
Reptation models; driven many-hody systems 
(Sept. 1998 - Sept. 1999) 
(TU München) Reptation models (Mar. 1999) 
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Colloid-polymer entropie interaction for small particle-to-polymer size ratio 

E. Eisenriegler 
Institutes Theory land II 

'Ne consider the interaction between mesoseopie coIloidal partieIes and nonadsorbing polymer chains 
in solution. In particular we show how the polymer-indueed force between two particles is related 
to the Iocal monomer density near the surface of one of the particles. The bulk-normalized density 
profile ia independent of the Flory radius and Edwards screening length for particles much smaller 
than these lengths. For the ease of the density profile around a single particle the influenee of the 
excluded volume interaction between chain monomers is also studied. 

F&E-Nr.: 23.30.0 

Colloid science covers a broad dass of substances en­
compassing milk, blood, and paints. A major goal 1S to 
und erstand the effective interactions between the meso­
scopic colloidal particles such as the casein micelIes in 
skim milk, the red cells in blood, etc. We concentrate on 
effective interaetions induced by the solvent which in gen­
eral is a complex fluid by itself and may eontain several 
constituents. On varying their concentration, the effee­
tive interactions can be tuned, e.g. to provide in case of 
a solution of globular proteins eonditions favorable for 
erystallization. 

s 

D 2R 

FI G. 1. Two spherieal particles: The ehains avoid the space 
between the particles and the density is smaIler near the sur­
face point S than near the surfaee point L. The angle t9 is 
introdueed for later use in Eq. (1). 

One important case is the interaction induced be­
tween rigid particles by adding nonadsorbing free poly­
mer chains. For entropie reasons nonadsorbing chains 
avoid the space between two particles (see Fig. 1), 
leading to an unbalaneed pressure from outside whieh 
pushes the two particles towards each other. Detailed 
information about the entropie polymer depletion near 
the colloidal particles i8 contained in the density profile 
M (r) describing the spatial distribution of chain material 
around them . Recent experiments were able to measure 
polymer depletion forces for an isolated pair of immersed 
particles. 

The polymer depletion effect near a single immersed 
spherieal particle crucially depends on the ratios of its 
radius Rand the mesoscopic lengths such as the un­
perturbed chain size (Flory radius) R or the mesh size 
(screening length) ~ [1] of the embedding dilute or semidi­
Jute polymer solution. For large particle size R » R., ~ 
the depletion closely resembles that for a planar wall. 

35 

Here we consider the other extreme of sm all particle size 
R « R, { -sometimes referred to as the 'protein limit'­
and study the depletion of M(r) near one and two par­
ticles in the solution. We normalize M so that it ap­
proaches 1 in the bulk solution. The small particle case is 
dominated by configurations where the chain coils around 
the particle(s), see Fig. 2. 

FIG. 2. A long chain eoiling around a smaIl mesoseopie 
particle. 

Therefore, a single small spherical particle signifieantly 
perturbs the bulk density only within a distanee of order 
R from its surface, and the normalized density profile is 
independent of R or ~. In partieular, the profile is the 
same for a dilute and a semidilute embedding polymer 
solution. Interpenetration effects of different chains in a 
semidilute solution do not show up on length scales R 
much smaller than ~. This should be compared with the 
case of a large particle or a planar wall, in which the 
corresponding 'healing' distance of the profile is of order 
n for a dilute and of order e for a semidilute solution. 
We note that the widelyused Asakura-Oosawa approxi­
mation, which treats the chains as non-deformable, fails 
completely in the ease of small particles, even for a dilute 
polymer solution. 

Consider first the simple case of ideal, random-walk 
like, chains without self avoidance, which is realized for a 
solution in three dimensions at the theta point. Besides 
the density M(r) of chain monomers we also consider 
the bulk-normalized density &(1') of chain ends. The R­
independent densities M and [; around a small partide 
can be easily ealculated if the chains are ideal. In this 



case M = &2, where & is a harmonie function [1] given 
by [2,3] & 1 - p-(d-2) with p = r j R, r being the 
distance from the center of the sphere, and d the spatial 
dimension. 

For ideal chains interacting with two particles (Fig. 
1) of equal radius R, dosest surfaee-to-surfaee distance 
D, and R, D «: 1(., the harmonie function &(1') which 
vanishes at the partide surfaces, and M = &2 can also 
be calculated. In particular, one may evaluate M near 
the surface of one of the partides, say partide b, in which 
case M(1') -7 (rb R)2 (Ch.&)2. Here 0.1. i8 anormal 
derivative at the surface Sb, and 1'b is the distance of r 
from the center of partide b. 

1.0 

** 1< 1< * * * * * ! ~ ! 'A 1i 
t; 1:. ;:, + 6 l.., + 
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FIG. 3. Density-force relation for two spherical particles a 
and b in a solution of ideal chains in three dimensions (see 
Eq. (1) and Fig. 1). The monomer density and the local 
pressure along the surface Sb of particle b are proportional to 
(8.1..&)2, see text. Results for R8.Lt at surface points with 
cost? =: 1 (point ein Fig. 1), cost? = 0 and cost? -1 
(point S in Fig. 1) are denoted, respectively, by asterisks, 
triangles, and crosses. The magnitude of the scaled total force 
f /(kBTn'R? /3) acting on particle bis given by the dotted line. 

Since the number of monomers per ideal chain is pro­
portional to the mean square end-to-end distance 1(.2 of 
the unperturbed chain, n 2n/v( is a convenient measure 
for the monomer density in terms of the bulk-normalized 
density M ofthe monomers and the bulk density n ofthe 
chains. The local pressure which the polymers exert on 
a surface element dSb of partide b is proportional to the 
local monomer density. This is the basis of the density­
force relation [3,4], which for our long ideal chains reads 

Here f is the magnitude of the total force pushing par­
tide b towards particle a, and cos {} is the projection of 
the inward pointing surface normal onto the direction of 
the total force (see Fig. 1). The quantity Rol.& is a 
function of D j Rand the angle {} which can be expressed 
in dosed analytic form [4]. Results are shown in Fig. 3: 
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The monomer density and local pressure is larger near 
the surface point C with 'f/ = cos {} 1 than near the 
surface point S with 'f/ = cos t7 = - L After substituting 
the expression for O.L & into (1), the integration over the 
surface of partide b can be done analytically and leads 
to a scaled force fj(kBTn1(.2j3), which is also shown in 
Fig.3. 

Finally we discuss the effect of the excluded volume in­
teraction (EVI) between chain-monomers in a good sol­
vent in whieh a single small spherical colloidal particle is 
immersed. In this case /1.1 has a form different from the 
result for ideal chains given above. In the limit in wh ich 
r is far away from the sphere, one finds that 

R« r. (2) 

Here x d - I/v, with v the Flory exponent [1], and 
a is a universal amplitude. Table I shows that x and 
aare larger and sm aller , respectively, than the results 
Xid = d 2 and aid = 2 for ideal chains. Thus the EVI 
leads to a smaller depletion effect. In the other limit in 
which r is elose to the surface of the sphere, 

M-7 ß (p - 1)1/1/ r - R« R . (3) 

Here ß is another universal amplitude. In this limit the 
EVI also leads to a decrease in the depletion effect, com­
pare the values of I/v and ß in Table I which are sm aller 
and larger, respectively, than the values Ijvid = 2 and 
ßid = (d - 2)2 for ideal chains. 

TABLE L Exponents and amplitudes in the power law be­
havior for r / R -t 00 and r / R -t 1 of the monomer density 
profile around a single spherical particle in spatial dimension 

d X Xid a aid I/v 1/ l/id ß ßid 

4 2 2 2 2 2 2 4 4 
3 1.33 1 ~ 1.3 2 1.67 2 ~ 1.3 1 
2 2/3 l.061 4/3 0.812 

For the case of two dimensions (d = 2), i.e. for a solu­
tion of self-repelling chains in a plane outside a circular 
disc, M can be obtained in closed form for arbitrary r / R 
[4]. 

The decrease of the depletion effect around a small 
particle due to the excluded volume inter action between 
chain monomers was overlooked in previous work [2]. 

[1] P.G. de Gennes, Scaling Concepts in Polymer Physic8 
(Cornell University, Ithaca, 1979). 

[2] T. Odijk, Macromolecules 29, 1842 (1996); J. Chem. Phys. 
106, 3402 (1996). 

[3] See A. Hanke et aL, Phys. Rev. E 59, 6853 (1999), A. 
Bringer et al" Eur. Phys. J. B 11, 101 (1999), and refer­
ences cited therein. 

[4] E. Eisenriegler, invited lecture at the 4th EPS Liquid Mat­
ter Conference, Granada 3-7 July 1999; to appear in J. 
Physics: COlldensed Matter. 



Stability of bicontinuous cubic phases in ternary amphiphilic systems with 
spontaneous curvature 

U. S. Schwarz1,2 and G. Gompper1 ,3 

IMPI für Kolloid- und Grenzflächenforschung, 14476 Golm 
2The Weizmann Institute of Science, Rehovot 76100, Israel 

3Institute Theory II 

Interfaces in amphiphilic systems can often be weIl described by elastic sheets with bending 
rigidity K, saddle-splay modulus x, and spontaneous curvature Co. The amphiphilic monolayers in 
ternary mixtures with water and oil can form micellar, hexagonal, lamellar and various bicontinuous 
cubic phases. For the latter case, we consider triply periodic surfaces of constant mean curvature of 
the families G, D, P, C(P), 1-WP and F-RD. The relativ stability of these phases can be explained by 
the way in which their universal geometrical properties conspire with the concentration constraints. 
The most stable bicontinuous cubic phases with decreasing R, < 0 are the single and double gyroid 
(G) structures since they combine favorable topological properties with extreme volume fractions. 

F&E-Nr: 23.30.0 

When a soap film is suspended in a closed wire frame, 
its shape is determined by its desire to minimize the sur­
face area under the action of the surface tension. It is 
a straight-forward application of variation al calculus to 
show that the minimization of surface area is equivalent 
to the requirement that the mean curvature 

H 1 ( 1 1 ) 
"2 R1 + Rz 

(1) 

vanishes at very point on the surface. Here R1 and Rz 
are the two principal radii of curvature. Therefore, sur­
faces with vanishing mean curvature are called minimal 
surfaces. A more general situation can also be consid­
ered, in which apressure jump !::..p occurs across the sur­
face. In this case, the shape is determined by the Laplace 
equation 

H 
!::..p 

Ci 
(2) 

where Ci is the surface tension. Such surfaces are called 
constant-mean-curvature (CMC) surfaces. Since pres­
sure is a Lagrange parameter for volume, CMC surfaces 
occur when surfaces have to minimize their area under 
volume constraints. 

Surfaces of constant mean curvature do not only occur 
in soap films and foams, but also for mono- and bilayers 
in amphiphilic systems. In this case, the area of the in­
terface is fixed by the number of surfactant rnolecules, so 
that surface tension is irrelevant and shape is now con­
trolled by the bending energy 

'N = K, / dS(H - co )2 (3) 

where Co is the spontaneous curvature, which describes 
the preferred mean curvature of the interface. Obviously, 
CMC-surfaces follow from minimizing Eq. (3). 

However, there is one big difference between soap films 
and amphiphilic membranes. Since no surface tension is 
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present in the latter case and the spontaneous curvature 
intro duces a new length scale, no wire frarnes are nec­
essary to stabilize the surface. This applies, in particu­
lar, to minimal or CMC surfaces, which are triply peri­
odic and divide space into two intertwined, space-filling 
labyrinths [lJ. Before 1970, only three cubic minimal 
surfaces have been known (D, P, C{P)), compare Fig. 1. 
Then Schoen described five more (G, F-RD, I-WP, 0,0-
TO and C{D». Today, some more examples are known, 
but none of them seems to be of physical relevance. 

FIG. L Minimalsurfaces P and C(P). 



The aim of our work [2] is to study the stability of bi­
continuous cubic phases in ternary amphiphilic systems 
as a function of the volume fractions Po, Pw, and PA of 
oil, water and amphiphilic, respectively, and of tempera­
ture - which determines the spontaneous curvature of the 
membrane. Our main assumption is that the membrane 
shape can be described by surfaces of constant mean cur­
vature, as implied by the bending energy (3) without vol­
ume constraints. In this case, the curvature energy per 
unit volume takes the form 

f(w, v, r) = wv [A(v)vw 
2 (WV)3 

1] + r r(v)2 (4) 

where v (po + apA) is the hydrocarbon volume frac-
tion, w PA/[(PO + apA)eol] for amphiphiles of length l 
and a hydrocarbon fraction 0< a < 1, and r ::::::: -R/2K is 
the dimensionless saddle-splay modulus. All information 
about the geometry of the structure is contained in the 
dimensionless quantities 

A(v) 
HV 
A' (5) 

where A and XE are the area and Euler characteristic of 
the membrane within a unit cell, respectively, and V is 
the unit cell volume. It can be shown that both A and r 
are independent of the choice of the unit cello In Eq. (4), 
the first contribution is the bending energy (3), the sec­
ond derives from the Gaussian curvature (with the use of 
the Gauss-Bonnet theorem). 
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FIG. 2. Phase diagram as a function of wand r for v = 0.2. 
For coR = 1/6, only the area below the dashed line is mapped 
onto the Gibbs triangle. L: lamellar phase, S: spherical mi­
celles, C: cylindrical micelIes, EF: emulsification faHure, G: 
single gyroid phase, GI: double gyroid phase (water-filled bi­
layers). 

We use data for H(v) and A(v) of Anderson [3] and 
Große-Brauckmann [4) for the D, P, C(P), I-WP, F-RD 
and G families of CMC surfaces to calculate the free en­
ergy (4) of the different cubic bicontinuous phases. For 
each family, we consider a single phase, where one mono­
layer separates an oil from a water labyrinth, and two 
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double phases, where two monolayers form an water-filled 
(typ I) or an oil-filled (typ Ir) bilayer. The resulting phase 
diagram for fixed hydrocarbon volume fraction v is shown 
in Fig. 2. Note that w is proportional to the spontaneous 
radius of curvature, COl

, and (for small PA) to the am­
phiphile volume fr action PA. Emulsification faHure oc­
curs at small w, Le. not enough surfactant is present to 
solubilize all the oil. The most stable cubic bicontinuous 
phases are found to be the gyroid phases. As explained 
in detail in Ref. [2], this can be understood from the be­
havior of the geometrical quantities A( v) and r( v), which 
behave very characteristically for different CMC families 
and for single and double structures. In the phase di­
agram, cubic bicontinuous phases always occur between 
the lamellar and the eylindrical phases. 

A 

w o 

FIG.3. Phase behavior in the Gibbs triangle for r 1/15 
and coR 1/12. 

The phase diagram of Fig. 2 ean be mapped onto the 
Gibbs triangle, when a value for the spontaneous cur­
vature is assumed, as shown in Fig. 3. In general, the 
predominance of the gyroid phases and their Ioeation in 
the phase diagram agrees weIl with experimental resultsj 
however, for a detaiIed comparison experimental data are 
still missing. We do not eonsider thermal ftuetuations. 
They are expected to stabilize a disordered microemul­
sion as weH as the double gyroid, which in fact can be 
considered to be a ordered microemulsion. 

[1] U. S. Schwarz and G. Gompper, Phys. Rev. E 59, 5528 
(1999). 

[2] U. S. Schwarz and G. Gompper, J. Ohern. Phys. (to ap­
pear) (1999). 

[3] D. M. Anderson, H. T. Davis, L. E. Scriven, and J. O. O. 
Nitsche, Adv. Ohem. Phys. 77, 337 (1990). 

[4] K. Grosse-Brauckmann, J. Colloid Interface Sci. 187, 418 
(1997). 



Relaxation of stretched DNA in concentrated solution 

G.M. Schüt~ 
In6titute Theorll 11 

We study the far-from-equilibrium relaxation of an initially stretched, entangled polymer by using 
an exactly solvable lattice gas model for reptation. Over a significant time range, including an 
initial universal power law regime, the predicted tube length relaxation i8 in very good agreement 
with experimental data for the relaxation ofDNA. Experimental evidence and theoretical arguments 
suggest an observed systematic long-time deviation to be due to entanglement fiuctuations. This 
view is confumed by the analysis of an extension of the lattice gas model which appears to be a 
reliable foundation for further study of reptation dynamies. 

F&E-Nr: 23.30.0 

Polymers in concentrated solutions or melts are often 
compared with a spaghetti in a pasta dish. This anal­
ogy nicely demonstrates the obst ades a. single polymer 
has to overcome in order to move. Indeed, the intera.c­
tions between polymer chains in a concentrated solution 
of flexible polymers or in melts give rise to a rieh variety 
of unusual properties, ranging from viscous flow on large 
time scales to glassy behaviour over short times. Various 
characteristic quantities such as the diffusion coefficient, 
mean entanglement distance etc. have been measured in 
the past, by and large confirming the reptation model 
which was developed by de Gennes, Edwards and Doi as 
a framework for understanding polymer dynamics on the 
level of topological interactions between polymer chains. 

In the framework of reptation theory [1] one imagines 
the large-scale motion of an entangled polymer as being 
confined to a hypothetical tube. Loosely speaking, this 
is the sequence of pores in the entanglement network oc­
cupied by the polymer chain. The motion of the poly­
mer segments transverse to the tube direction is strongly 
suppressed due to the topologieal constraints imposed by 
the surrounding network. However, mass transport along 
the tube is possible by diffusion of stored length (Fig. 1). 
The result of these dynamics is a snake-like random mo­
tion where polymer segments may retract into the ex­
isting tube at its ends (hence effectively shortening it) 
and subsequently diffuse into a new neighbouring pore 
(stretching the tube and changing the tube contour at 
the end), while the bulk of the tube does not change its 
shape. 

The recent development in experimental techniques 
combining flourescence labelling, video imaging and the 
use of optical tweezers has made possible a rather de­
tailed investigation of polymer dynamics. A few years 
ago, Perkins, Smith and Chu observed the relaxation of 
the visual contour of a single DNA molecule in a dense 
DNA solution, thus providing direct qualitative evidence 
for some of the key assumptions of reptation theory [2]. 
In order to understand the measured data - the relax­
ing visual contour length of an initially stretched DNA 
chain - quantitatively within the reptation picture we 
have studied reptation dynamies by an exactly solvable 
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lattice gas model [3]. 

FIG. 1. Reptation of an entangled polymer in the confining 
tube and mapping to lattice gas dynamies. Polymer segments 
('reptons') 1, ... , L = 10 with a size of the mean entanglement 
distance 0 move diffusively to neighboring pores. Segments 
connecting two consecutive 'pores' ofthe surrounding network 
correspond to particles (full circles), segments fully contained 
in a pore correspond to vacancies. lnset: Diffusion within 
the tube with rate 1/'1'0 to the right amounts to particle-hole 
exchange. 

We obtain a lattice gas model by dividing the poly­
mer into L virtual segments of the mean entanglements 
distance ~. Each segment fuHy contained within a pore 
of the network is caHed a vacancy, other segments are 
considered as particles. In order to describe the diffu­
sion of stored length we consider the mean first passage 
time of the motion of a complete segment (unit of stored 
length) from one pore to the next along the tube. The 
first passage event translates into partide hopping in the 
bulk and particle exchange with a reservoir of fixed den­
sity (determined by the equilibrium tube length) at the 
boundary respectively. To complete the picture we model 
diffusion in standard manner by an exponential waiting 
time distribution with mean '1'0 for the hopping events. 
The experimentally accessible quantity the visual con-



tour length - eorresponds to the tube length and is there­
fore proportional to the number of particles in the lattiee. 

We study the relaxation function 

R( ) 
= A(t) A* 

t - Ao - A* (1) 

of the experimentally measured visual tube length A(t). 
Here Ao and A' are the initial and equilibrium tube 
length respeetively. The results of our theoretieal analy­
sis of this model inc1ude a universal short-time relaxation 
law whieh ean be reproduced from standard reptation 
theory and which i8 in good agreement with the experi­
mental data over a signifieant time inter val (Fig. 2). The 
only fitting parameter is a ratio involving the equilib­
rium tube length and the square root of the mieroseopie 
hopping time seale TO' 
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FIG. 2. Relaxation of the visuallength .6.(t) = A(t) - Ao 
of an initially stretched DNA. The full curve shows apower 
law increase as predicted from the lattice gas model [3]. The 
dots are experimental data taken from Fig. 4 of Ref. [2]. 

For arbitrary times we obtain the exact relaxation 
function 

1 L-l 
R(t) = 2..: eot'2 (Pn)e-f~t/7"O (2) 

L(2L + 1) n=O 2 

with Pn 1l"(2n + 1)/(2L + 1) and the inverse relax­
ation times €n = 2(1 - cos Pn). This function agrees 
with the experimental data up to times of approximately 
58. After longer times a systematic deviation from the 
pure reptation result sets in. Perkins et al. have ar­
gued that at long times constraint release I the instability 
of the entanglement network due to fluctuations , starts 
playing a role in the dynamics. This eonjecture may be 
supported by inspection of the video images which show 
tube deformation at times much less than the tube re­
newal time, but is difficult to verify from the usual rep­
tation theory. Within the lattiee gas model constraint 
release may be incorporated in the dynamics by intro­
ducing bulk particle-vacancy exchange which capture the 
effect of the disappearanee and emergence of pores. An 
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analytical treatment is of this model still possible in adi­
abatic approximation. The modified relaxation function 
(which has a second fitting parameter) reproduees the 
measured experimental data rather weIl (Fig. 3). 
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FIG. 3. Experimental relaxation data for the visual tube 
length A(t) as a fWlction of time taken from Fig. 4 of Ref. 
[2] in the range 0.6.9 :5 t :5 128 (dots) and theoretical pre­
dictions from the lattice gas model. The pure reptation pre­
diction (2) with two different values of an additional fitting 
parameter show a systematic deviation at long times. The 
full curve shows the modified relaxation function incorporat­
ing constraint release. 

We conclude that relatively simple lattice gas models 
are suitable to describe the dynamical properties of sin­
gle flexible polymers in eoneentrated solutions with sat­
isfactory agreement with experimental results. We have 
obtained an understanding of the collective effects of the 
entanglement network beyond the predictions of stan­
dard reptation theory. This gives hope that some of the 
open questions of the reptation model, in particular the 
role of disorder and finite-size, ean be settled within the 
laUice gas approach. 

[1] P.G. de Gennes, J. Chem. Phys. 55, 572 (1971); M. Doi 
and S.F. Edwards, The Theory 01 Polymer Dynamic8, 
(Oxford University Press, Oxford, 1986). 

[2] T.T. Perkins, D.E. Smith, S. Chu, Science 264, 819 
(1994). 

[3] G.M. Schütz, Europhys. Lett. 48, 623 (1999). 
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Institute Theory 111 

General Overview 

Research Areas 

The institute Theory III investigates the mechanisms of the formation of structures and their consequences in 
condensed matter. The research starts from electronic properties which define the shortest length and time scales, 
but it also encompasses the macroscopic consequences in mind. The analytical and numerical investigations are 
in many ways closely connected with experimental studies performed in other groups of IFF, but also with 
activities in other institutes of the Research Center Jülich. 

Central points of interest for the research in Theory III are in the field of electronic structure of solids (F&E-Nr. 
23.20.0). Materials classes under considerations are metals and semiconductors, specifically with respect to their 
importance for information technology (F&E-Nr. 23.42.0). A second mainstream is formed by cooperative 
phenomena in condensed matter (F&E-Nr. 23.15.0). Questions here aim at dynamics of structure and pattern 
formation and the statistical mechanics of order and disorder processes. Specific activities in the field of complex 
fluids (F&E-Nr. 23.30.0) are concerned with structure and dynamics of soft matter. The research of Theory III 
employs all analytical and numerical techniques applicable to many-body problems in condensed matter. In 
addition the development of new methodological concepts and numerical procedures is part of our research 
interest. The development of parallel pro gram codes adapted to massively parallel computers has received 
special attention in recent years. 

The explanation of the microstructure and dynamics of real solids requires the understanding of the electronic 
properties. One of the most important methods for the calculation of the electronic structure of real solids is the 
density functional theory in connection with appropriate numerical procedures. While in recent yearS bulk 
properties of metals and semiconductors have been at the center of our research a main concern now is directed 
towards the understanding of surface and interface properties. 

In recent years, metals and semiconductors have been treated with different computational methods. In order to 
crosscheck our methods for investigation of semiconductor properties, a method usually employed Jor metals, 
the KKR-Green's function technique, and a typical procedure used for semiconductor properties, the 
pseudopotential method, have been compared. The electronic and geometrical structures of complexes of Cd or 
In acceptors with P, As, or Sb donors in Si· and Ge have been analyzed. Behind this problem there is some 
technological interest, since the Coulomb attraction between oppositely charged defect atoms in Silicon or 
Germanium leads to the formation of stable acceptor-donor complexes, which can cause serious technological 
problems like uncontrolled annihilation or creation of charge carriers. Observables which are accessible to both 
methods agree weIl, for example the lattiee relaxations around defect pairs in Silicon. In addition to the physical 
and technological interest in this problem, the results increase confidence in our numerical methods. 

The properties of semiconductor crystals depend sensitivelyon their growth mechanism. One tries to avoid 
island-growth of the crystals because of the increased probability of impurity absorption at the step-edges around 
islands. Instead one would like to have layer-growth as far as possible. It is known since so me time that the use 
of group-V elements like As or Sb on Silicon or Germanium surfaces act as surfactants favoring layer growth of 
the underlying crystal. A first principles pseudopotential study of surface steps of As terminated Silicon or 
Germanium crystals has been performed. Many details of structure and energetics of the step-edge and the 
activation barriers for the growth processes have been obtained. 

The dynamics of glasses and other amorphous materials still pose a significant number of open questions. During 
the last year the isotope effeet upon diffusion in a monatomic Lennard-Jones liquid has been calculated by 
molecular dynamics simulations. The isotope effect is the most direct measure of collectivity of motion. It was 
found for example, that the isotope effect depends rather sensitively upon the density and temperature of the 
material. These results are in good agreement with experiment. 

Another c1ass of related problems of disordered materials concerns the dynamics of polymers. A specifically 
difficult problem is the influence of long range forces between the individual parts of a long polymer chain. Such 
long range forces occur for example through hydrodynarmc effects in polymer solutions. Viscoelasticity and 
turbulent drag reduction are examples for macroscopic consequences. Detailed numerical and analytical model 
studies of a strongly deformed polymer in solutions have led to a deeper understanding of correlation effects in 
the system. 
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A completely different source of a long range effective interaction in condensed matter physics is due to elastic 
deformations of solids. A particularly difficult problem hereby is the transition from coherent elastic deformation 
to incoherent deformations through production of dislocations. A puzzling experiment on Sie under helium gas 
implantation showed the formation of cracks and the sudden expulsion of dislocation Joops near the crack tips. 
This complex phenomenon was analyzed theoretically in some detail and gave new insights in collective effects 
in crack propagation and loop formation. 

A fundamental assumption in the theory of elasticity is that sufficiently far away from a point or Une dislocation 
the elastic strain field can be described by linear theory of elasticity. In contrast it was now discovered that there 
are systems, where the strain field of an edge dislocation must be described in a nonlinear theory even far away 
from the core of the dislocation. In addition an exact analytical solution to this specific problem was found. This 
is one more example for the observation that elasticity problems even today are still full of surprises. 

H. Müller-Krumbhaar 
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Ab Initio Study of Acceptor-Donor Complexes in Silicon and Germanium 

A. Settels, T. Korhonen, N. Papanikolaou, K. Schroeder, M. Aretz, R. Zeller, and P. H. Dederichs 
Institute Theory III 

The electronic and geometrical structures of complexes of Cd or In acceptors with P, As, or 
Sb donors in Si and Ge are studied by two independent ab initio electronic structure methods, 
the Korringa-Kohn-Rostoker (KKR) Green's-funetion method and the pseudopotential ab initio 
molecular dynamics method. The atomie equilibrium eonfigurations are characterized by large 
defeet-induced lattice relaxations which are ealculated in good agreement by both methods. The 
electrie field gradients (EFGs) calculated by the all-electron KKR method depend very sensitively 
on the relaxations and in the theoretically determined equilibrium positions they agree weIl with 
EFGs measured by the 'Y'Y perturbed angular correlation (PAC) technique. From the calculations a 
simple understanding of the EFGs emerges. 

F&E-Nr: 23.20.0 

If semiconductors are intentionally or unintentionally 
doped with both acceptor and donor atoms, the Coulomb 
attraction between the oppositely charged defect atoms 
lead to the formation of stable acceptor-donor complexes 
which can cause serious technological problems such as 
an uncontrolled annihilation or creation of charge car­
riers. Unfortunately very little microscopic information 
exists about these complexes since they are normally nei­
ther electrically nor magnetically active. One exception 
is the 11 perturbed angular correlation (PAC) technique 
using lllInjI l1Cd probe atoms. In these experiments an 
initial dimer complex consisting of the In acceptor and 
a donor atom such as P, As, or Sb is formed and after 
the decay of 111 In into l11Cd the EFG at the Cd atom is 
measured. Whereas the measured symmetry of the EFG 
tensor gives important information about the symmetry 
of the defects, a fundamental understanding of the mea­
sured size of the EFG strongly needs the help of ab initio 
electronic structure calculations. 

Lattice relaxations: The EFG depends very sensi­
tivelyon the size of the defect-induced lattice relaxations 
as discussed below I which requires rather accurate calcu­
lations for these relaxations. Using the In-donor pairs 
as test cases we have applied two independent density­
functional electronic-structure methods, the Korringa­
Kohn-Rostoker (KKR) Green's-function method and the 
pseudopotential ab initio moleculaI' dynamics method. 
Within the KKR calculations the solid is divided by 
a Voronoi construction into non-overlapping and space­
filling cells around the shifted atomic positions. We use 
a finite region of 76 perturbed cells with C3v symme­
try, which by the Green's function approach is exactly 
embedded in the otherwise unperturbed host. 38 cells 
contain atoms and 38 are empty wh ich ensures compact 
cells and a good convergence of angular momentum ex­
pansion (used up to lmax 4). Forces are calculated 
by an lonic Hellman-Feynman theorem and lattice relax­
ations are treated by transforming host quantities such 
as Green's function and potentials relative to the dis­
placed positions [1]. Within the pseudopotential calcu-
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lations we use norm-conserving pseudopotentials of the 
Kleinman-Bylander form, a plane-wave basis set (used 
up to Emax = 11.56 Ry) and an iterative diagonalization 
scheme for the eigenvalues. We use supercells of 64 or 
108 atoms, which are centered around the defect pair, 
and a k-point set equivalent to 6 x 6 x 6 k-points in the 
BZ of the bulk. 
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FIG. 1. Lattice relaxations around [InD]O (D=P, As, Sb) 
defect pairs in Si. Shown are the three-dimensional arrange­
ment of the pairs (top, left-hand) and the (110) planes eon­
taining the InD pairs and two representative Si neighbors. 
Relaxations in percent of the nearest neighbor distance are 
given for the KKR and (in brackets) for the pseudopotential 
method. 

The calculated equilibrium structures are shown in 
Fig. 1 for the InP, InAs, and InSb complexes in Si. The 
pictures illustrate the relaxations of the pair atoms and 



the two representative Si neighbors in the (110) plane. 
The arrows indicate size and direction of the relaxations 
and the numbers give the size in percent of the Si near­
est neighbor distance. The relaxations calculated by the 
KKR method are typieally slightly larger than the ones 
calculated by the pseudopotential method, but always in 
good agreement showing the reliability and accuraey of 
both methods. The geometrie arrangement of the pairs 
i8 dictated by the sizes of the In and the donor atoms. 
For instanee, the In atom pushes the small P atom out­
wards by 6.5 %, while the larger Sb atom is shifted only 
slightly, but pushes the In atom away by 14 %. 

[CdD]- complexes in Si and Ge: The ealculated 
EFGs for the negatively charged [CdD]- complexes in Si 
and Ge and for neutral [CdD]O pairs in Si are displayed 
in Table I for the ideal (non-relaxed) and the relaxed 
configurations in eomparison with experimental results. 
The results show that the EFG depends very sensitively 
on the relaxations of the atoms. Without lattice relax­
ations the ealculated EFG values (EFGideal in Table I) 
even show the wrong trend and are more or less mean­
ingless. On the other hand, for the relaxed positions the 
agreement between theory and experiment is good for 
both Si and Ge and in particular the trend with ehang­
ing sizes of the donor atoms is eorreetly represented. The 
relaxations for the [CdD]- complexes in Si and Ge are 
quite similar to the relaxations for the [InD]O eomplexes 
in the corresponding hosts (see Fig.l). The main differ­
ence is that the CdD distance 1S slightly sm aller than the 
InD distance and the relaxations of the Si or Ge neighbor 
atoms are somewhat reduced, both refiecting the some­
what sm aller size of the Cd atom. A detailed analysis 
of the electronic structure gives direct insight into the 
origin of the EFG. The main contribution to the EFG 1S 
given by the quadrupole component ofthe charge density, 
which 1S proportional to the anisotropy of the p charge of 
the Cd-atom: Vzz oe JET!' {ppz(E)-![ppx(E)+ppy(E)]}dE, 
where we have assumed the z-axis to point into the [111] 
dimer direction. The basic feature is that the pz orbital 
of the Cd atom strongly hybridizes with the Al state of 
the single donor atoms, while the Cd Px and Py levels are 
orthogonal to this state. By hybridization pz charge is 
transferred to the donor site, while the Px and Py charges 
are practically unaffected. The loss of the pz charge leads 
to an anisotropie p charge distribution at the Cd site, 
which determines the Cd EFG. 

[CdD]O complexes in Si: In PAC experiments with 
different donor concentrations and very high annealing 
temperatures, Achtziger and Witthuhn [2] found strong 
evidence that the CdD pairs in silicon form electrically 
deep centers with two different charge states, i.e., [CdD]­
and [CdDjO, leading to two different EFGs. Though the 
sign of the EFG cannot be determined by the experi­
ments, by assuming the same sign for both charge states 
the resulting change in the EFG, LJ.EFG, turned out to 
be more or less independent of the donor type (about 
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145 MHz). These results are unequivocally confirmed 
by our calculations. For this we have performed spin 
polarized calculations, with the majority E level of the 
complex filied by two electrons and the minority level by 
only one electron, without reducing the Cav symmetry. 
This leads for all three donor types to a small magnetic 
moment of 0.07 f'B and a small hyperfine field of 8 kG 
at the Cd aite. The resulting EFGs for both the ideal 
and the relaxed positions are shown in Table 1. In the 
relaxed geometry the sign of the EFGs Vzz remains the 
same (compared to [CdDj-) and the differences, LJ.EFG, 

are 135, 160, and 159 MHz for CdP, CdAs, and Cd Sb 
pairs, respectively, which is in good agreement with the 
experimental data. These reductions of the EFGs have 
two sources, the different charge states and the change of 
the forces on the atoms. The reduced charge mainly af­
fects the relaxations of the Cd atom. For instance, in the 
[CdSb]O complex in Si the Cd atom relaxes by only 10.2% 
outwards as compared to 14.6% in the [CdSb]- complex. 
The reduction of the charge also leads to a simple under­
standing of the reduced EFGs, with the changes LJ.EFG 

being more or less independent of the donor atom. We 
have also performed calculations for [CdD2]O trimers in 
Si, which show up in the PAC spectra for higher doping. 
Our results are in good agreement with the experiment, 
and again a simple picture for the EFG of the complexes 
emerges. 

EFGide .. l EFGrel .. xed 

-174 -249 
-85 -294 
-79 -56 
-73 -89 

-135 

-118 -182 
+2 -235 

± 229 
±271 
± 36 
± 83 
± 129 

± 148 
± 201 

[2] 

TABLE I. The largest component, Vzz , of the EFG tensor. 
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ab initio investigations of the step structure on As covered Si(111) 

A. Antons, R. Berger, S. Blügel, Wi. Kromen and K. Schroeder 
Institute Theory III 

The structures of (112) and (H2) oriented steps on As terminated Si(111) are determined using 
first-principles molecular statics calculations based on total energy and force. All calculations are 
carried out within the density functional formalism in the local-density approximation, using norm­
conserving separable pseudo-potentia.ls and a plane wave basis set. For both steps the energetically 
most favorable structure is the As passivated step with As atoms replacing the exposed second layer 
Si-atoms at the step edge. At the (H2) step edge this leads to the formation of As dimers. The 
energy difference between the two steps considered is :=::: O.leV per unit length. We also discuss a 
possible reaction sequence for step fiow. 

F&E-Nr: 23.42.0 

The often observed Stranski-Krastanov growth mode 
in strained heteroepitaxial systems can be changed to 
layer-by-layer growth by the use of surfactants, an ex­
ample is the use of group-V elements (As, Sb) on Si or 
Ge. Due to the extra electron the group-V layer passi­
vates the (111) surface. It modifies the surface recon­
struction, has a lower surface free energy and floats on 
top of the growing crystaL In our previous investigations 
we concentrated on the microscopic understanding of the 
kinetics of single group-IV adatoms (Si, Ge) on the un­
reconstructed (lxI) As terminated Si(111) surface. The 
eompetition between diffusion on top of the As layer and 
ineorporation into the layer by exchange with an As atom 
is decisive for the growth mode. 
From our results we suggest that Si and Ge behave differ­
ently: While both adatom spedes diffuse along the same 
path (H3 equilibrium site, T4 saddle point) with very 
similar activation energies (ED :=::: 0.25 eV), the energy 
profiles along the exchange path are very different. Si 
has ab out the same activation energy for exchange as for 
diffusion (EEX :=::: 0.27 eV) and is readily incorporated to 
a substitutional site in the As layer. It gains an energy of 
EB :=::: 0.8 eV upon exchange [1]. On the other hand, Ge 
has to overcome a mueh larger exchange barrier (EEX 
~ 0.7 eV) and gains only EB :=::: 0.2 eV. The reason is 
the smaller bond strength of Ge compared to Si: When 
an adatom approaches the substitution al site in the As 
layer on the Si substrate, bonds of the replaced As atoms 
to Si are replaced by bonds of the approaching adatom 
(Ge or Si) to Si. Since the energy gain due to the newly 
formed Ge-Si bonds 1S much lower than for Si-Si bonds 
the exchange barrier of a Ge atom i8 much higher than 
of a Si atom and the energy gain on the substitutional 
site much lower. 

These energy relations have consequences for the 
growth proce8S on As-covered Si(111). Si adatoms make 
only very few diffusion jumps before they are incorpo­
rated substitutionally. This results in a large nude­
ation rate for Si islands on terraces as i8 observed ex­
perimentally for homoepitaxy on Si(111):As [2]. On the 
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other hand, Ge atoms perform many diffusion jumps on 
Si(111):As before they are incorporated (at T = 580 K 
the average number of jumps is :=::: 104). Thus, most Ge 
atoms can re ach the terrace steps. If they are readily 
incorporated there, growth would proceed by step fiow 
which is not observed experimentally. Thus, an idea put 
forward by Kaxiras et al. [3] has to be checked, that the 
step edges are very effectively passivated by surfactant 
atoms and the Ge atoms are repelled from the steps. 
Then, in spite of the large diffusion length, one would 
expect Ge island nudeation on the terraces, as is ob­
served. Thus, the reaction path and activation energy 
for incorporation of Ge adatoms at steps is an important 
quantity. 

The determination of the microscopic structure of steps 
is aprerequisite for the understanding of the incorpora­
tion of adatoms. STM images show always double layer 
steps and irregularly shaped islands for Si homoepitaxy 
on As passivated Si(111) with mainly two kinds of steps: 
(112) and (U2). 
Using our parallelized ab initio code EStCoMPP [4] we have 
investigated a wide variety of possible step structures for 
both kinds of steps. The calculations were performed us­
ing a 2x4 surface supereell with a ten-Iayer-thick slab in 
repeated slab geometry in which a eore of 12 atoms were 
kept fixed to simulate bulk crystal termination. The lat­
eral translation vectors of the supercell are chosen to con­
nect an atom on the upper terrace to an equivalent atom 
a double layer down. Thus one can generate a supercell 
which contains only one type of step. The verticallength 
of the supereell was 9 times the double-Iayer spacing of 
the Si unit celL The calculations were performed with 
three k-points in the irreducible wedge of the Brillouin 
zone. The electronic wave functions were expanded in a 
plane-wave basis set with an energy cutoff of 9 Ry. The 
calculations were terminated when the forces on all ions 
were smaller than 0.1 mRY/au. 

The lowest energy structures are the As passivated 
steps as shown in Fig.l. The exposed second layer Si 
atoms at the step edges are replaced by As atoms. At 



the (112) step this leads to a stable configuration since 
the As atoms are in a naturally three fold coordinated 
position, i.e. the As atoms at the step edge are in equiv­
alent positions as on the (111) oriented terraces. At the 
(H2) step the As atoms are onIy two fold coordinated in 
the unrelaxed positions. Thus, they form dimers to sat­
urate their bonds. The energy difference between these 
step edges is only :::::; 0.1 eV per unit length. At both 
step edges the replacement of Si with As atoms requires 
an additional As atom per unit length compared to the 
monolayer coverage. 
At the (112) step edge the As atoms are in a very similar 
positions as on the (111) surface (and nearly so at the 
(H2) step). Thus, the exchange of these As atoms with 
Si/ Ge adatoms approaching the step edge from the lower 
terrace willlikely show the same behavior as on the ter­
race, i.e. we expect that Si atoms are easily incorporated 
at the step while Ge atoms have to overcome a larger 
activation barrier. 

FIG. 1. Schematie picture of the (112) and (112) steps. 
White circles ind,icate Si atoms, dark circles As atoms. On 
the terraces the As atoms are shown in the tetragonal posi­
tions above the Si atoms. At the terraee edge the Si atoms 
of the second layer are replaced by As. This leads to a stable 
configuration at the (112) step due to the naturally three fold 
coordinated position of the As atoms. At the (112) step the 
As atoms form dimers to saturate their bonds. 

We found a second metastable configuration for the 
(112) step edge with an overhanging As (Fig.2 b). Tak­
ing into account two step configurations one ean imag­
ine the following mechanism for stepftow on Si(l11):As 
shown in Fig.2 which considers only double layer steps as 
experimentally observed: Starting with the stable config­
uration (a) an approaehing Si atoms on the lower terrace 
exchanges with the extra As atoms at the step edge of the 
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seeond layer, and pushes the As atoms to the metastable 
position (b). The next Si atom can exchange with an 
As atom on the lower terrace in front of the step edge 
pushing up the As atom into the stahle configuration at 
step edge in the second layer (c). This extends the step 
edge by one unit. We think that the activation harri­
ers for these two processes determine the incorporation 
prob ability for Si and Ge adatoms, and thus the balance 
of step flow versus island nucleation on terraces for Ge 
heteroepitaxy. 

a 

o 

b 

c 

o 6 

FIG. 2. Schematic sideview of the stepflow mechanism at 
(112) step edges on Si(111):As. White circ!es indieate Si 
atoms, dark circles As atoms. The upper picture (80) shows the 
stable configuration of As at the exposed second layer posi­
tion with an approaching Si atoms on the lower terrace. After 
the exchange the metastable configuration is shown (b). The 
next exchange of Si with the As atom in front of the step edge 
on the lower terrace will lead again to astahle eonfiguration 
(c). 
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Isotope effect of diffusion in a simple liquid 

M. Kluge and H. R. Schober 
Theorie III 

The diffusional isotope eifect of a monatomic Lennard Jones liquid is calculated by molecular 
dynamics simulation. Mass differences of 10% to 40% weIe used. At equilibrium density, with 
decreasing temperature a strong reduction of the isotope eifect is found which indicates a marked 
increase of the collectivity of motion. Changing the density at constant temperature the same effect 
is seen which shows that the density change is the main driving force behind the reduction of the 
isotope eifect. 

F&E Nr.: 23.30.0 

The atomic nature of transport in liquids has been the 
subject of numerous studies. Of particular interest is the 
possible change of mechanism upon cooling to melting 
point and beyond to the glass transition. In a monatomic 
liquid the diffusion constant can be written as 

D = Dof(T,p) = Düf(T,p)/vm (1) 

where T is the temperature, p the atomic density and m 
is the mass of the diffusing partiele. The temperature de­
pendence of D ean be deseribed over a large temperature 
interval down into the undereooled regime by a Vogel -
Fulcher - Tamman law (VFT) 

Eo 
D = Do exp kB(T _ To) (2) 

where the phenomenological VFT temperature To is weH 
below the glass transition temperature Tg • This empir­
kaI description reproduces the sharp drop of D upon 
undercooling. The inverse proportionality to the root of 
the mass is quite general, independent of the molecular 
aggregation, as long as only one species is present. 

Already in the simple case of different isotopes, con­
sidered here, the situation is more complicated. At low 
densities and high temperatures when diffusion is dom­
inated by binary eollisions the kinetic approximation 
should hold and Eq. 1 should apply approximately for 
each component. Lowering the temperature or increasing 
the density effects of collective motion will gain impor­
tance. This cooperativity ean be aceounted for simply by 
replacing the particle mass in Eq. 1 by an effective mass 
for diffusion of isotope a 

(3) 

with in the average partic1e mass and ND the number of 
particles moving cooperatively. Eq. 1 is then modified to 

D = F(T,p)/.jmeff' (4) 

One can define an isotope effect parameter E [1) 

Da/Dp -1 1 
Jmß /ma -1 R:j ND' 

(5) 
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The isotope effect ean thus be used as a quantitative mea­
sure of eollectivity. Due to the small differences in iso­
topic ma8ses it necessitates, however, very aecurate mea­
surements of the diffusion. Early measurement8, there­
fore, often lead to eonflieting evidenee. 

Progress was made by simultaneously measuring the 
diffusion of the tracer atoms 57CO and 60 CO [2]. Us­
ing this teehnique for diffusion of Co in amorphous 
C076.7Fe2Nb14.3B7 a value E = 0.1 was found indicat­
ing a high degree of eollectivity. In eontrast for self dif­
fusion in erystalline Co the isotope effeet i8 E :=;: 0.7. 
There diffusion i8 by a vacancy mechanism which involves 
essentially single particle jumps with not too large dis­
placements of the neighbors. The technique was applied 
to a supercooled melt of Zr46.7Tis.aCu7.5NhoBe27.5, and 
again a very low isotope effeet was observed [3]. 

We present a systematic study of the diffusional iso­
tope effect in a simple liquid as function of temperature 
and pressure. In order for the observed isotope effect to 
reflect the motion in the pure material we study the ef­
fect of small mass ehanges, 10% to 40%. The ca1culations 
are done for a monatomie Lennard-Jones (LJ) system. In 
the following we will use LJ units € = a = m = 1. The 
glass transition is then at Tg R:j 0.4. Two series of calcu­
lations were done. For the first set the equilibrium densi­
ties p(T} were determined and used to calculate the zero 
pressure diffusion constants as function of temperature 
in the range 0.44 ~ T ~ 0.96. In a second calculation 
the temperature was kept constant at T = 0.88 and the 
density was varied 0.46 ~ p ~ 0.855. In a11 runs pressure 
and energy were monitored to ensure stability of the con­
figurations. The diffusion constant was ca1culated from 
the asymptotie slope of the atomic mean square displace­
ments. 

The mass dependence of D was then used to determine 
the isotope effect, Eq. 5. Taking the values for the zero 
pressure sampies in Fig. 1 one sees first that a11 the values 
are relatively low in the whole temperature range inves­
tigated and secondly that E drops more or less linearly 
upon cooling towards the glass transition temperature. 
This clearly shows a marked increase of motional col­
lectivity upon eooling. Taking the approximate relation 



between E and the number of particles moving collec­
tively we find that the latter increases from ND ~ 4 at 
T 0.96 to ND ~ 16 at T = 0.48. This high collec­
tivity is in agreement with the experimental findings of 
Ehmler et al. [3]. It is similar to the values found in the 
monatomic soft sphere glass at low temperatures [5]. 
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FIG. 1. Isotope effect as function of ternperature at equi­
librium density. 
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FIG. 2. Isotope effect as function of density for costant 
temperature T = 0.88 (solid diamonds). The broken line is 
a least square fit to the data of Fig. 1 using the ternperature 
dependent equilibriurn densities. 

To check to what extent the drop of isotope effect is 
connected with the increase in density, the calculations 
were repeated at constant temperature T = 0.88 for dif­
ferent densities p. Fig. 2 (solid diamonds) shows an ap­
proximate proportionality between the decrease of iso-
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tope effect and the increase of density. Moreover the 
values at fixed temperature coincide within the limits of 
accuracy with those of the equilibrium sampies (Fig. 1) 
at the same density but at a different temperature. This 
shows that the isotope effect is predominantly deter­
mined by the density. The diffusion constant itself de­
pends strongly on both temperature and density. 

Varying the mass increment tim between 0.1 and 004 we 
found no significant deviations from the simple square­
root dependence of Eq. 4. Previous computer experi­
ments on LJ liquids were done with much larger mass dif­
ferences and different mass dependencies were deduced, 
e.g. D(md/D(m2) = (m2/ml)-/J. where f.t < 0.1 [4] . 
From our results we find that such a fit would require 
strongly temperature dependent coefficients . 

In experiments on metallic glasses significantly larger 
isotope effects have been observed in rapidly quenched 
sampies which decreases to about a fifth upon aging [6]. 
In our simulation of a liquid LJ system we observed a sim­
Har but less pronounced effect when using insufficiently 
equilibrated sam pIes. 

In summary, we studied the isotope effect of diffusion 
in a simple Lennard Jones liquid at equilibrium density 
as function of temperature and for constant temperature 
as function of density. The isotope effect drops strongly 
upon eooling towards the melting and glass transition 
temperatures and is strongly dependent on the densi­
ties. This indicates a strong increase in eooperativity 
of the atomie motion. The calculations were done for 
small mass differences and the results are in agreement 
with recent experiments. Incompletely equilibrated sam­
pIes show an increased isotope effeet, a less cooperative 
motion. Changing the mass ratio no deviation from the 
simple description in terms of effeetive masses was found. 
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Dynamics of Strongly Deformed Polymers in Solution 

R. Rzehak, D. Kienle, W. Zimmermann 
Institute Theory III 

Bead spring models for polymers in solution are nonlinear when either the finite extensibility of the 
polymer, excluded volume effects or hydrodynamic interactions between polymer segments are taken 
into account. For such models we introduce a powerful method for the det.ermination of the relaxation 
spectrum and modes from simulation data based on the Karhunen-Loeve technique. Both spectrum 
and modes differ significantly [rom the linear Rouse modes and -tim es, whereby the various nonlinear 
interactions are most relevant in different parameter ranges. The precise relaxation spectrum and 
the relevant parameter ranges for each interaction may be a guideline for the development of more 
coarse-grained models of flowing polymer solutions. Apart from fluctuations around a steady state 
we also investigate the nonlinear response of the polymer to a large sudden change in t.he flow 
parameters. This response exhibits several different regimes with characteristic decay laws and shows 
features which are beyond the scope of single mode theories such as the dumbbell model. 

F&E-Nr: 23.30.0 

The dynamics of polymers causes the viscoelasticity of 
polymer soluhons which manifests in such spectacular 
effects as turbulent drag reduction. In spite of act.ive re­
search for over 60 years already, the understanding of 
these phenomena 1S still incomplete. Progress towards a 
microscopically founded rat her than empirical descrip­
tiOll of flowing polymer solutions can be made only by a 
thorough analysis of the interplay between the dynamics 
of single polymers and the flow. However, only recent ex­
periments on individual DNA molecules allow to observe 
the molecular conformations and computer simulations 
facilitate a treatment of the nonlinear interactions within 
the polymer-solvent system. 
The dynamics of a polymer in flow i8 commonly cha­
racterized by its relaxation mo des and spectrum. These 
quantities determine the linear viscoelastic solution pro­
perties but they are known analytically only for the linear 
Rouse and Zimm models. Questions arising are: Is there 
an effective method for determining the complete relax­
ation spectrum and corresponding modes also for realistic 
polymer models which are nonlinear in general? What is 
their dependence on the polymer deformation and which 
decay laws describe the whole relaxation process from a 
strongly stretched polymer to equilibrium? 
We give answers for the model problem of a tethered 
polymer in uniform fiow which has been much investi­
gated recently both experimentally [1,2] and theoreticaHy 
using blob [3J and bead spring models [4-6]. By means 
of simulations we determine the relative importance for 
polymer dynamics of various nonlinear interactions such 
as the finite extensibility of a polymer, excluded volume 
(EVI), and hydrodynamic interactions (HI). 
Polymer fluctuations at steady state are analyzed with 
the Karhunen-Loeve (KL-) technique [7] as a generaliza­
tion of the normal mode analysis used to solve the linear 
models of Rouse and Zimm. This new method in poly­
mer dynamics overcomes weaknesses of other common 
approaches to the relaxation dynamics of nonlinear poly-
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mer models. Often, the linear Rouse modes have been 
used also to analyze nonlinear polymer models. In this 
approach the mode amplitudes are obtained by project­
ing the polymer dynamics on the respective Rouse mode 
and the relaxation times 'rp are determined by an expo­
nential fit to a time se ries of the amplit,udes. The deter­
mination of 'rp in this way is tedious and error-prone so 
that in practice only the few longest relaxation times can 
be obtained. In addition, independently relaxing modes 
do not exist for nonlinear systems; therefore, the signi­
ficance of the Rouse modes for the relaxation process is 
unclear. Another approach aims at the relaxation spec­
trum directly, without referring to corresponding modes, 
by applying an inverse Laplace transform to a single time 
series of some observable like the end-to-end distance. 
Due to t.he presence of noise in t.he data this requires the 
use of special regularization techniques and the results 
depend strongly on the regularization parameter. 
The approach we suggest [8J uses the KL-method to 
determine a set of uncorrelated modes from simulation 
data. Since these modes form a basis in the space of all 
polymer conformations, the method yieids the complete 
relaxation spectrum rather than only the Ion gest relax­
ation time considered in previous works. Furthermore, 
it also provides numeric values for the relaxation times 
which cannot be obtained from scaling arguments. From 
a practical viewpoint the KL-method is fast, easy to use, 
and needs no adjustments of parameters er additional 
assumptions. 
The assumption that the polymer is always in a steady 
state requires variations in the ftow field experienced by 
the polymer to be slow - an assumption which is proba­
bly not valid in ftows as they occur e.g. in turbulent drag 
reduction. An interesting model for such rapidly varying 
flows is the immediate start-up and cessation of simple 
flows as considered here. The resulting average dynamics 
coincides with the relaxation of ftuctuations in the steady 
state only in the linear regime of polymer dynamics where 



the Rouse-Zimm model is valid. 
Among the nonlinear effects eonsidered, finite extensi­
bility of the springs has the deepest impact on the poly­
mer relaxation far from equilibrium. As shown in Fig. 1, 
the modes are very different from the Rouse form and the 
relaxation times decrease strongly with inereasing How 
velocity. This latter phenomenon has been reported re­
eently also for a ehain whieh is pulled at the ends [5]. That 
problem, however, is special in that the tension along the 
polymer is everywhere the same. In contrast, when the 
polymer is stretched by a How such that drag forces are 
exerted on each bead, the tension in general is inhomo­
geneous [6]. A comparison of the modes ealculated for 
both cases reveals that it is just this inhomogeneity that 
causes the strong deviation of the modes from the Rouse 
form observed in Fig. 1. A similar situation also holds 
for the effeets of HI [6]. Again, the experimental finding 
that the relaxation of an elongated polymer 18 described 
weIl by the Rouse modes [9J is special to the case of a 
polymer pulled at the ends where there is no variation 
of the HI along the contour. For a tethered polymer in 
uniform How, the relaxation tim es as calculated with the 
KL-method for a model with harmonie springs and both 
EVI and HI reveals the following: At first, the relaxation 
times decrease because EVI, whieh siow the relaxation 
process down, becomes weaker when the polymer i8 elon­
gated. Then, in a certain range of How velocities, HI lead 
to relaxation times that increase with v. A final crossover 
to Rouse behavior oceurs only at very large How veloci­
ties. For the chain lengths available in the present study, 
the combination of FENE springs with EVI and HI re­
sults in a monotonie deerease of the longest relaxation 
time. However, for much longer chains it is possible that 
a regime of increasing relaxation times as required for the 
coil stretch transition [10J might oceur. 

0.15 

0.10 
~ä. 

0.05 

o 20 40 60 80 100 

FIG.1. First triplet (p 1) ofrelaxation modes for v 0.2 
(left) and relaxation times (right) for a pure FENE chain. 

For the average dynamics the most interesting behavior 
is found for the Rouse model with EVI added. After 
cessation of the How we observe three distinet regimes 
as shown in Fig. 2. Initially, XE(t) decays ~xponentially 
with the longest Rouse time rf as time constant. This 
regime is dominated by the relaxation of the stretched 
part of the chain elose to the tether-point where EVI 
are negligible. Then, one find8 a stretched exponential 
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decay XE(t) cx: exp( -(t/rf)ß) with stretching exponent 
ß ~ 0.5. During this stage the relaxation i8 increasingly 
siowed down because self-avoidance constraints become 
more important. Stretched exponential relaxation is com­
monly explained by a superposition of single exponential 
decays with time constants that obey apower law. It is 
thus unlikely that this complex behavior can be captured 
by a single mode theory like the dumbbell model. In a 
third regime finally, the entangling process is completed 
and the equilibrium value of XE = 0 is approached by 
only local rearrangements within the coil. This process 
i8 again described by a single exponential law where the 
time constant is now given by the longest equilibrium 
KL relaxation time. After starting the How the response 
of the chain is dominated by self-entanglements. These 
are resolved on a time scale of the longest relaxation 
time rather then the shortest one which corresponds to 
a stretching of individual springs. 
These investigations are currently extended to more re­
alistic flow fields like simple shear and elongation al HQws. 
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FIG. 2. Evolution of the x-component of the end-to-end 
vector XE(t) for a Rouse chain with EVI after ces8ation 
(left) and start-up (right) of the tlow. Flow velocities are 
v = 0.5,0.2,0.1,0.05,0.02 and tI 2.0,1.0,0.5,0.2 from top 
to bottom. XE(t) i8 calculated from an ensemble average over 
100 independent simulation runs. OnIy a fraction of the data 
used for the fits (solid lines) is shown. 
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Evolution of gas-filled nano-cracks in crystalline solids 

M. Hartmann and H. Trinkaus 
Institute Theory III 

The evolution of gas-filled cracks under gas implantation and subsequent annealing is studied on 
the basis of an elastic continuum approach. The observed growth limitation of He-filled nano-cracks 
in SiC is attributed to thei! stabilization by the formation of circular dislocations dipoles. The 
formation and Ostwald ripening of bubble-Ioop complexes at elevated temperatures is modeled in 
terms of gas atom exchange between bubbles coupled with matrix atom exchange between bubbles 
and associated loops. Scaling laws derived for the time dependence of bubble and loop sizes are in 
good agreement with experimental data. The idea of loop formation by gas-filled cracks is applied to 
model strain relaxation in GeSi on Si heterostructures by H implantation and subsequent annealing. 

F&E-Nr: 23.15.0/23.42.0/23.80.5 

By ion beam implantation, solid-gas systems far from 
thermodynamic equilibrium can be formed where the 
driving force for the precipitation of the gas atoms into 
bubbles is very high. For bubble formation, generally 
both gas and matrix atom diffusion are required. In a 
crystalline matrix, light gas atoms such as Hand He com­
monly diffuse as interstitial atoms. At medium tempera­
tures where such interstitial gas atoms are already mobile 
while matrix atom are still immobile, a process for which 
no matrix atom transport is required is the precipitation 
of the mobile gas atoms between atomic Iayers of the 
matrix lattice thus forming gas-filled Griffith cracks. 

The present work was motivated by the observation 
of penny-shaped crack-like He platelets in Sie after He 
implantation and subsequent thermal annealing [1,2], ex­
periments performed to simulate effects of He expected 
to be produced by (n,a) reactions in SiC in fusion reactor 
environments. It has turned out meanwhile that the for­
mation of gas-filied nano-cracks is a general phenomenon 
in non-metallic systems. Thus, it has been shown re­
cently that H ion implantation into Si results in H-filled 
nano-cracks which may be used to trigger strain relax­
ation in GeSi on Si heterostructures [3]. 

We have used the isotropie elastic continuum approach 
to study the evolution of such nano-cracks [4] and ap­
plied the basic idea of dislocation loop formation by 
such cracks to model strain relaxation in SiGe/Si het­
erostructures by H implantation [3]. For the case of He­
implanted Sie, the following puzzling experimental ob­
servations had to be rationalized: (1) the uniform size 
of the observed nano-cracks forming during He implan­
tation at RT and its maintenance upon annealing up to 
ab out 1300 K without any indication of further growth, 
and (2) the formation of complexes of bubbles and dislo­
cation loops and their coarsening at higher temperatures. 

For the observed diameters of 9nm, the pressure in the 
crack-like He platelets is estimated to be around 24GPa 
where He is expected to be solid even up to 4 TOK. The 
maximum shear stress at the rim of the cracks is esti­
mated to be around or even above the theoretical shear 
strength - independent of the crack size. 
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FIG. 1. Illustration of a gas-filled crack partially relaxed 
by the formation of a dislocation dipole. 

Thus, we may assume partial pressure relaxation by 
the spontaneous formation of circular dislocation dipoles. 
Because of the large resistance against both dislocation 
glide and climb in non-metallic structures, a once formed 
disiDeation dipole will stay in its original configuration of 
minimum separation as illustrated in Fig.1. An analysis 
of the free energy subject to this kinetic constraint shows 
that the crack is strongly bound to its dislocation dipole. 
After dipole formation, the crack tends to grow slightly 
to a size where, in contrast to the Griffith crack, further 

R* Rl 

crack radius Re 

FIG. 2. Equilibrium gas pressure, peq, in the vicinity of 
a Griffith crack (dashed Une) and a crack with a dislocation 
dipole (fullline) as a function of the crack radius Rc; iPi is the 
average pressure defined by the background of small Griffith 
cracks (schematic). 



growth would lead to an increase of the gas pressure and 
the local He concentration in its environment, resulting 
in a net emission of gas, thus stabilizing the crack at the 
size of vanishing net absorption/emission as illustrated 
in Fig. 2. 

There remains, however, the question why a threshold 
value for the crack size is needed for the formation of 
a dislocation dipoles - even though the maximum shear 
stress resolved by an imaginary nascent dipole at the tip 
of a Griffith crack is independent of crack size. The an­
swer is that the dipole formation process up to its com­
pletion depends indeed on crack size since the relative 
volume increase and, accordingly, the relaxation of the 
gas pressure in the crack upon dipole formation decreases 
with increasing crack size. Thus, for too small cracks, the 
gas pressure as the driving force for dipole formation ex­
hausts before the dipole is completed. A quantitative 
estimate of the threshold size for dipole formation is dif­
ficult because of the complicated elastic boundary value 
problem. 

At elevated temperature (1300K < T < 2200K) where 
at least local matrix atom transport along crack surfaces 
and dislocation cores becomes operative the so far meta­
stable cracks transform into complexes of now three­
dimensional (spherical) bubbles and dislocation loops 
which coarsen upon annealing (see Fig.3). The assumed 
restrietion of matrix atom transport to internal surfaces 
and dislocation cores is confirmed by the experimental 
observation that the total volumes of the bubble and 
loop components in such complexes are equal. Accord­
ing to this, the kinetic interaction of complexes must be 
due to He atom exchange between them. Thus, we are 
confronted with a new type of two-component Ostwald 
ripening process where one component, the He atoms, 
perform long ranging bulk diffusion while the diffusional 
transport of the other component, the matrix atoms, is 
restricted to the environment of the growing/shrinking 
structure. 

To analyse this coupled Ostwald ripening process the 
chemie al potential of the gas atoms at the bubbles as weIl 

matrix atoms 

FIG. 3. Growth of a bubble-loop complex by the absorp­
tion of He atoms from the environment and the concurrent 
transfer of matrix atoms to the dislocation loop. 
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as that of the matrix atoms at the bubbles and along the 
dislocation loops must be considered. The analyses shows 
that three stages in the evolution of coupled bubble-Ioop 
complexes may be distinguished: a short transition stage 
where the high pressure is partially relaxed at constant 
density of the objects, and two coarsening stages where 
the chemical potential of the matrix atoms is dominated 
by the line tension of the loops and the surface tension, 
respectively. Taking global gas atom and Iocal matrix 
atom conservation into account we have derived the fol­
lowing approximate scaling laws for the time dependence 
of the average bubble radius in the first and the second 
coarsening stages, respectively: 

Rb rv e', with x = 1/6 ~ 0.167 and IX = 2/11 ~ 0.182. 

According to this, the exponents of the power law time 
dependencies for the two coarsening stages differ only 
slightly and are, moreover, in good agreement with the 
value of 0.17 obtained from fitting experimental data [2]. 

Generally, the Burgers vector of the interstitial type 
disiocation loop forming at a gas-filied crack has a com­
ponent in the loop plane. This is a property crucial for 
strain relaxation in GeSi on Si heterostructures by H+ 
ion implantation with energies such that H-filled nano­
cracks are formed in Si weIl below the interface to the 
GeSi layer. Upon annealing, a loop formed at a nano­
crack becomes glissile and glides, repelled by the crack 
and attracted by interfacial image forces, to the GeSi 
layer where the plane stress associated with the misfit 
strain exerts an asymmetrie force on the loop, holding 
one side of it in the interface where it forms amisfit 
dislocations segment and pulling the other side to the 
surface where it forms a step. At sufficiently high nano­
crack density, virtually all threading dislocations extend­
ing between the interface and the surface find partners 
for mutual annihilation within there interaction range. 
The desired low residual density of threading dislocation 
contrasts with the substantially higher density remaining 
in conventional strain relaxation. On the basis of this 
picture, the conditions for efficient and healthy strain re­
laxation to be imposed on the relevant parameters have 
been derived and found to be in good agreement with 
experiments. Thus, the model provides a basis for im­
proving and extending this promising technique in mi­
croelectronic material processing. 
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Nonlinear theory of dislocations in smectics - an exact solution 

Efim A. Brener and V.I. Marchenko 
Institute Theory III 

It is shown that the strain field of an edge disloeation in a smectic must be described in the 
framework of nonlinear theory even far away from the eore region. We present an exaet solution 
of this nonlinear problem. The result of the linear theory is recovered in the limit of large bending 
rigidity. 

F & E-Nr: 23.15.0 

The strain field of point and linear defects in crys­
tals decays with the distance from the defect, so that 
the long range distortion around the defects can be de­
scribed within the framework of the linear theory of elas­
tidty. The same approach has been used by de Gennes 
to describe edge dislocations in a smectic [1]. This linear 
theory is believed to be exact far from the dislocation 
core and it is presented in text books on physics of liq­
uid crystals and also in the more general context of the 
theory of elasticity (see for example [2,3]). The intrinsic 
anisotropy of smectics, however, means that nonlinear 
effects can be important even for small strains, and the 
Relfrich instability [4), the corrugation of smectic layers 
in a stretched smectic film, is a well-known example. 

We show that the linear theory of edge dislocations in 
smectics [1] is valid only in the limit b « ,x, where b is 
the Burgers vector and ,x is the length scale in the elastic 
energy functional. In the general case where b ,..., ,x non­
linearities must be taken into account to describe the 
asymptotic behavior even at large distances from the 
core. To the best of our knowledge this is the first in­
stance where the asymptotic distortion field induced by 
the defect in a three-dimensional object must be treated 
by nonlinear theory. Moreover, we give an exact solu­
tion of the nonlinear equation for the displacement field 
around a dislocation. 

For small strains the distortion energy of a smectic is 
[2] 

Here u(x, z) is the smectic displacement field, A is the 
elastic modulus and B is the bending modulusj the dis­
location lies along the y axis. The intrinsic Iength scale 
A is given by A = (B / A)1/2. In linear approximation the 
strain field for the edge dislocation is obtained [tl (see 
also [2]) as 

8z u= bx [ x
2

] 
8(7l'A)l/2Z 3/2 exp - 4,xz (2) 

and 

8",u b [x
2 

] 4(7l'AZ)1/2 exp - 4>'z (3) 
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for z > O. The most significant change of the displace­
ment field occurs in the region x ",.;>:i. The linear 
approximation is valid for (8",U)2/18zul « 1. However, 
this ratio is of order b / A and independent of z in the im­
portant region. Thus a nonlinear theory must be applied 
to describe the general case b '" A. 

The fuH nonlinear equation is obtained by variation of 
the energy, Eq. (1), and reads 

(4) 

Let us measure all the lengths (u, x, z, b) in units of ,x. 
If we assume that, as in the linear approximation, the 
displacement field u(x, z) depends only on the variable 
v = x / Vz the problem reduces to the solution of a third 
order ordinary differential equation for the strain field 
4> = du/dv = u': 

4>/11 = v
2

4>' + 3v 4> + 4>2 + 3v 4>4>' + ~4>2 4>' (5) 
4 4 2 2 

subject to the constraint 

u( +00) - u( -00) = i: 4>dv = b/2. (6) 

Fortunately an exact solution of Eq. (5) exists which 
meets all physical requirements. Indeed, it is easily 
checked that under the condition 

(7) 

Eq. (5) is automatically satisfied. The general solution 
of Eq. (7) is 

(8) 

where Cis a constant of integration to be determined by 
Eq. (6). Finally, in the original, dimensioned variables 
the displacement field u is given by 

u = 2,xln 1 + e-t /4dt . [ e
b

/
4A 

- 1 j"'/V>:Z 2 1 
2..{ii -00 

(9) 



In the limit b « >. the result of the linear theory [1] is 
recovered, 

(10) 

We note that the field 4> is an even function of v 
in the linear theory, whereas nonlinear effects destroy 
this symmetry. Fig. 1 presents the distortion field in­
duced by a dislocation whieh we plot according to the 
exact result, Eq. (9). Fig. la corresponds to the small 
ratio b/4>' = 1/8 and the result of linear theory, Eq. 
(10), is a good approximation. The displacement field 
changes mainly in the range of positive and negative x, 
lxi rv .,(5:;. Fig. Ib corresponds to the strongly nonlin­
ear case, b/4>" 5. In this case the asymmetry becomes 
very pronounced: the displacement field changes mainly 
in the range of negative x and lxi'" v'bZ > .,(5:; (linear 
theory still predicts symmetrie range lxi rv .,(5:;). 

N ormally >. is several times larger than the interlayer 
distance. Together with the fact that the actual ex­
pansion parameter is b / 4>. this makes the linear theory 
a good approximation in many experimental situations. 
However, for a finite density of dislocations in some 10-
calized region the effective Burgers vector can be large 
enough to make the nonlinear effects observable. 

We now discuss another structure that appears as a 
limiting case of our exact solution. Eq. (8) gives for 
C 0 the displacement field 

u = 2>'ln -- e-t /4dt 
[ 

1 !:c/v'>:Z 2 1 
2..{ii -00 

(11) 

(where we have chosen u(+oo) = 0) which describes the 
following texture. For x » .,(5:; there are almost Bat 
smectic layers and for negative x (lxi » .,(5:;) the dis­
placement field, u = -x2/2z, corresponds to parabolic 
layers where z is the radius of curvature. This parabolic 
structure is the beginning of a circular structure. The 
smooth matching between the structures with zero and 
finite curvatures is in the region lxi'" .,(5:;. 

To condude, we have found that even for a small strain, 
ozu « 1 and o:cu « 1, the asymptotic distortion field 
around the edge dislocation in smectics must be treated 
in the framework of nonlinear theory using the elastic 
energy functional, Eq. (1). We have found an exact 
solution of this problem where the displacement field de­
pends only on a scaling variable. Dislocations in smectics 
He somewhere in between point defects, which can still be 
treated by linear theory, and cases with a localized force 
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or linear distribution of forces. The angle 0", u is of order 
unity in the latter, requiring the use of a fully nonlinear 
theory beyond the functional in Eq. (1). Such work is in 
progress. 

Our findings should also be applicable to those sys­
tems whieh have common features with smectics such as 
block copolymer films, charge density waves, spin den­
sity waves, the vortex lattices in superconductors, and in 
superBuid He3 and He4 . 

------

a 

~-----­

------------------~------

------------------b 
FIG. 1. The distortions induced by a dislocation in a srnec­

tic: a).. 2bj b»" O.05b. 

(1] P.G. de Gennes, C.r., Acad. Sei. (Paris) 275B, 939 (1972). 
[2] L.D. Landau and E.M. Lifshitz, Theory 0/ Elasticity, Perg­

amon Press, Oxford, 1987. 
[3] M. Kleman, Points, Lines, and Walls in liquid crys­

tals, magnetic systems and tJarious ordered media, Wiley­
Interseience, New York, 1983. 

[4] W. Helfrich, J. Chern. Phys. 55, 839 (1971). 



Publicatlons In refereed journals 

Asato M.l; Settels A.; Hoshino T.2; Asada T.2; Blügel S.; 
Zeller R.; Dederichs P.H. 
1Graduate School of Electronic Seience and Teehnology, 
Shizuoka University, Japan 
2Faculty of Engineering, Shizuoka Universily, Japan 
Full Potential KKR-ealeulations for Metals and Semieonductors 
Phys. Rev. B 60, 5202 (1999) 
23.20.0 

Brener E. 
Pattern formation in three-dimensional dendritic growth 
Physiea A 263 (1999) 338-344 
23.15.0 

Brener E.; lordanskii S.V.1; Marehenko V.1.2 
1 L.D. Landau Institute for Theoretical Physies, Chernogolovka, 
Russia 
2P.L. Kapitza Institute for Physieal Problems, Moscow, Russia 
Elastic effects on the kinetics of a phase transition 
Physical Review Leiters, Vol. 82, No. 7 (1999) 1506-1509 
23.15.0 

Brener E.; Marchenko V.I.1 
1 P.L. Kapitza Institute for Physieal Problems, Moseow, Russia 
Nonlinear theory of disloeations in smectie crystals: An exaet 
solution 
Physical Review E, Vol. 59, No. 5 (1999) 4752-4753 
23.15.0 

Brener E.; Marehenko V.I.1 
1 P.L. Kapitza Institute for Physical Problems, Moscow, Russia 
Surface instabilities in cracks 
Physical Review Leiters, Vol. 81, No. 23 (1998) 5141-5144 
23.15.0 

Brener E.; Müller-Krumbhaar H. 
Comment on "Eleetrieally induced morphologieal instabilities in 
free dendrite growth" 
Physical Review Leiters 83, 1698 (1999) 
23.15.0 

Brener E.; Temkin D.E1 
1 Institute of Physics of Metals, I.P. Bardin Central Scientific 
Research Institute of Ferrous Metallurgy, Moscow, Russia 
Theory of diffusional growth in cellular precipltation 
Acta Mater., Val. 47, No. 14,3759-3765 (1999) 
23.15.0 

Drehal V.l ,2; Kudrnovsky J.l ,2; Bruno P.3; Dederichs P.H.; 
Weinberger P.2 
1lnslitute of Physies, Aeademy of Scienee of the Czech 
Republic, Praha 
2Center for Computational Material Science, T echnical 
University Vienna, Austria 
3MPI für Mikrostrukturphysik, Halle/Saale 
The combined effeet of temperature and disorder on interlayer 
exchange coupling in magnetic multilayers 
Phil. Mag. B78, 571 (1998) 
23.20.0 

Drchal V.1; Kudrnovsky J.1; Bruno P.2; Turek 1.3; Dederiehs 
P.H.; Weinberger PA 
1 Institute of Physics, Academy of Seience of the Czech 
Republic, Praha 
2MPI für Mikrostrukturphysik, Halle 
31nstitute of Physics, Academy of Sciences of the Czech 
Republic, Bmo and Institute for Technical for Teehnical 
Electrochemistry, Technical University, Vienna, Austria 
4Center for Computational Material Science, T echnieal 
University Vienna, Austria 
Temperature dependence of the interlayer exchange coupling 
in magnetic multilayers: An ab-inltio approach 
Phys. Rev. B 60, 9588 (i999) 
23.20.0 

59 

Feng X.; Brener E.; Temkin D.E.; Sailo Y.i; Müller-Krumbhaar 
H. 
1Department of Physics, Keio University, Yokohama, Japan 
Creep motion of a solidification front in a two-dlmensional 
binary alloy 
Physieal Review E 59,512 (1999) 
23.15.0 

Gaukel C.; Kluge M.; Schober H. 
Diffusion Mechanisms in Under-Cooled Binary Liquids of 
Zr67Cz33 
J. Non-Cryst. Solids 250-252, 664 (1999) 
23.15.0 

Gaukel C.; Kluge M.; Schober H. 
Diffusion and relaxations in liquid and amorphous melals 
Philosophical Magazine B 79, 1907 (1999) 
23.15.0 

Hauek J.; Henkel D.; Klein M.1; Mika K. 
1 Institut für Biotechnologie, FZ Jülich 
Structure maps of close-packed layered compounds and DNA 
J. Solid State Chem., 145 (1999) 150 
23.15.0 

Hauek J.; Mika K. 
Structure maps for close-paeked alloys by the Ising model 
Z. Kristallogr., 214 (1999) 443 
23.15.0 

Hergert W.1; Stepanyuk V.S.1; Zeller R.; Dederichs P.H. 
1 Martin-Luther-Universität Halle Wiltenberg 
Unusual magnetic behavior in imperlect magnetic 4d and 5d 
clusters on the 
Ag(001) surfaee 
J. Magn. Magn. Mat. 198-199,233 (1999) 
23.20.0 

Hoshino T.l; Papanikolaou N.; Zeller R.; Dederichs P.H.; 
Asato M.1; Asada T.1; Stefanou N.2 
1 Faculty of Engineering, Shizuoka University, Japan 
2University of Athens, Athens, Greeee 
First-Principles Calculations for Vacancy Formation Energies 
in Cu and AI; Non-Local Effect beyond the LSDA and Lattice 
Distortion 
Comp. Mater. Science 14,56 (1999) 
23.20.0 

Müller-Krumbhaar H.; Salto Y.1 
1 Department of Physics, Keio University, Yokohama, Japan 
Strain effect on Eden Model 
J.Phys.Soc.Japan,67,3661 (1998) 
23.15.0 

Nonas B.; Wildberger K.; Zeller R.; Dederichs P.H.; Wille 
L.T.1; Dreysse H.2 
1Florida Atlantic University, Boca Raton, USA 
21nstitute de Physique et Ghimie des Materiaux de Strasbourg, 
Franee 
Direet Exchange and Interaction of 3d Impurlties on the (001) 
Surface of lron 
J. Magn. Magn. Mat. 198-199,548 (1999) 
23.20.0 

Oligsehleger C.1; Gaukel C.; Schober H. 
1Theoretische u. Physikalische Chemie, Universität Bonn 
Relaxations in Glasses 
J. Non-Cryst. Solids 250-252, 660 (1999) 
23.15.0 

Oligschleger G.1; Schober H. 
1Theoretische u. Physikalische Chemie, Universität Bonn 
Molecular Dynamics Simulations of Glasses 
J. Non-Cryst. Solids 250-252, 651 (1999). 
23.15.0 



Parshin D.A.1; Schober H. 
1State Technical University, St. Petersburg, Russia 
Distribution 01 fractal dimensions at the Anderson transition 
Phys. Rev. Lett. 29 4590 (1999) 
23.15.0 

Peyla P.1; Vallat A.1; Misbah C.::!; Müller-Krumbhaar H: 
1 Laboratoire de Physique et de Modelisation des Milicux 
Condenses, Universite J. Fourier, Grenoble, France 
2Laboratoire de Spectrometrie, Universite J. Fourier, 
Grenoble, France 
On elastic interaction between surtace delect in thin layers 
Phys. Rev. Lett. 82, 787 (1999) 
23.15.0 

Rzehak R.; Kienle D.; Kawakatsu Ti; Zimmermann W.2 
1 Department 01 Computational Selance and Engineering, 
Nagoya University, Japan 
2Universität des Saarlandes, Saarbrücken 
Partial Draining of a T ethered Polymer in Flow 
Europhys. Lett. 46, 821 (1999) 
23.15.0 

Schober H. 
Oligschleger C.; Schober H. 
Collective jumps in a soft sphere glass 
Phys. Rev. B59, 811 (1999) 
23.15.0 

Settels A.; Korhonen T.1; Papanikolaou N.; Zeller R.; 
Dederichs P.H. 
1 Laboratory of Physics, Helsinki University of T echnology, 
Finnland 
Ab-intio Study of Acceptor-Donor Complexes in Silicon and 
Germanium 
Phys. Rev. B 83, 4369 (1999) 
23.20.0 

Smirnova E.A.1; Abrikosov I.A.2; Johansson 8.2; Vekilov 
Yu.Kh.3; Baranov A.N.4; Stepanyuk V.S.5; Hergert W.5; 
Dederichs P.H. 
1 Department of Theoretical Physics, Moscow Steel and Alloys 
Institute, Moscow, Russia 
2Condensed Matter Theory Group, Departmant of Physics, 
Uppsala University, Sweden 
3Department of Theoretical Physics, Moscow State University, 
Moscow, Russia 
4Department of Solid State Physics, Moscow State University, 
Moscow, Russia 
5Fachbereich Physik, Martin-Luther-Universität, Halle/Saale 
Calculated magnetic properties of an Fei-xNix monolayer on 
Cu(001) 
Phys. Rev. B 59,14417 (1999) 
23.20.0 

Steinbrecher J.; MOller-Krumbhaar H.; Brener E.; Misbah C.1; 
Peyla, P.2 
1 Laboratoire de Spectrometrie, Universite J. Fourier, 
Grenoble, France 
2Laboratoire de Physique et de Modelisation des Milicux 
Condenses, Universite J. Fourier, Grenoble, France 
Fractal growth 01 epitaxial surtace clusters with elastic 
interaction 
Physical Review E 59, 5600 (1999) 
23.15.0 

Stepanyuk V.S.1 ,2; Hergert W.1; Rennert P.1; Wildberger K.; 
leUer R.; Dederichs P.H. 
1 Martin Luther Universität Halle-Wittenberg 
2M PI für Mikrostrukturphysik, Halle 
Imperfect Magnetic Nanostructures on a Ag(001) Surtace 
Phys. Rev. B 59, 1681 (1999) 
23.20.0 

Wildberger K.; Korhonen T.; leller R.; Dederichs P.H.; Rampe 
A.1; Güntherodt G.1 
1 Physikalisches Institut, Technische Hochschule Aachen 
Intertace Reflectivity of Magnetic Layers in Cu: Eflects of 
Adlayers 
J. Magn. Magn. Mat. 198-199, 570 {1999} 
23.20.0 

Other publications 

Gaukel C.; Kluge M.; Schober H. 
Diffusion Mechanisms in Under-Cooled Binary Liquids, 
Siow Dynamics in Complex Systems (M. Tokuyama and I. 
Oppenheim eds.) 
AlP Conference Proceedings 469, 398 (1999) 
23.15.0 

Mantl S.l; Kappius L.1; Antons A.i; Ulken M.1; Klinkhammer 
F.1; Dolle M.l; Zhao Q.T.1; Mesters S.1; Buchal Ch.1; Bay 
H.L.1; Kabius 8.1; Trinkaus H.; Heinig H.2 
11nstilut für Schicht- und Ionentechnik, Fl Jülich 
21nstitut für lonenstrahlphysi und Materialforschung, 
Forschungszentrum Rossendort 
Growth, Patterning and Microelectronic Applications 01 
Epitaxial Cobaltdisilicide 
MRS Proceedings 507 (1998) 
23.42.0 

Schober H. 
Molecular dynamics in amorphous solids and liquids 
Physics of Glasses (P. Jund and R. Jullien eds.) p.191, AlP 
Conlerence Proceedings 489, 1999 
23.15.0 

Invited talks 

Brener E. 
Instabilities in cracks 
University Grenoble, Frankreich, 01.04.1999 
23.15.0 

Brener E. 
Instabilities in cracks 
Universität Montpellier, Frankreich, 20.09.1999 
23.15.0 

Brener E. 
Pattern formation in diffusional growth 
Universität Kiel, 29.10.1999 
23.15.0 

Dederichs P.H. 
Ab-initio Study of Magnetic Adatoms and Small Clusters on 
Surfaces 
Int. Conference on Clusters and Nanostructure Intertaces, 
Richmond, VA, USA, 27.10.1999 
23.20.0 

Dederichs P.H. 
Conceptional Improvementrs of the KKR Method for Electronic 
Structure Calculations 
Seminar, Oak Ridge National Laboratory, USA, 19.03.1999 
23.20.0 

Dederichs P.H. 
Elektronische und magnetische Eigenschaften von 
Adsorbatatomen auf Obertlächen 
Kolloquium, Hahn Meitner Institut, Berlin, 01.02.1999 
23.20.0 

Dederichs P.H. 
Forces and Lattice Relaxations in Dilute Alloys 
APS-March Meeting, Atlanta, USA, 22.03.1999 
23.20.0 
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Dederichs P.H. 
Komplexe Bandstruktur und Tunneln in 
FerromagneVlsolator/Ferromagnel Schichten 
Universität Halle, 04.11.1999 
23.20.0 

Dederichs P.H. 
Magnetic Adatoms and Small Clusters on Surfaces 
Kolloquium Physics Department, Moscow State University, 
Moskau, 19.01.1999 
23.20.0 

Dederichs P.H. 
Magnetic Adatoms and Small Clusters on Surfaces 
Symposium on Multilayers and Nanostructures, Univ. 
Bielefeld, 17.04.1999 
23.20.0 

Dederichs P.H. 
Magnetismus von Adatomen und kleinen Clustern auf 
Oberflächen 
Physikalisches Kolloquium, Univ. Gesamthochschule 
Duisburg, 26.04.1999 
23.20.0 

Dederichs P.H. 
Proposal for a RT-Network "Computational 
Magnetoelectronics" 
TMR-Workshop "5th Framework", Orsay, Paris, 30.04.1999 
23.20.0 

Mütler-Krumbhaar H. 
Morphology diagram of diffusional growth 
Seminar, DLR Porz, 27.10.1999 
23.15.0 

Müller-Krumbhaar H. 
Strukturbildung an bewegten Phasengrenzflächen 
Mathematisches Kolloquium, Universität Freiburg, 16.02.1999 
23.15.0 

Müller-Krumbhaar H. 
Strukturbildung bei diffusionsbedingtem Wachstum 
Physik-Workshop. Universität Kiel, Sehlendorf.21.09.1999 
23.15.0 

Müller-Krumbhaar H. 
Wie wächst ein Keim? 
Kolloquium, Institut für Physik. Universität Göttingen. 25.10.99 
23.15.0 

Müller-Krumbhaar H. 
Wie wächst ein Keim? 
Kolloquium, Physikalische Chemie. TU Hannover, 17.03.1999 
23.15.0 

Schober H. 
Dynamik in Gläsern 
Institut für Physikalische Chemie, Universität Hannover. 
1.2.1999 
23.30.0 

Schober H. 
Molecular dynamics in amorphous solids and liqulds 
CNRS Summer School"Physics of Glasses: Structure and 
Dynamics", Cargese, Korsika, Frankreich17.!18. 5.1999 
23.30.0 

Schroeder K. 
Surface Diffusion and Models of the Kinetics Epitaxial Growth 
Intern. Symposium on Structure and Dynamics 01 
Heterogeneous Systems, Univ. Duisburg, 25.02.-26.02.1999 
23.42.0 

Trinkaus H. 
Evolution of Gas-Filled Nano-Cracks in Ceramics, 
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Comp. Mat. Sci., Lawrence Livermore Nat. Lab. Livermore, 
CA, USA, 21.07.1999 
23.15.0/23.42.0123.80.5 

Trinkaus H. 
Evolution of Gas-Filled Nano-Cracks in Ceramics, 
Comp. Mat. Sci., Sandia Nat. Lab. Livermore, Calilornia, USA, 
20.07.1999 
23.15.0/23.42.0/23.80.5 

Trinkaus H. 
Evolution of Gas-Filied Nano-Cracks in Ceramics, 
Mech.& Aerospace Dep., UC Los Angeles, USA. 30.06.1999 
23.15.0/23.42.0/23.80.5 

Trinkaus H. 
Microstructural Evolution in Metals under Cascade Damage 
Conditions, 
Dep. Mech. & Envirnm. Eng., UC Santa Barbara, USA, 
06.07.1999 
23.80.5 

Trinkaus H. 
Progress in Modeling the Microstructural Evolution in Metals 
under Cascade Damage Conditions, 
Int. Conf. Fusion Reactor Mat. (ICFRM 9), Colorado Springs, 
USA,10.-15.10.1999 
23.80.5 

Trinkaus H. 
The Role of Cascade-Induced Glissile Interstitial Loops on the 
Plasticity 01 Metals, 
Gordon Research Conf. on "Material Processes Far trom 
Equilibrium", Plymouth, NH, USA, 12.07.1999 
23.80.5 

Zeller R. 
Parallel Compuling with the KKR Method 
Annual Meeting of the TMR-Network: "Ab-initlo Calculations 01 
Magnetic Properties of Surfaces, Interfaces and Multilayers", 
Aussois, Frankreich, 28.03.1999 
23.20.0 

Other talks 

Gutheim F.: Steinbrecher J.; Brener E.; Müller-Krumbhaar H. 
Fraktales Wachstum epitaktischer Adsorbatcluster mit 
elastischer Wechselwirkung 
DPG Frühjahrstagung, Münster, 22.03.- 26.03.1999 
23.15.0 

KlugeM. 
Diffusion in Cu33 Zr67 
Kolloquium "UnterkOhlte Metallschmelzen: Phasen selektion 
und Glasbildung", DFG, Bad Honnet, 24.02.-26.02.1999 
23.30.0 

Müller-Krumbhaar H. 
Strukturbildung bei Benetzung 
DFG-Seminar, Bad Honnet, 18.10.1999 
23.15.0 

Schober H. 
Diffusion and relaxations in liquid and amorphous CuZr 
Seventh International Workshop on Disordered Systems, 
Molveno, Trento, Italien, 02.03.1999 
23.30.0 

Settels A. 
Delektkomplexe in Si und Ge: Elektronenstruktur, 
Gitterrelaxationen und Elektrische Feldgradienten 
Arbeitstreffen "Forschung mit nuklearen Sonden und 
Ionenstrahlen", Berlin, 06.10.-08.10.1999 
23.20.0 



Settels A. 
Different Methods for Lattice Relaxations within the KKR­
Formalism 
TMR-Midterm Review, Aussois, Frankreich, 27.03.-01.04.1999 
23.20.0 

Settels A. 
Vergleich verschiedener Verfahren zur BerOcksichtigung von 
Gitterverschiebungen 
DPG-FrOhjahrstagung, MOnster, 22.03.-26.03.1999 
23.20.0 

Spettmann R.1; Schroeder K.; BIOgei S.; Entel P.1 
1Theor. Tieftemperaturphysik, Gerhard Mercator Universität, 
GH Duisburg 
Elektronische Struktur von Si(111): Sn (sqrt (3) x (sqrt(3» 
DPG Frühjahrstagung Münster, 22.03.1999 
23.42.0 

Posters 

Antons A.; Berger R.; BIOgei S.; Schroeder K. 
Ab-inlio Untersuchungen der Adatom Diffusion auf Si(111) 
(3x3) 
DPG-Frühjahrstagung, MOnster, 22.03.1999 
23.42.0 

Antons A.; Berger R.; 810gel S.; Schroeder K. 
Ab-intio Untersuchungen der Adatom Diffusion auf Si(111) 
(3x3) 
European Research Conferance on Dynamical Process at 
Surfaces, Lenggries. 19.-23.09.1999 
23.42.0 

Berger R.; BIOgei S.; Antons A.; Kromen Wi.; Schroeder K. 
A Parallelized ab inlio Molecular Dynamics Code for the 
Investigation of Atomistic Growth Processes 
NIC-Workshop "Molecular Dynamics on parallel Computers", 
FZ JOlich, 08.02.-10.02.1999 
23.42.0 

KlugeM. 
Diffusion in unterkühlten Schmelzen und Gläsern aus Cu33 
Zr67 
DPG-Frühjahrstagung, Münster, 22.03.-26.03.1999 
23.30.0 

KlugeM. 
Diffusion mechanisms in liquid and amorphous Cu33 Zr67 
SummerschooJ "Physics of Glasses: Structure and Dynamics", 
Universität Montpellier. 10.05.-22.05.1999 
23.30.0 

KlugeM. 
Diffusion mechanisms in under-cooled binary liquids of Cu33 
Zr67 
NIC-Workshop "Molecular Dynamics on Parallel Computers", 
FZJOlich,08.02.-10.02.1999 
23.30.0 

Spatschek R.; Brenar E; Müller-Krumbhaar H. 
Oberflächeninstabilitäten von Rissen 
DPG-Frühjahrstagung, Münster, 22.03.-26.03.1999 
23.15.0 

Patents applied for 

Mantl S.; Zhao Q.T.; Kappius L; Antons A.: 
Verfahren zur Herstellung von Nanostrukturen in dünnen 
Filmen 
PCT: PCT/DE99/03683 (18.11.99) (EP,US.CA,JP,KR) 
PT 1.1626 
29.87.0 

Lecture courses 

Dederichs P.H, 
Computeranwendungen in der Festkörperphysik 
Seminar RWTH Aachen, SS 1999 
23.20.0 

Dederichs P.H. 
Magnetismus und Magnetoelektronik 
RWTH Aachen. SS 1999 
23.20.0 

Dederichs P.H. 
Spinabhängiges Tunneln 
30, Ferienkurs des IFF: "Magnetische Schichtsysteme", FZ 
JüUch, 09.03.1999 
23.20.0 

Mül/er-Krumbhaar H. 
Compuleranwendungen in der Festkörperphysik 
Seminar RWTH Aachen, SS 1999 
23.15.0 

Müller-Krumbhaar H. 
Praktisches Rechnen für Naturwissenschaftler 
RWTH Aachen, WS 98/99 
23.15.0 

Schroeder K. 
Atomarer Magnetismus und Austauschwechselwirkung 
30. IFF-Ferienkurs "Magnetische Schichtsysteme in 
Forschung und Anwendung". FZ JUUch, 01.03.1999 
23.42.0 

Schroeder K. 
Computeranwendungen in der FestkörperphYSik 
Seminar RWTH Aachen, SS1999 
23.42.0 

Internat seminars 

Hauck J.; Mika K. 
Die Muster des W. Ostwald und die Adsorbatstrukturen 
10. Wolfgang-Ostwald-Kolloquium der Kolloid-Gesellschaft: 
Adsorption an Nanopartikeln. FZ JüUch, 02.12.1999 
23.15.0 

KlugeM. 
Theorien zum Glasübergang 
Seminar "Aspekte des Glasübergangs". IFF, FZ Jülich, 
27.04.1999 
23.30.0 

Schober H. 
Computersimulation 
Seminar zum GlasObergang, IFF, FZ JüUch, 15.06.1999 
23.30.0 

Zeller R. 
Bandmagnetismus 
30. Ferienkurs des IFF: "Magnetische Schichtsysteme", FZ 
Jülich, 02.03.1999 
23,20.0 
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Institute for Scattering Methods 

General Overview 

Modern solid state physics goes far beyond a phenomenological description and bases the understanding of solid 
state properties and phenomena on atomistic theories. To obtain information about the atomie structure of solids, 
prohes with sub-nanometer spatial resolution are needed. To study the excitation spectra, an appropriate energy 
resolution is necessary in addition. All these requirements can be met by scattering methods. In this sense, scattering 
methods provide the basis of our present understanding of the structure, excitations and phase transitions of 
eondensed matter on a microscopic level. 

At the Institute for Scattering Methods (ISM), synchrotron x-ray scattering and neutron scattering are employed for 
the investigation of condensed matter on an atomistic microscopic level. The emphasis lies on exploiting fully the 
complementarity of the two probes. Besides the applieation of scattering methods to solid state problems, major 
activities are concentrated on the methodology. This includes the further development of experimental techniques by 
improving instrument components and data treatment algorithms, the development of new experimental methods and 
the corresponding instruments and the development, construction and operation of scattering instruments at large­
scale faeilities. At present, ISM operates five instruments at the research reactor DIDO of the Research Center Jülich 
and two instruments at the Hamburger Synchrotronstrahlungslabor HASYLAB. In addition, we participate in the 
operation of a seetor at the Advanced Photon Source APS in Argonne, USA. These instruments are open for the use 
by external groups from universities, research centers and industry. The instrument responsibles from ISM provide 
scientific and technical support during the experiment and the data processing. ISM is open for all research areas in 
condensed matter science, where scattering methods can be applied. At present, the research activities are 
concentrated in three fields: solid state magnetism, structural disorder and electrocatalytie processes. For the purpose 
of this research, ISM is also engaged in sampie preparation (e.g. by moleeular beam epitaxy) and characterisation 
(e.g. AC and DC susceptibility and magnetisation measurements). 

Instrumeutation for neutron and synchrotron x-ray scattering 

• SV 30 (Th. Zeiske, Th. Reif, G. Kluck/ E. KUssel, B. Schmitz) 
A new instrument for neutron polarisation analysis in the thermal energy range is under construction. This 
instrument will replace the old SV 4 tripie axis spectrometer at the DIDO reactor. The instrument will employ 
3He filters for the production and analysis of polarised neutrons and will work at energies up to 110 meV. For 
inelastic measurements, a tripie axis spectrometer module i8 foreseen, for diffraction measurements a neutron 
image plate detector will be developed. The design of the primary spectrometer, which comprises filter, 
monochromator and biological shielding, is completed. All essential parts are ordered or are built in the 
workshop of the Forschungszentrum. The design of the secondary spectrometer is in progress. 

• Polarised 3He (R. Mueller, eh. Horriar-Esser) 
3He is a very effective neutron absorber eHe +n ~ 4He* ~ T+p). However, the absorption cross section is 
strongly dependent on the neutron spin direction (6000 barns for antiparallel n and 3He spins, 5 barns for parallel 
spins). Therefore, 3He can be used to build very efficient filter cells for neutron polarisation allowing 
polarisation analysis over a wide energy and angular range. We will produce polarised 3He gas by optical 
pumping at low pressure and subsequent compression to several bar. The apparatus for polarising 3He nudei is 
weIl under way. A major breakthrough has been achieved in collaboration with a laser company by replacing the 
delicate LNA laser used elsewhere for optical pumping by a new 10 W fibre laser. Assembly of the optical 
pumping station will be finished in 1999 and the design of the compressor unit is weIl under way. We plan to 
use the 3He filter cells for the new SV 30 spectrometer, but possibly also at other instruments. We want to 
emphasise that 3He filters are an unique possibility to perform polarisation analysis experiments at pulsed 
sources such as the planed European Spallation Source (ESS). 
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• Rejlectometer HADAS (U. Rücker, B. AleJeld, W. Bergs) 
To determine the magnitude and direction of magnetisation in thin film sampies and multilayers, a neutron 
reflectometer wirh polarisation analysis is required. The reflectometer HADAS is currently being equipped with 
polarisation analysis. The supermirrors used to produce and analyse the polarised neutron beam have been 
delivered and tested. They are being assembled into benders. A concept for the instrument control (electronics 
hardware and software) has been established and will be installed next year. 

• Focusing small angle scattering instrument KWS 3 (B. Ale/eId, L. Dohmen) 
This new instrument, which will work as a small angle camera and a reflectometer, follows a completely new 
concept by focusing an entrance pinhole onto the detector. The focusing elements are a toroidal mirror and 
several concentric so-called replica mirrors. We expect an improvement in resolution compared to a standard 
pinhole camera by a factor of 10. The design and construction of all major mechanical components such as 
velo city selector, mirror and sampIe chamber are completed. A new neutron guide section has been installed. 
The toroidal mirror has been delivered and a process to produce the replica mirrors from a NiCu-alloy has been 
established. 

• Instrument Jor diffuse neutron scattering DNS (w. Schweika, A. Broch) 
This compact time-of-flight instrument optimised for diffuse neutron scattering has been equipped with 
supermirror benders to allow polarisation analysis experiments. Taking fuH advantage of neutron focusing, this 
instrument reaches lügher countrates as compared to the so far world leading instrument D 7 at the high flux 
reactor of the ILL in Grenoble. Additional detectors are being equipped with supermirror benders in order to 
enlarge the solid angle, for which polarisation analysis is available. 

• Developments tor the ESS target station (H. Conrad) 
Due to the high power deposition in the target of the planed European Spallation Source (ESS), shock waves 
represent a serious design problem. The newly developed laser interferrometric method for the measurement of 
theses shock waves could be validated. The comparison of the experiments at the AGS proton accelerator in 
Brookhaven and numerical simulations show a quantitative agreement only for the first shock pulse, i. e. up to a 
time of about 60 !ls after the proton pulse. The numerical calculations suggest a strong dependence on the proton 
beam profile. In a larger international collaboration, an experiment has been set up on the proton accelerator 
COSY in Jülich with the aim to optimise the ESS target and moderator geometry. One of the aims of this so­
called JESSICA experiment is to validate Monte Carlo codes for the simulation of the spallation process and the 
neutron transport. It is planned that the JESSICA experiment becomes operational during the next year. 

• Undulator station at APS (D. HupJeld. P. Riller) 
In collaboration with American partners we are building the instrumentation for a sector (bending magnet plus 
insertion device line) at the Advanced Photon Source (APS) in Argonne, USA. The undulator line has just 
become operational and deli vers photons in the energy range 4 20 ke V into an experimental hutch equipped 
with a diffractometer for magnetic x-ray diffraction. FZ Jülich is currently building a high energy side station for 
the energy range 30 - 120 keV. The experimental enclosures have been erected. the monochromator unit is under 
construction and the diffractometer has been ordered. A major breakthrough was the development of water­
cooled silicon monochromator crystals that can stand the high load of about 100 W/mm2

, 

• Wiggler station W 1 at HASYLAB (W. Caliebe) 
A new cryomagnet with x-ray transparent windows designed for fields up to 5 T in the temperature range 1.5 up 
to 300 K has been designed. It has been tested in a modified setup of the diffractometer, which allows horizontal 
scattering geometry. The operating system of the bearnline has been upgraded to a modern unix standard. 

• The JUS/FA instrument at HASYlAB Jor anomalous small angle x-ray scattering (ASAXS) (G. Goerigk, H.-G. 
Haubold) 
The beam stability could be drastically improved by a new be am position regulation. For measurements on 
magnetic materials, a polarisation monitor is now available. 

All these developments have only been possible with massive technical support by the centra! technical divisions at 
the Forschungszentrum Jülich, HASYLAB and APS. We especially want to acknowledge the support by ZAT, ZEL, 
BD and the construction, mechanical workshop and electronics group at the IFF. 
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Research Areas 

The large number of activities related to instrumental developments described in the section above is characteristic 
for a young institute. However, the instrumentation is only a me ans to an end. The research areas, which are being 
pursuit in our institute, are: 

• Structural characterisation of thin film and multilayer devices for magnetoelectronics (W: Babik, E. Kentzinger, 
U. Rücker, Y.-G. Wang, w: Ca liebe, G. Goerigk) 
Within the framework of the HOF strategy project "magnetoelectronics", we collaborate with groups within the 
IFF, IGV and ISL By means of x-ray and neutron reflectivity and diffuse scattering measurements, we 
characterise the interface morphology of technologically relevant multilayers, such as Fe/CrlFe, Co/Cu, 
Ah03INi3Al. Scattering methods are the only technique to access statistical parameters of buried interfaces. We 
have developed a pro gram package for the analysis of reflectivity and diffuse scattering data and established the 
measurement procedure employing contrast variation with anomalous scattering at synchrotron based 
instruments. These techniques have been applied to the above systems and we could identify changes in the 
interface morphology depending on the preparation process in Fe/CrlFe-multilayers. The hope is to correlate 
these structural parameters with transport properties, such as the magnetoresistance, in order to improve the 
multilayer production and obtain a better understanding of the magnetoresistance phenomena. 

• Magnetism of o..Mn (E. Kentzinger, S. Nerger, U. Rücker, w: Caliebe, G. Goerigk, J. Voigt) 
We were able to stabilise the bct o-Mn phase in the form of a thin epitaxial layer on top of an Fe thin film. The 
magnetism of this phase, wh ich i8 thermodynamically stable only at very high temperatures, has recently 
attracted a lot of attention and several magnetic structures were predicted. We did an intensive characterisation 
of this multilayer system and could, by means of neutron diffraction, exclude the proposed antiferromagnetic 
structures. At present, we vary the Mn distance by evaporating Mn on a FeCo-alloy. We intend to study the 
magnetic order of o-Mn as a function ofthe lattice parameters. 

• Magnetism ojrare-earth multilayers (J. Voigt, U. Rücker, E. Kentzinger, S. Nerger, w: Caliebe, G. Goerigk) 
To investigate proximity effects and the effects of re8tricted dimensionality, we have started a research program 
on multilayers consisting of two magnetic rare-earth elements. While multilayers of magnetic rare-earth 
elements separated by non-magnetic intermediate layers have been studied extensively in the past, little is 
known about multilayers consisting of two magnetic rare-earth elements. The first system we chose are Tb/Er­
multilayers. These systems are being produced by MBE and the growth conditions are optimised by LEED, 
Auger-analysis and x-ray reflectometry. The magnetic order has been investigated with neutron diffraction, 
where we found magnetic order with finite correlation lengths. Resonant exchange scattering of synchrotron 
radiation will be employed to study the magnetic order element-specific. 

• Spin, charge, and orbital ordering in manganites (K Istomin, W. Caliebe, Th. Zeiske) 
Neutron scattering, high energy x-ray diffraction and resonant x-ray diffraction can be used to study the 
interplay between spin, charge and orbital ordering in the colossal magnetoresistance compounds. Currently, we 
are optimising the growth conditions for single crystals of LaMn03 with different dopings. Orbital and charge 
ordering in layered manganites has been studied in collaboration. 

• Magnetic x-ray scattering (D. Hupjeld, J. Voigt, J. Stremp!er, W. Ca liebe) 
Resonant. as weIl as non-resonant magnetic scattering of synchrotron x-rays has been performed on Sm and Gd 
compounds, as weIl as metallic Cr and Tb. By combining high energy x-ray data with neutron diffraction, spin 
and orbital contributions could be separated in antiferromagnetic Cr. In 5mBi, magnetic resonant scattering 
could be observed and the magnetic structure could be determined. With polarisation analysis, the mechanism of 
resonance exchange scattering in Tb has been investigated. 

• Fourth order exchange interactions (U. Köbler, R. Mueller, B. Olejs) 
Fourth order exchange interactions have been shown to be present in many materials. They influence the 
magnetic J'hase transitions, the magnetic structure and the low temperature properties. Deviations from the 
Bloch Tl law could be identified in many materials. Indications of weak first order phase transitions with 
changes of the critical exponent ß for the sublattice magnetisation have been found in several materials. 
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• Structural disorder: CuAu al/oys (w. Schweika) 
By means of surface sensitive x-ray scattering from a 1,0,0 surface of a CuAu alloy, an oscil1ating concentration 
profile has been found. Bulk disordered CU3Au alloys have been studied with diffuse anomalous x-ray 
scattering. The effects due to chemical short range order and displacements related to size and charge transfer 
could be separated. 

• Electrochemical process (H.-G. Haubold, Th. Vad, P. Biller. H. Jungbluth) 
Size distributions, oxidation states and surface coverage of platin catalyst particles on carbon supports were 
studied in situ by anomalous small angle scattering (ASAXS) and x-ray absorption spectroscopy (XANES) at 
the JUSIFA beamline. These processes are important for fuel cells and electrochemical sensor applications. For 
the direct methanol fuel cells, the best known membrane for use as a solid proton conducting electrolyte i8 
Naphion. A small angle x-ray scattering study of this membrane gives new inside into the nanostructure. 

Examples for the work accomplished at the Institute for scattering methods during the year 1999 are gi yen by the 
progress reports on the following pages. 

Thomas Brückel 
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Personnel 1999/2000 and areas of activity 

Scientific Stall 

Dr. B. Alefeld Development of neutron scattering methods; instrument responsible for 23.891 
the lattice parameter instrument LAP; construction and development of 
the small angle scattering machine KWS III 

Prof. Dr. Th. Brückel Institute director; neutron and synchrotron x-ray scattering; magnetism 23.891 
Dr. H. Conrad European Spallation Source proiect ESS: target and moderators 23.891 
Dr. G. Goerigk Material research with anomalous x-ray small angle scattering; instrument 23.891 
-HASYLAB, Hamburg- responsible for Jülich's user-dedicated small-angle scattering facility 

JUSIFA 
Dr. H.-G. Haubold Anomalous small angle x-ray scattering ASAXS and x-ray absorption 23.891 

spectroscopy XAS from highly dispersive systems; in-sÜu studies of 
electro-chemical processes 

i Dr. U. Köbler Magnetisation and neutron diffraction studies of materials with fourth- 23.891 
order exchange interactions 

I Dr. R. Mueller Development of the 'He filter for neutron polarisation analysis 23.891 
Dr. W. Schweika Diffuse neutron scattering for the investigation of short-range order in 23.891 

alloys, oxides, perovskites and quasi-crystals; instrument responsible for 
the diffuse neutron scattering instrument DNS 

Technical Stall 

W. Bergs Reflectometer HADAS 23.891 
A. Brach Diffuse neutron scattering instrument DNS 23.891 
L. Dohmen Proiect engineer for the small angle scattering instrument KWS III 23.891 
Dipl.-Ing. P. Hiller Project engineer for JlCAT-collaboration at the Advanced Photon Source 23.891 

APS; x-ray small angle scattering 
Ms. C. Horriar-Esser Ultra low-temperature magnetometry and -'He filter proiect 23.891 
H. Jungbluth Software development for x-ray small angle scattering 23.891 
DipL-Ing. G. Kluck Project engineer for the new polarised thermal neutron scattering 23.891 . 

-until31.07.1999- instrument 
Ms. B. Käppchen Secretary 23.891 
Dipl.-Ing. E. Küsse} Project engineer for the new polarised thermal neutron scattering 23.891 
-since 02.11.1999- instrument 
B. Olefs Magnetometry, electronics and pe responsible 23.891 

B. Schmitz TripIe axis spectrometer SV 4 and cryotechniques 23.891 • 
F. Werges Cryotechniques and molecular beam epitaxy 23.891 
-until30.06.1999-

Scientists 

Dr. W. Caliebe Magnetic x-ray scattering and spectroscopy; instrument responsible of the 23.891 I 
-HASYLAB, Hamburg, Wiggler beamline Wl 
until 31.10.1999-
Dr. D. Hupfeid Magnetic x-ray scattering; instrument responsible at the Il-CAT sector of 23.891 
-HASYLAB, Hamburg, theAPS 
since 1.7. APS, Argonne, USA-
Dr. Th. Reif Second instrument responsible for SV 4; magnetic x-ray and neutron 23.891 
-untiI31.08.1999- scattering; polarisation analysis 

Dr. U. Rücker Instrument responsible for the neutron reflectometer HADAS; preparation 23.891 
and characterisation of magnetic thin film systems 
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Dr. A. Schirmer 
-until 28.02.1999-
Dr. O. Seeck 
-HASYLAB, Hamburg, 
since 01.12.1999-
Dr. Th. Vad 

Dr. Th. Zeiske 

Thesis Students 

Dipl.-Phys. W. Babik 
-since 01.07.1999-
cand. phys. R. Goldstein 
until 31.08.1999-
M.Sc. K. Istomin 
-since 01.07.1999-
cand. phys. S. Nerger 
-since 01.06.1999-
cand. phys. J. Voigt 
-since 15.04.1999-

Guests 

Dipl.-Phys. C. Byloos 
Dr. E. Kentzinger 

Prof. V. Plakhty 
-since 03.11.1999-
Dr. Y.-G. Wang 
-since 01.05.1999-

Trainees 

J. Rademacher 
-until30.09.1999-
J. Thelen 
-since 24.08.1999-

KWSIII 23.891 
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Interfacial and rnagnetic characterisation of Fe/CrlFe trilayers 

Yin-gang Wang, E. Kentzinger, U. Rücker, W. Caliebe, G. Goerigk, W. Babik, and Th. Bruckel 
Institute 0/ Scattering Methods 

D.E. Bfirgler, and P. Griinberg 
Institute 0/ Electronic Properties 

We measured x-ray scattering spectra at grazing incidence of two Fe(5 nm)/Cr(2.5 nm)lFe(5 nm) trilayers 
prepared at different temperatures using synchrotron radiation. Reflectivity and smaIl angle diffuse scattering 
clearly demonstrate the structural difference between the two trilayer sampies. The trilayer grown at room 
temperature has smoother interfaces or lower interdiffusion, while the trilayer grown at higher temperature has 
rougher interfaces or higher interdiffusion. From MOKE measurements, a difference of the strength of magnetic 
coupling between the Fe layers was found. 

F&E-Nr: 23.891,23.420 

Metallic multilayers with giant magnetoresistance 
(GMR) effect are the subject of an active research field. 
GMR is govemed by several physical parameters. Interface 
roughness is one of the most important parameters [1]. 
Fe/CrlFe(OOl) trilayers and Fe/Cr(OOl) multilayers were the 
first systems in which such exciting properties as magnetic 
interlayer exchange coupling, giant magnetoresistance, 
oscillatory exchange coupling, and short-period oscillatory 
exchange coupling were found. The interface roughness of 
this system has been quantitatively studied by scanning 
tunneling microscopy (STM) [2] and conversion electron 
Mössbauer spectroscopy (CEMS) [3]. STM can only give 
information about the surface accessible during the 
preparation process instead of the buried interface, and 
CEMS needs to introduce an additional probe layer at the 
interface to be investigated. On the other hand, scattering 
methods are very weIl suited to provide quantitative and 
statistical information on the interface morphology [4]. In 
this work, we performed small angle x-ray reflectivity and 
diffuse scattering at gracing incidence from which the 
interface roughness was extracted. 

The Fe(5 nm)/Cr(2.5 nm)lFe(5 nm) sandwiches were 
deposited at "mixed high temperatures (MT)" or at room 
temperature (RT) in UHV by thermal evaporation onto a 
GaAslFe(l nm)/Ag(l50 nm) substrate-buffer system. The Fe 
seed layer and the Ag buffer layer were grown at 100°C. For 
one sampie (RT), all the sandwich and the top Au layer were 
grown at room temperature. For the other sampie (MT), the 
first Fe layer was grown at 170°C for first 2 nm and at 
300°C for the remaining 3 nm. The Cr and the second Fe 
layer were prepared at 250°C and the top layer was prepared 
at room temperature. 

To investigate the interface morphologies, we performed 
small angle x-ray reflectivity and diffuse scattering of 
synchrotron radiation using the Wl beamline of HASYLAB 
at DESY in Hamburg. Fe is elose to Cr in the periodic table 
of the elements. Therefore the energy E of the x-ray beam 
was chosen close to the absorption edge of Cr (5989 eV) in 
order to increase the contrast between the form factors of Fe 
and Cr. Fig. 1 shows the specular reflectivity and diffuse 
scattering measured on the RT sampie. The sharp peaks at 
(X,F = 0:1 in the diffuse scans show that the specular 
reflectivity is the superposition of a Htrue specular" 
component and a "diffuse background". The oscillations in 
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same meaning as (XI; (b) specular reflectivity together with 
detector scans. 

the detector scans (Fig. 1 b) can be explained in terms of 
partially correlated roughness. Fig. 2 shows the true specular 
reflectivity together with the fits. For the RT sampie there are 
still pronounced oscillations at high Qz on the true specular 
reflectivity, while the oscillations die out for the MT sampIe. 
This may result from the sharper interface in the RT sampie. 
From the refinement plotted in Fig.2, we can determine the 
root-mean-square roughness. As shown in Table I, the 
roughness we obtained is larger than that determined from 
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FIG.2. True specular reflectivity obtained by 
substracting the diffuse background from the specular 
reflectivity. This diffuse background is measured by 
scanning ('(I and ('(F with ('(F = ('(I + 0.1°. The solid line is a 
fit. (a) MT sampie; (h) RT sampie. 

STM investigation [2]. This may be caused by the fact that, 
from the reflectivity alone, we cannot separate interdiffusion 
from real roughness. More information can be obtained from 
a simultaneous evaluation of all the specular, longitudinal 
and transverse diffuse intensities, which is still in progress. 
We want to point out that only such a simultaneous 
refinement allows one to evaluate the high Qz data, where 
the specular reflectivity is comparable in intensity to the 
diffuse scattermg. However, we can state that the MT 
sampie has high er interdiffusion or roughness than the RT 
sampIe. 

Table I: The root-mean-square roughness of given layer's 
to interface (in An strom). 

MT Sam le RTSam le 
Our results Ref. [2) Our results Ref. [2J 

Ag L9±O.2 1.9±O.2 
Fe(1st) 2.8±O.1 1.9 2.6±O.2 2.1 

Cr 4.5±O.2 1.9 2.3±O.2 1.8 
3.9±O.1 3.5±O.1 
3.5±O.l 2.0±0.1 

To determine the difference in the magnetic properties 
caused by the interface features, we measured the room 
temperature hysteresis by MOKE. Fig. 3 shows the MOKE 
hystersis. It can be found that the evidence of 90" or near 90" 
coupling is present in both sampies while the magnetic 
coupling between the Fe layers in the MT sampie is stronger 
than that in the RT sampie. This result is identical to that 
reported in [2]. 
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FIG.3. Longitudinal MOKE hysteresis measured with the 
external field H applied along the [100] easy axis of 
magnetization. The coupling parameters are ca1culated as 
described in [5]. Here 9 is the angle between the 
magnetization vectors of .two Fe layers, and J1 and J2 

represent bilinear coupling and 90° coupling, respectively. 
(a) MT sampie; (b) RT sampie. 

In conclusion. we measured x-ray scattering spectra of 
two Fe(5 nm)/Cr(2.5 nm)lFe(5 nm) trilayers prepared at 
different temperatures using synchrotron radiation. 
Anomalous scattering was essential to obtain a contrast 
between the Fe and Cr layers. We find that the sampie 
prepared at "mixed higher temperatures" has a less weIl 
defined interface as the sampie prepared at room 
temperature. Tbe interface roughness determined by us is 
systematically higher than the surface roughness during the 
preparation process determined with a STM. We find that the 
interface morphology is clearly correlated to the interlayer 
coupling. More information on the interface morphology, 
such as height-height correlation functions will be obtained 
from a simultaneous refinement of specular and diffuse 
scattering spectra. 
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Proximity and Restricted Dimensionality: 
Magnetic Correlations in Er/Tb Multilayers 

J. Voigt, S. Nerger, E. Kentzinger, U. Rücker, W. Caliebe, G. Goerigk, W. Schmidt* and Th. Brückel 
Institute of scattering methods 
* Intitute 0/ neutron scattering 

We report on the growth and the magnetic properties of Er/Tb superlattices. The optimum 
growth conditions were determined by means of in situ LEED and Auger spectroscopy and ex situ 
grazing incidence x-ray diffraction. Magnetic correlations weIe studied with neutron diffraction. 
For multilayers, in which the layer thickness is comparable or less than the periodicity of the bulk 
antiferromagnetic structures, only magnetic short range order could be observed. We found indi­
cations that antiferromagnetic correlations in Er induce antiferromagnetic correlations in the Tb 
layers, despite their ferromagnetic ordering tendency. 

F&E-Nr.: 23.891 

The magnetism of bulk rare earth is fairly weH un­
derstood [1), while rare earth superlattices are a field of 
active research. In superlattices of magnetic rare earth 
separated by a nonmagnetic layer (e.g. Er/Y/Er) the 2' 
effects of clamping, epitaxial strain and interlayer cou- '§ 
pling have been investigated in detail [2]. However, little .e 
is known about the magnetic properties of superlattices ~ 
with alternating layers of magnetic rare earth elements. .e 
Er /Tb superlattices consist an example of such a system. ~ 
Er orders antiferromagnetically in a CAM structure be- 2 

1000.000 

10.000 

0.100 

c low 86 K. At 52 K and 18 K it undergoes phase transi-
tions to a cycloidal and conical structure, respectively. 
Tb exhibits a helical structure between 230 K and 
Tc= 220 K and is basal plane ferromagnetic below Tc. 
In superlattices with layer thicknesses less than a mag­
netic period (e.g. less than 18 atomic layers for Tb) 
one ean expect effects due to restricted dimensionality, 
but also effects due to the proximity of the other rare 
earth, which favours a different magnetic strueture. The 
aim of the present study was to investigate these effects. 
Since it ie obvions that the interface morphology plays 
an important role for such thin layers, a carefnl ehar­
aeterization of the buried interfaces was performed by 
means of grazing incidenee diffraction. 
Growing these superlattiees is diffieult because of the 
high tendeney of the rare earth to interrnix. A buffer 
layer of Nb of thickness 150nm was grown on an Alz03 

(11 0) substrate. Epitaxial growth of the hep rare earth 
was achieved through a Y seed layer with a nearly per­
feet 3:4 lattice mismateh between the (1 1 0) surface of 
bec Nb and the (001) surfaee of Y [3]. Various growth 
conditions have been tried for the following Er jTb su­
perlattice and these samplee were charaeterized by in 
situ LEED and Auger spectroseopy as weIl as ex situ 
x-ray scattering on the CEMO and JUSIFA beamlines at 
HASYLAB, Hamburg. Synchrotron measurements are 
indispensible not only beeause of the larger dynamical 
range but mainly because of the possibility to achieve a 
eontrast variation by means of anomalous seattering. 
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FIG. 1. X-ray refleetivity measurements of 

a Tb5nm/El:4nm/Tb6nm trilayer. The data show the true 
speeular refiectivity, corrected for deadtime and diffuse seat­
tering. The solid line in the inset is a fit assuming a nearly 
complete ErTb Y alloy 

In one attempt a trilayer Tb5nmjEqnmjTb6nm was 
grown at a temperature of 350 0 C with subsequent an­
nealing at 570 0 C for 10 min to achieve a better crys­
tallinity. A reflectivity measurement from this sampie is 
shown in figure 1 , assuming a nearly complete ErTb Y 
alloy. The data were corrected for dead time and dif­
fuse scattering. One can see that interdiffusion ·occurs 
at these elevated temperatures.The reflectivity measure­
ments were essential to improve the growth conditions. 
Optimized multilayers were produced at much lower tem­
peratures in the order of 300 0 C. 
After having optimized the growth conditions we have 
investigated the magnetic properties of superlattices with 
80 periods by means of neutron diffraction. The thick­
ness of a single layer of Tb and Er was 28 A and 59 A, 
respectively. The measurements were performed at the 
IN12 instrument of the ILL in Grenoble. Using a LHe­
cryostat we investigated the temperature dependence of 
the magnetic moment in a temperature range from 5 K 
to 250 K. 



Qin r.l.u. 
FIG. 2. A linear Bean in reciprocal space along c* direction 

through the structural (1 0 0) Bragg reflection 

Figure 2 shows as an example a sean along the e* axis. 
One sees clearly the magnetic satellites (1 0 ±T) around 
(1 0 0) with T ~ 0.26. These satellit es disappear on 
heating at T ~ 80K as shown in figure 3. They are due 
to a helieal strueture of the basal plane components of 
the magnetic moments. 
The width of the magnetic satellite refiections is clearly 
larger than the resolution given by the width of the nu­
dear peak in figure 2. Only short range order develops 
with a correlation length in the order of one Er ITb bi­
layer thickness(see table I). 
Additional short range ordered ferromagnetic correla­
tions are present as can be seen from the broad peak 
underneath the nuclear Bragg refiection in figure 2. 
Their intensity also varies linear with temperature with 
a change of slope around 80 K (see figure 3). 
From the Q-dependence we deduee that the ferromag­
netic component lies in the basal plane between 200 K 
and 80 K and develops an additional e -axis eomponent 
below 80 K. The ferromagnetic correlation length corre­
sponds to roughly one Tb layer thickness (see table I). 

(00 2) fm 
(10 0) fm 
(00 2±T) 
(1 0 

FWH e [ 1 FWHM trans [r.l.u.] 
37.7(3) 0.0096(2) 

46(2) 0.0101(1) 
0.0692(8) 81(1) 0.0181(8) 
0.061(1) 92(1.5) 0.0154(2) 

TABLE 1. Observed full width at half maximum (FWHM) 
at va:rious positions in reciprocal space at T=15 K and correla­
tion length e. The values in parenthesis represent estimated 
standard deviations and do not take systematic errors into 
acount. 

The most surprising finding of our experiment is that 
despite the long ranged RKKY interaction only short 
range magnetic order develops. This might be due to the 
competing anisotropies in the two rare earth metals in 
combination with the interface structure. The fact that 
the antiferromagntic eorrelations extend over a Tb JEr 
bilayer indicates that proximity effects force the Tb lay­
ers to develop a helix component below 80 K in contrast 
to bulk Tb. This assumption will be tested by means of 
elementspecific x-ray resonance exchange scattering. 
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FIG. 3. Temperature dependence of the integrated inten­
sity of the antiferromagnetie and ferromagnetic correlations 
in the Er ITh multilayer 
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Forrn-Factor Measurernents on Chrorniurn with High-Energy Synchrotron 
Radiation and Neutrons 

J. Strempferh , Th. Brückefl , W.A. Caliebe2, A. Vernes3, H. Ebert3 , Th. Zeiske2 and J. R. Schneider 1 

1 Hamburger Synchrotronstrahlungslabor HASYLAB at Deutsches Elektronen-Synchrotron DESY 

2 Institut für Streumethoden, Forschungszentrum Jülich 

3 Institut für Physikalische Chemie, Universität München 

Results of high-energy magnetic x-ray diffraction and magnetic neutron diffraction on pure an­
tiferromagnetic chromium are presented. The main purpose of these studies was to investigate 
the form-factor dependence of chromium to draw conclusions about the contributions of spin 
and orbital angular momentum. A spin-orbit separation has been performed by comparing x-ray 
to neutron data. The small orbital contribution to the magnetisation density turns out to be 
negligible, in agreement to relativistic band-structure calculations. In addition, the temperature 
dependence of the magnetic intensities measured with both, x-rays and neutrons, is presented. 

F&E-Nr.: 23.89.1 

The method of high-energy x-ray diffraction com­
bines some advantages of both, neutron and conven­
tional x-ray diffraction, such as bulk sensitivity and high 
momentum-space resolution [1]. Trus has been used 
in the study of antiferromagnetic chromium, where re­
sults of both, high-energy x-ray diffraction and neu­
tron diffraction, are taken into account [2J. For mag­
netic diffraction with high-energy photons, the scatter­
ing cross section takes the following simple form [3]: 

da = 2 (AC)2 18 12 
dn TO d 1-, (1) 

where TO ia the classical electron radius, Ac the Comp­
ton wavelength, d the lattice spacing and 81. the Fourier 
transform of the spin component perpendicular to the 
diffraction plane. For neutron diffraction, the diffracted 
intensity ia proportional to the combination l( Q) + 
2SCQ) of both spin (S(Q» and orbital (leQ» momen­
tum. Thus, by combining the results of high-energy x­
ray and neutron diffraction, orbital and spin contribu­
tions can be separated. 

Chromium is an itinerant antiferromagnet exhibiting 
an incommensurate spin-density wave (SDW) in the an­
tiferromagnetic phase, depicted in Fig. 1. The phase 
transition from the paramagnetic to the antiferromag­
netic state takes place at TN=311 K [4]. This SDW 
gives rise to magnetic satellite peaks at positions cor­
responding to the magnetic propagation vector ifm of 
the SDW. Above the spin-flip transition at TSF=123K, 

the SDW is transversally polarised, whereas below TSF, 

the polarisation rotates to become parallel to the mod­
ulation wave vector which leads to a longitudinally po­
larised SDW [5]. The magnetic satellite reflections are 
found near extinct charge reflections of the fundamental 

·Present address: Northern Illinois University, DeKalb 
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FIG.L The SDW of antiferrmagnetic chromium. 

bcc-structure. The measurement of magnetic reflections 
of chromium with x-rays is difficult since the magnetic 
moment is very low. The amplitude of the magnetic 
moment amounts to JJ = 0.6211B [6]. With neutrons, 
the measurement of the satellites around the 1 00 and 
111 position is possible without difficulties. Neverthe­
less, because of the very small magnetic form factor at 
higher momentum transfer, satellites at these positions 
are difficult to observe. 

The experiments were conducted at the high-energy 
undulator beamline PETRA II, at the high-field wig­
gler beamline BW5 at HASYLAB, Hamburg and at the 
UNIDAS instrument in the DIDO reactor in Jülich.The 
x-rayexperiments were performed at a photon-energy of 
lüOke V and the neutron experiment at a wavelength of 
1.551A. 

Fig.2 shows the T-variation of the magnetic satel­
lite intensities. For the x-ray data, the magnetic sig­
nal vanishes below the spin-flip transition temperature 
TSF = 123 K, due to the form of the magnetic cross sec­
tion (1). The difference between neutron and x-ray data 
is attributed to domain effects. The comparison of the 
intensities of the 1-600 and the 10-6 satellite gives a 
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FIG.2. Intensity of the magnetic 1-500 satellite as a func­

tion of temperature. The inset shows the intensity of the 

1 0 -5 sateHite below and above the spin flip transition. Full 

circles show results from the PETRA undulator beamline, 

open circles an additional measurement with poorer statis­

tic taken on the BW5 wiggler beamline. The solid lines are 

guides to the eye. The dotted line represents neutron diffrac­

tion data. 

very une qual domain population. The population of the 
(00 I) domains is found to be 8% of that of the (10 O) do­
main. A similar domain anisotropy has also been found 
by Hill et al. [9] and was attributed to stress induced by 
polishing, Le. to near-surface effects. Here, we find that 
preferential domain population extends throughout the 
whole sampIe volume. 

At the synchrotron, we were able to measure five 
different magnetic satellites: 1-000, 1+000, 1-011, 
1 +011 and 1 +022, with peak intensities from 60 
counts/s to 0.1 counts/so Our neutron diffraction re­
sults for the ratio between the satellite intensities indi­
cate that the spin density wave varies continuously from 
cell to cell. In Fig. 3, the mean values of the respec­
tive two satellites are compared to neutron diffraction 
results [7]. Within the error bars, neutron and high­
energy x-ray data show the same behaviour. The the­
oretical spin and orbital magnetic form factors, derived 
by band structure calculations, are plotted in Fig. 3, 
too. We deduce an orbital contribution of -4(8) %, in 
reasonable agreement with the value of -0.004 /.LB from 
the band structure calculation. It is interesting to note 
that the calculated orbital moment for antiferromagnetic 
chromium is about an order of magnitude smaller than 
that found for the pure ferromagnetic transition metals 
Fe, Co and Ni [8]. 

From the comparison of the temperature dependence 
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of the magnetic intensity below and above the spin flip 
temperature we can assume an unequal domain occupa­
tion in the bulk of the sampIe for the SDW with equal 
propagation direction in the transverse polarised state. 
This could explain the difference in behaviour of the 
temperature dependence of the neutron and the x-ray' 
measurement. 

For the first time, we could perform a spin-orbit 
separation by combining high-energy x-ray and neutron 
diffraction. We could show that the orbital angular con­
tribution is negligable for antiferromagnetic chromium, 
in agreement with relativistic band structure calcula­
tions. 
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Displacement patterns in disordered CU3Au 

W. Schweika 
Inst. Scattering Methods, IPP 

G.E. lee, J.L. Robertson, C.J. Sparks, and J. Bai 
Metals and Cemmics Div., Oak Ridge National Laboratories 

Diffuse x-ray scattering !rom a disordered CusAu single crystal has been studied utilizing contrast 
variation by anomalous scattering. The data has been analyzed in view of separating (i) individual 
atomic pair-displacements and (ii) to distinguish atomic size differences from those due to charge 
transfer. A particularly interesting aspect of the latter approach is that higher order correlations 
related to charge transfer such as Fermi-surface effects mayaIso be revealed in the pattern of 
displacement scattering. 
F&E-Nr.: 23.55.0 

The diffuse scattering from disordered systems like 
binary alloys contains the information on atomie pair­
correlations that can be used to establish an effective 
Hamiltonian describing the configurational statistics and 
the eoherent phase stabilty of an alIoy. Most of the ex­
periments have exploited only the ehemical short-range 
ordering so far. Important further eontributions to the 
eonfigurational energy may stern from static displaee­
ments. The information about displacements ean be 
inferred from the diffuse scattering as weIl, and lattiee 
symmetry properties immediately separate both type of 
eorrelations. However, even for a binary system a vari­
ation of the scattering contrast between the alloying el­
ements is required to distinguish thc displacements be­
tween the three different types of atomic pairs, or al­
ternatively, between "size" and "charge" as possihle ori­
gins of displaeements. In principle, for x-rays tltis ean be 
acltieved just by the atomie form factor dependence on 
the scattering vector, whereas in practice an additional 
eontrast variation hy using both x-rays and neutrons or 
by utilizlng the anomalous x-ray scattering near absorp­
tion edges is advantageous if not neeessary. A few stud­
ies with anomalous x-ray seattering have been performed 
and the analyses rely on the differences of weak diffuse 
intensities demanding an absolute calibration of each. In 
this work we aehieved an considerably improved reliabil­
ity of the results by analyzing the asymptotie behaviour 
near the Bragg peaks of the static displaeeIllents and of 
thc phonon scattering. The disordered CUaAu alloy is 
a much studied model system both experimentally and 
theoretically, which serves here fot a better general un­
derstanding of dis placements in alloys. Furthermore, this 
alloy shows a splitting of short-range order peaks which 
has been related to Fermi-surfaee nesting effects as is typ­
ieal for those nearly frustrated fee alloys that form long­
period ordered structures. Here we diseuss also possible 
influences on the displaeement patterns. 

The diffuse x-ray scattering measurements were per­
formed at beam-line X-14 at the National Synchrotron 
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Light Source, Brookhaven National Laboratory. The 
sampie was a CU3Au single erystal with a surfaee cut 
of (421) and a composition of 25.3at% Au. During the 
experiment the sampie was kept in an evacuated furnaee 
under a Be-dome at a temperature of 723 K. Three dif­
ferent x-ray energies were chosen, 11909 eV (near Au 
L-edge at 11919 eV), 10500 eV and 8959 eV (near Cu-K 
edge at 8979 eV), to aehieve a favorable scattering con­
trast by anomalous scattering. In addition to ca1cnlated 
anomalous scattering factors, absorption measurements 
(EXAFS) were made near the Au lredge and Cu K-edge 
for a precise determination of changes in the real part 
f'(E} using the Kramers-Kronig relation. 

Figure 1 displays the x-ray diffuse intensities in elec­
tron nnits as measured in the [hOO] direction showing 
that the particular choice of the x-ray energies yielded a 
significant scattering contrast. 
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FIG. L Variation o[ the diffuse x-ray intensities by anoma.­

lous scattering near tbe Cu-K edge and Au-L edge. 

Note that the resolution IS sufficient so that thc high 
intensities seen near the fundamental Bragg peaks (200) 
and (400) are still free from Bragg scattering and have 



their origin in the Ioeal disorder. Near the zone bound­
aries at (100) and (300), there are short-range order 
peaks. A doser look reveals that the short-range or­
der peaks are strongly asymmetrie, whieh is indicative 
of strong displacements in thi8 alloy. The asymptotic 
seatteriug near the Bragg-peaks has been calculated from 
known macroseopie properties, elastie eonstants aud lat­
tice parameter ehanges, see Fig. 2. 
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FIG. 2. X-ray diffuse intensities in the [hOO] direction 
(solid squares) normalized to Laue units. The calculated in­
tensities near the Bragg-peak are due to phonon seattering 
(dashed line) and static displaeement seattering to first ({ dot­
ted line) and seeond order (dashed-dotted line), and have been 
subtraeted from the measured intensities, (open circles). 
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FIG.3. Separation of the diffuse intensities (solid squares) 
into a (symmetrie) short-range order term (open circles) and 
(anti-symmetrie) displaeement term (open squares). The re­
producibility of the periodic patterns of the displaeement term 
is best shown after removal of the h-dependenee. Note that 
the same exponential decay determines the short-range order 
aud displaeement terms (solid lines, cosine- and sine-Fourier 
transforms) . 

After reproducing the observed asymptotie behaviour, 
we removed the eöntribution due to the loeal displacc-
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ments as caIculatcd in linear response of the lattice to 
nearest neighbor forees. Then the remaining intensity 
differences are .separated with respect to their symme­
try properties. The short-range order intensity has the 
usual translational symmetry properties of the lattice 
and is nicely described by a Lorentzian. Contrary the 
displacement scattering is anti-symmetrie with respect 
to thc translational invarianee. These intensities follow 
the sine-Fourier transform of exponentially decaying dis­
placements with a correlation length that is identical 
with the one for the short-range order, see Fig. 3. This is 
eonsistent with a model including only size effects (due to 
nearest neighbor forces) and the convolution of the dis­
placement fields with the short-range order and, it also 
explains the typical spatial oseillations that have been 
found in the displacement parameters for rnany alloys. 

The diffuse seattering near the zone boundary in [110] 
direction reveals a peak splitting in the short-range or­
der intensity. This fine structure is already wellknown 
and has been attributed to Fermi surface effects. Dif­
ferent to the observation in the [100] direction, a caI­
eulation of the displaeement scattering taking into ac­
count nearest neighbor forees and the eonvolution with 
the observed short-range order does not fuUy account for 
the fine structure in the anti-symmetrie part of the 8eat­
tering, see Fig. 4. These residual intensities cau be at­
tributed to displacements that arise direetly from Friedel 
oscillations. 
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FIG. 4. The peak-splitting observed in the short-range or­
der scattering has its counterpart in the (anti-symmetrie) dis­
placement seattering and ean he related to Fermi surfaee ef­
feets. 

Finally, from the variation of the intensities by anoma­
lous x-ray seattering we are able to determine the abso­
lute Ioeal displacements of each pair of species. In the 
present work precise results have been obtained, e. g. 
for the displacements between nearest neighbors pairs 
Au-Au, Au-Cu, and Cu-Cu, 0.165(15) A, 0.014(2) A, and 
-0.024(2) A respeetiveIy. 



Nano Structure of Nation: A SAXS Study 
H.-G. Haubold, Th. Vad, H. Jungbluth,P. Hiller 

Institute Scattering Methods 
Small angle scattering with synchrotron radiation is used to study the nano structure of NAFION 
polymer membranes. In the present work we foeus on in situ measurement eonditions, which are 
relevant for their use in direct methanol fuel cells. 
F&E-Nr: 23.89.1 

NAFIONTM is the best-known ionomer 
membrane for use as a solid, proton 
conducting electrolyte in electrochemical 
technology. In low temperature Direct 
Methanol Fuel Cells (DMFC), it combines the 
roles of a solid polymer electrolyte [1] and a 
separator between the methanol-water 
mixture on one side of the membrane and air 
on the opposite side. 

Nafion has a copolymer molecular 
architecture. The molecule is characterized 
by a hydrophobic poly-tetrafluoroethylene 
backbone chain and regularly spaced shorter 
perfluorovinyl ether side chains, each 
terminated by a strongly hydrophilic sulfonate 
ionic group. Schematieally, its nano structure 
is iIIustrated in Fig.1. 

FIG.1. Basic strueture unit of NAFION 
with hydro-phobie backbone ehains and 
hydrophilie sulfonic side groups 

The mechanical strength of Nation 
membranes arises hom the interaction of the 
perfluorinated backbone chains. For its use 
as a protonic conductor, the porous 
membrane contains about 20 wt.% water 
forming hydration shells around the fixed 
covalently bonded anionic sulfonic acid 
groups. The conductivity is assigned to the 
diffusion of hydrated protons (Hp+) as 
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protonic charge carriers. For their passage 
through the membrane, apercolated sponge­
like microstructure supplies the transport 
channels. 

Numerous neutron and X-ray small angle 
studies have been performed to study the 
nano structure and the 10-20% swelling 
behavior of Nafion membranes after water 
uptake, which is necessary for its proton 
conductivity. Several structure models have 
been proposed for the interpretation of the 
scattering patterns. The details of these 
models are still under discussion. 

We used small angle X-ray scattering with 
synchrotron radiation to study the nano 
structure of Nafion 117™ membranes and 
performed in situ experiments under the 
working conditions of membranes in Direct 
Methanol Fuel Cells: In pure water, a water­
methanol mixture and in pure methanol. 

The Nation was available as a 175 pm 
thick membrane. The molecular weight of the 
copolymer was 250 000 with 8 wt. % sulfonic 
acid groups. After cleaning in hot H20 2, the 
membrane was mounted inside a flow cell 
and in situ sm all angle scattering 
measurements were carried out at room 
temperature in water, a 9 molar water­
methanol mixture (mol ratio 1 :4) and in pure 
methanol. The experiments were performed 
at our JUSIFA beamline [2] with synchrotron 
radiation from the DORIS synchrotron source 
(HASYLAB). The small angle scattering 
intensity for 11.5 keV X-rays was recorded 
with a 2-dimensional position sensitive 
detector. The radial averaged scattering 
cross sections are given in fig.2. 

A common feature is aPorod 0.4 

scattering law at the smallest scattering 
vectors 0, the appearance of a relative 
maximum at 0=0.15k' ("ionomer peak") and 
a shoulder in between 

To retrieve structural information from the 
scattering data, we apply a structure model 
with hydrophobic backbone material inside of 
platelet like regions, which are surrounded by 



hydrophilie ion and water group rieh layers. 
Central tor the understanding of this model is 
that phase separation is assumed to occur in 
the polymer. The quite different properties of 
polymer backbone and ionie groups in the 
eopolymer molecule cause the polymer to 
organize itself so that the fluoroearbon ehains 
interact together in a particle like strueture 
and the ionie groups assoeiate with one 
another in a surrounding hydrophilie shell. 
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FIG.2: Small angle scattering from NAFION 
after equilibration in water (lowest curves), 
9molar methanol (middle curves) and in pure 
methanol (upper curves). 

We assume a random distribution of these 
regions inside the volume of the membrane. 
For sirnplieity, we deseribe the scattering 
cross section of these regions as the 
scattering trom homogeneous and equally 
sized particles (dises of rotation). 

We attribute the appearanee of the 
ionomer peak at positions Q = 2nid to the 
eonstructive interferenee between ion rich 
regions which are separated by a distance d: 
For plate like particles, the two surfaee layers 
on the opposite flat sides of the particles can 
be regarded as two planes, which are 
separated by a nearly eonstant distance d, 
the order of the plate thickness. We apply a 
Gauss tunction tor the fit of this intra particle 
interference peak. Towards the smallest 
scattering vectors, we attribute the Q'4 

intensity upturn to the Porod scattering from 
the coarse pore structure within the 
membrane. Their characteristic length is 
above the 100 nm range and was not 
accessible in our measurements. 

A fit of the model parameters to the 
measured scattering cross sections allows a 
separation into the scattering contributions 
from the porosity, the particle shape and the 
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intra particle correlation from the hydrophilie 
surface layers. The results from a fit with 
platelet like particles after equilibration of the 
membrane in water, the methanol-water 
mixture and pure methanol are given in Fig.2. 
The particle scattering is found to arise from 
rather flat particles with a thickness of about 
8A and a larger diameter of 39A. A slight 
trend towards more flat particles is observed 
tor the sampie which was flooded in pure 
methanol. The correlation peak remains 
nearly unaffected at Q=0.15 k 1

, which 
eorresponds to a correlation length of 42A. 
Compared to the 8A particle thiekness, this 
indicates an ion shell thickness of about 17 A 
with a slight trend towards smaller values tor 
the methanol flooded sampie. 

The scattering eross section is lowest for 
the water equilibrated membrane and 
increases with increasing methanol content. 
For seattering vectors not directly related to 
the intra particle correlation peak, the Q 
dependence, Le. the shape of the scattering 
curves remains unchanged. This implies, that 
the nano structure of the membrane in form 
of its particle shape is not influenced by the 
methanol flooding. The observed overall 
intensity shift results from a change in the 
scattering contrast between particles and 
surrounding matrix atoms: Inside the 
particles, the Nafion molecules contribute an 
eleetron density of approximately 0.55 eIN, 
the surrounding water in the water 
equilibrated sam pie a density of 0.33 eIN. 
The scattering contrast from this difference 
increases, when the electron density of water 
becomes lowered with the addition of 
methanol with its smaller electron density of 
0.26 eIN. 

The intensity shitt indicates that pure 
methanol replaces the water and dehydrates 
the ionie shell. This is expected from the 
observation, that the protonic conductivity is 
lost in pure methanol. 

In summery, we have shown that simple 
structure models with anisotropic structure 
units can be applied to describe the 
nanostructure of ionomers like NAFION . 
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the ASTE mercury target 
Oak Ridge, USA, International Workshop on Mercury Target 
Development for Pulsed Spallation Neutron Sourees, 08. -
12.11.1999 
23.60.0 

Conrad H. 
Moderator Development for ESS 
Oak Ridge, USA, International Workshop on Mercury Target 
Development for Pulsed Spallation Neutron Sources, 
10.11.1999 
23.60.0 

Conrad H. 
Pressure waves in the ASTE mercury target 
Ancona, Italy, 6th General ESS Meeting, 23.09.1999 
23.60.0 

Conrad H. 
Stress and Pressure Waves in Solid and Liquid Metal Targets 
Induced by High Power Pulsed Electron and Proton Beams 
Santa Fe, USA, 3rd International Conference on Spallation 
Materials T echnology, 03.05.1999 
23.60.0 

Conrad H.; Ullmaier H. 
Overview of the ESS Target Research and Development 
Oak Ridge, USA, International Workshop on Mercury Target 
Development for Pulsed Spallation Neutron Sources, 
08.11.1999 
23.60.0 

GoerigkG. 
Materialforschung mit Anomaler Dispersion 
Geesthacht, GKSS, Informationsveranstaltung zur 
SynChrotronstrahlung mit Ausblick auf TESLA, 08.09.1999 
23.89.1 

GoerigkG. 
Materialuntersuchungen mit anomaler Röntgen­
Kleinwinkelstreuung 
Karlsruhe, Universität, Polymer-Institut, 18.11.1999 
23.89.1 

Köbler U. 
Die Austauschwechselwirkungen 4. Ordnung in reinen 
Spinsystemen 
Dresden, Technische Universität, 07.12.1999 
23.15.0 

Köbler U. 
Die Bedeutung der Austauschwechselwirkungen 4. Ordnung 
in Materialien mit reinem Spinmagnetismus 
Aachen, RWTH, 18.06.1999 
23.15.0 

Köbler U. 
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Kritisches magnetisches Verhalten für halb- und ganzzahlige 
Spinquantenzahl 
Dresden, Technische Universität, 06.12.1999 
23.15.0 

SchweikaW. 
Diffuse Scattering of Cu3Au: Displacements and Fermi­
Surface Effects 
Davos, Switzerland, International Alloy Conference-2, 
10.08.1999 
23.89.1, 23.55.0 

SchweikaW. 
Diffuse scattering of Cu3Au and Fe-AI alloys - x-rays and 
neutron studies 
Saclay, France, LLB, Seminar, 15.04.1999 
23.89.1 

Other talks 

Goerigk G. 
Kleinwinkelstreuung bei JUSIFA 
Hamburg, HASYLAB, Diskussionstreffen zur Röntgen­
Kleinwinkelstreuung, 07.06.1999 
23.89.1 

Goerigk G.; Williamson D. Li 
1 Colorado School of Mines, Department of Physics, USA 
Nanostruclural Characterization 01 Amorphous SiGe:H Alloys 
by Anomalous Small-Angle X-Ray Scattering Studies 
Brookhaven, USA, NSLS, SAS99, Xlth International 
Confererice on Sm all-Angle Scattering, 17. - 20.05.1999 
23.89.1 

Haubold H.-G.; Vad Th.; Hiller P.; Jungbluth H. 
ASAXS in situ studies of adsorbates on carbon supported 
electrocatalysts 
Brookhaven, USA, National Synchrotron Light Souree 
Laboratory, SAS99, Xlth International Conlerence on SmalI­
Angle Scattering, 20.05.1999 
23.89.1 

SchweikaW. 
Feinstruktur der diffusen Streuung in CuAu Legierungen und 
Fermiflächeneflekte 
Münster, DPG-Tagung, 22.03.1999 
23.55.0, 23.89.1 

Schweika W. 
Oberflächen induzierte Ordnungsphänomene in Legierungen 
des Cu3 Au-Typs - eine Monte Carlo Studie 
Münster, DPG-Tagung, 22.03.1999 
23.15.0 

Posters 

Aleleid B.; Dohmen L.; Heidemann Al 
1ILL, Grenoble, France 
GaAs as a Backscattering Crystal 
Villigen, Switzerland, PSI, NOP99-Conlerence, 25.-
27.11.1999 
23.89.1 

Ale/eid B.; Dohmen L; Richter D.; Brückel Th. 
X-Ray Space Technology tor Focusing Small Angle Neutron 
Scattering and Neutron Re/lectometry 
Villigen, Switzerland, PSI, NOP99-Conference, 25. -
27.11.1999 
23.89.1 

Attenkofer K.1; Caliebe W.; Chatterji T.2; Richter R.1 
1Universily, Würzburg 
2ILL, Grenoble, France 
Magnetism Probed with Synchrotron Radiation Methods 
Hamburg, HASYLAB, Users' Meeting, 29.01.1999 
23.20.0,23.89.1 



Goerigk G.; Williamson D. L.1 
1 Colorado School of Mines, Department of Physics, USA 
Nanostructural Characterization of a-SiGe:H Alloys by 
Anomalous Small-Angle X-Ray Scattering 
Hamburg, HASYLAB, Users' Meeting, 29.01.1999 
23.89.1 

Hupfeid D.; Schweika W.; Strempfer J.1; Caliebe W.; 
Mattenberger K.2; Mclntyre G.3; Brückel Th. 
1APS at ANL, Ames, USA 
2ETH, Laboratorium für Festkörperphysik, Zürich, Switzerland 
3ILL, Grenoble, France 
Element-specific magnetic order and competing interactions in 
GdxEu1-xS 
Plymouth, USA, Gordon research conference on x-ray 
physics, 25. - 30.07.1999 
23.89.1 

Kentzinger E.; Rücker U.; Caliebe W.; Goerigk G.; Werges F.; 
Nerger S.; Voigt J.; Schmidt W.; Alefeld B.; Fermon C.1; 
Brückel Th. 
1 DRECAM/SPEC, CEA Saclay, Gif sur Yvette, France 
Structural and magnetic characterization of Fe/(-Mn thin films 
Budapest, Hungary, ECNS '99 Conference, 01.09.1999 
23.89.1 

Köbler U. 
Modifizierte Bloch Exponenten für halbzahlige und 
ganzzahlige Spinquantenzahlen 
Potsdam, Deutsche Neutronenstreutagung 1999, 25.05.1999 
23.15.0 

Rücker U. 
Charakterisierung von dünnen (-Mn-Schichten mit 
Streumethoden 
Münster, DPG-Tagung, 23.03.1999 
23.89.1 

Rücker U.; Alefeld B.; Bergs W.; Kentzinger E.; Brückel Th. 
The new polarized neutron reflectometer in Jülich 
Villigen, Switzerland, NOP99-Conference, 25. - 27.11.1999 
23.89.1 

Rücker U.; Bergs W.; Alefeld B.; Kentzinger E.; Brückel Th. 
The new polarized neutron reflectometer in Jülich 
BUdapest, Hungary, ECNS '99 Conference, 01.09.1999 
23.89.1 

SchweikaW. 
Einfluß des Magnetismus auf die chemische Ordnung und 
Nahordnung in Fe AI Legierungen 
Potsdam, Deutsche Neutronenstreutagung N99, 25.05.1999 
23.55.0 

SchweikaW. 
Strukturfaktoren von polyalkylmethacrylaten als Beispiel für 
Seitenketten polymere 
Potsdam, Deutsche Neutronenstreutagung N99, 26.05.1999 
23.30.0, 23.89.1 

Patents granted 

Althaus M.; Küssel E.; Sonnenberg K.: 
Verfahren und Vorrichtung zur Gewinnung rißfreier Kristalle 
EP: 0760024 (07.07.99) (CH,DE, FR,GB,NL) 
PT 1.1209 
23.42.0 

Lecture courses 

Brückel, Th. 
Beugungsmethoden zur Untersuchung von 
Dünnschichtsystemen 
WS 98/99, RWTH Aachen und IFF-Ferienkurs, V2 
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1.2 FKF 

Brückel, Th., Capellmann, H., Schweika, W., Zeiske, Th. 
WS 98/99, Seminar: Aktuelle Aspekte des 
Festkörpermagnetismus 
TÜ 2 

Brückel, Th., Eberhardt, W. 
WS 99/00, IFF-Ferienschule: Von neV bis fsec: Dynamik der 
kondensierten Materie 
V 40/ Ü 10 

Brückel, Th., Schweika, W., Zeiske, Th. 
WS 99/00, Ferienschule (Praktikum) über Neutronenstreuung 
TV 10/TÜ 30 

Schweika, W. 
Schichtpräparation mit Sputterverfahren 
WS 98/99, RWTH Aachen und IFF-Ferienkurs, V1 
1.2 FKF 

Internal reports 

Brückel Th. 
Elastische Streuung an Vielteilchensystemen 
Institut für Festkörperforschung, Neutronenpraktikum 1999, 
29.09.1999 
23.89.1 

Brückel Th. 
Komplementarität von Neutronen- und Synchrotron­
Röntgenstreuung in der Festkörperforschung 
Auditorium der Zentralbibliothek, IFF-Kolloquium, 15.01.1999 
23.89.1 

Brückel Th. 
Magnetische Streuung und Polarisationsanalyse 
Institut für Festkörperforschung, Neutronenpraktikum 1999, 
29.09.1999 
23.89.1 

Brückel Th. 
Streumethoden zur Untersuchung von Dünnschichtsystemen­
Teil I und Teil 11 
Auditorium der Zentralbibliothek, IFF-Ferienschule 
"Magnetische Schichtsysteme", 05.03.1999 
23.89.1 

Brückel Th. 
Streuung unter streifendem Einfall 
Institut für Festkörperforschung, Neutronenpraktikum 1999, 
30.09.1999 
23.89.1 

Conrad H. 
Neutronenquellen - Von Radium-Beryllium zur 
Spallationsneutronenquelle -
Institut für Festkörperforschung, Neutronenpraktikum 1999, 
29.09.1999 
23.89.1 

Haubold H.-G. 
In situ Untersuchungen von Oberflächenreaktionen auf 
Elektrokatalysatoren 
Institut für Festkörperforschung, Seminar, 25.01.1999 
23.89.1 

Hupfeid D. 
Untersuchung magnetischer Ordnungsphänomene in GdxEu1-
xS mit resonanter Röntgenbeugung 
IFF-Hörsaal, Informationstagung aus Anlaß der 14. Sitzung 
des Wissenschaftlichen Beirats des IFF, 22.04.1999 
23.89.1 

Plakhty V. 
Spin Chirality and Polarised Neutrons 
Institut für Festkörperforschung, 10.11.1999 



23.89.1 

Schweika W. 
Schichtpräparation mit Sputterverfahren 
Auditorium der Zentralbibliothek, IFF-Ferienschule 
"Magnetische Schichtsysteme", 01.03.1999 
23.89.1 
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Institute for Neutron Scattering 

General Overview 

In 1999 the Jülich research reactor FRJ-2 operated only for 62 days. The main part of the year was needed to 
exchange the pumps in the primary circuit of the reactor cooling system. Nevertheless, at the FRJ-2 altogether 134 
experiments were performed 77 of them with external participation. Experiments were carried out with the support 
ofthe institute for neutron scattering (INS), the institute for scattering techniques and external collaborating research 
groups. In 1999 the third neutron laboratory cours~ took place. Among the 35 accepted participants the course was 
weIl received and a next laboratory course is planned for the fall 2000. It is noteworthy to remark that by now the 
neutron laboratory courses are also part of the advanced practical course in material science in the frame of the 
physical chemistry curriculum at the university ofMünster. 

Neutron Instrumentation (FE 23.89.1) 
The most important accomplishment in 1999 was the first demonstration of time of flight neutron spin echo TOF­
NSE using the IN15 instrument at the ILL as a frame. This work was undertaken in collaboration with the HMI and 
the ILL and achieved the fuH explotation of a wide neutron pulse (wavelengths 6-I8A) allowing now for a 
dynamical range ofnearly 4 orders ofmagnitude in Fourier time. Establishing the feasibility ofTOF-NSE is a major 
step in the instrumentation development for future MW-Spallation Neutron Sources like the ESS. At that point I like 
to thank the experts of the ZEL for their indispensable help in establishing the necessary ramping of the magnetic 
fields in the different spin turn devices. 

The new thermal time of flight instrument SV29 was commissioned, though problems with the fast background 
chopper in front of the beam hole still remained. On the backscattering spectrometer the first new perfect crystal 
analyzers were completed which improved the resolution function of the instrument from a Lorentzian to a Gaussian 
shape. Finally, the basic design for the backscattering spectrometer at the FRM-1I was completed. As a technically 
very appealing new feature studies on a high speed velocity drive with air cushions and linear motor propulsion was 
started with a goal to arrive at a prototype in summer 2000, 

Polymers, membranes and complex fluids (FE 23.30.0) 
The main research activities within the INS are focussed in the field of polymer physics and complex fluids, a 
research program which demands a elose cooperation between polymer and organic synthesis on the one hand and 
physics investigations on the resulting materials on the other hand. 

.. Polymer synthesis 
Apart of routine synthesis of homo- and diblockcopolymers, the synthesis of partially deuterium labe lied 
branched polymers like H-polymers for SANS studies in connection with a BRlTE EURAM project was one 
of the major activities. This synthesis encountered more difficulties than anticipated in particular because of 
tiny amounts of impurities in the deuterated butadiene. On the basis of sophisticated, purification techniques it 
became possible to prepare weil defined H-polymers with labels at different positions. According to 
conventional analytical procedures like GPC, membrane osmosis and light scattering these materials were up 
to specifications. At present the H-polymers are studied with temperature gradient interaction chromatography 
(TGlC), a technique providing a much higher resolution than conventional GPC. First results seem to indicate 
that the H-polymers still contain higher or a lower branched structures which were invisible by conventional 
analytical techniques 

In order to study partial dynamic structure factors, partially labeled 1-4 and 1-2 polybutadienes were 
synthesized starting from the corresponding modified butadiene monomers. As a step stone to further weil 
defined branched structures the synthesis of an organa lithium initiator bearing a protected OH group was 
undertaken. This initiator can be used for the preparation of OH terminated linear and branched telechilic and 
heterotelechilic polymers. Finally, I like to mention a patent application together with the biotechnology 
department on organie catalysts which are fixed at polymer backbones. 

.. Polymer dynamics 
The core activity of the institute focuses on dynamical properties of soft condensed matter systems including 
polymers and complex fluids. In this context, dynamical features from soft vibrations through secondary 
relaxations and the glass process up to large scale motions are investigated. 

On the high frequency side, combining X-ray and neutron Brillouin scattering, a fast coherent quasielastic 
component inside the Brillouin Hne was identified and correlated to strain relaxation in polymer melts. (report 
Buchenau). In thc regime ofthe classical relaxation pro ces ses a thorough investigation ofpolymer blends was 
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undertaken. On the system PIIPVE previous studies by local probes displayed heterogeneous dynamic behavior 
of the two components, though the blend is perfectly miscible. Covering a Q-range of nearly two orders of 
magnitude by quasielastic neutron scattering it could be shown that this apparent local heterogeneities relate to 
a purely dynamic chain specific cross over from homogeneous entropy driven modes to chain specific local 
relaxation (report Hoffmann). In the merging regime of the (Z- and ß-relaxations in polyvinylacetat a 
quasielastic neutron scattering study on the Q dependent relaxation behavior was performed. Other than for 
polymers studied so far, only a weak Q dependence of the characteristic relaxation rate was found. Rubbery 
electrolytes were studied both with dielectric spectroscopy and quasielastic neutron scattering. Thereby, the 
interplay between the polymer and ionic motion was investigated. It was found that the glass dynamies is 
significantly reduced upon addition of ions. 

Aseries of neutron spin echo experiments on polyethylene melts with different molecular weights was 
performed, in order to study the reptation dynamics as a function of molecular weight. While the experiments 
confirm the model of De Gennes for high molecular weights, it was found that with decreasing chain length a 
significant increase of the main parameter of the De Gennes theory, namely tube diameters d occurs. 
Furthermore, for chains shorter than about 7 entanglement lengths the experimental data cannot be described in 
terms of the reptation model and a crossover to another dynamic regime occurs. These findings are in 
agreement with the packing model of entanglement formation which predicts a transition trom entangled to 
nonentangled dynamics at a critical chain length of about 7 entanglement lengths. Experiments on 
diblockcopolymers with hydrogen labels at the chain connection point followed up recent investigations on the 
overall dynamics of such molecules. The NSE experiments revealed fast interface motions which are driven by 
the surface tension and display all characteristics ofripplon excitations. (report Monkenbusch) 

)Joo- Structure formation in polymer soIutions and complex fluids 
Last year we reported the discovery of strong amphiphilicity boosting effects which occur upon addition of 
small amounts of amphiphilic diblockcopolymers into microemulsions. Performing careful two-dimensional 
contrast matching experiments, it became possible to identity the position and state of these polymers within 
the microemulsion system. The polymers are placed within the interface and stay there as single chains 
exhibiting mushroom Iike conformations (report Endo). In this way the elasticity properties ofthe surfactant 
layers are significantly altered, such as to change the phase boundery for the microemulsion phase to lower 
surfactant concentrations. Aside of structural properties also the dynamics of bicontinuos microemulsions 
containing polymers was systematically evaluated. At high momentum transfers the theoretically predicted 
relationship between characteristic relaxation time and momentum transfer (0 :::; Q') was observed. The 
presence of the polymer introduces qualitative changes into the microemulsion dynamics. The aggregation 
behavior of PEPIPEO amphiphilic diblocks was studied in water as a function of molecular weight. Upon 
reduction of chain length a transition from spherical to cylindrical micelIes was observed. Finally the interplay 
of paraffin crystallization and random copolymers containing crystallizable parts in oil was investigated. The 
crystallization of C24 in decane is changed massively in the presence of the statistical copolymer PEB12. 
Instead ofmacroscopic wax crystals PEP12 induces two-dimensionallarge platelets. Using contrast variation 
the wax and the polymers were made visible separately. In both cases two-dimensional structures are observed, 
the thickness of the wax platelets agrees with that of a monomolecular layer of C24• 

)Joo- Phase transitions in polymer meUs 
The SANS studies on three component mixtures of two homopolymers and the corresponding 
diblockcopolymer were continued on the system PBIPS. Similarly, as for the system PEEIPDMS at small 
diblock concentrations a cross over trom a 3d-Ising to the isotropical Liftshitz critical behavior was found. The 
critical range as weU as the Ginsburg number are significantly smaller than in PEEIPDMS. Furthermore, elose 
to the Liftshitz critical point a phase behavior similar to that ofbicontinuos microemulsions was found. 

)Joo- Branched polymers and rubbers 
The ongoing research on rubbers now focuses on networks filied with commercial activated silica fillers. It 
became possible, to produce such networks with a good dispersion of the fiUer. By SANS the growth and the 
deformation dependence of the tractal fiBer clusters could be studied as a function of volume fraction and 
strain. Phase matched diblockcopolymers with cylindrical morphology of the microdomains were synthesized 
and allow now an observation ofthe overstrain ofthe matrix for anisotropic structures. First experiments have 
been performed. Rheological experiments on the universality of the exponents for the relaxation time spectrum 
in the flow and glass region of homopolymer melts were performed as a function of packing length. In 
particular, experiments on PVCH, the polymer with the largest packing length which can be synthesized 
anionically, was carried out. These investigations critically inspect whether the standard determination of the 
plateau modulus on monodisperse homopolymers trom the peak height in the imaginary part of the complex 
modulus agree with that from the Kramers-Kronig relation. 
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Furtber research activities (F&E-Nr.: 23.15.0) 

,... Our activities on tunneling system focussed on three centraJ problems: 
Rotational tunneling as a probe for the glassy state. These experiments were performed on toluene, a 
material where the rotational potential is eompletely intennoleeular. In contrast to polymerie glasses, where 
the intramolecular rotational barrier dominates, the rotational potential within the toluene glass is mueh 
higher as in the erystalline material. 
Rotational tunneling in systems with methyl bridges - At(CH3k Dimers conneet via two methyl groups 
and fonn tetraeders which are linked through a corner. The redueed electron density on each bond of the 
joint methyl group leads to a stretching of the corresponding bond and a reduction of the rotational 
potential. The new five fold eoordination inereases the steric hindrance ofrotation (report Prager). 
The polar glass ammonium hexaehloroplatinate (NH4)2 Pt C16: If these materials are partially deuterated 
NH3D dipoles are created. The long range interaction couples statistically distributed NH3D defects. Close 
to the phase transition in (ND4)2 Pt Cl6 the coupling could be seen via the inhomogeneous line width of the 
tunneling line. 

,... Biological macromolecules 
The self correlation function of the hydrogen atoms in DNA was studied over a large frequences range. A 
power law relation of the dynamie susceptibility with frequency was found. The corresponding exponent ß 
depends on the water content. 
Structural investigations of DNA containing ligands are not in agreement with the presently favored 
intercalation model (ligands go in between every seeond base pair). 

Dieter Richter 
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Personnel1999/2000 and areas of activity 

Scientific Staff 
Dr. 1. Allgaier Polymer synthesis 23.300 

23.300 

23.300 

Prof. Dr. U. Buchenau Dynamics of glassforming materials 

Dr. H. Grimm Molecular crystals, oriented macromolecules 
Responsable: Backscattering spectrometer BSS 1 

Dr. M. Monkenbusch Dynamics of polymers and complex liquids 
Responsable: Spinecho Spectrometer NSE 

23.300 

Dr. M. Prager Rotational tunneling 23.150 
Responsable: Thermal time offlight spectrometer SV29 

Dr. W. Pyckhout-Hintzen Polymer networks; branched polymers 23.300 

23.300 Prof. Dr. D. Richter Structure and dynamics ofpolymers, glass transition, complex liquids 
Institute Director 

Dr. D. Schwahn 

Dr. R. Stockmeyer 

Dr. L. Willner 

Dr. habil. R. Zorn 

Technical Staff 
U. Bünten 

Ms. M. Hintzen 

Dipl.-Ing. M. Heiderich 

M. Jungen 

Dipl.-Ing. T. Kozielewski 

Ms. U. Sausen-Malka 

DipL-Phys. M. Ohl 

Dipl.-Ing. R. Schätzler 

K. Schönknecht 

K. Sellinghoff 

Dipl.-Ing. D. Triefenbach 

Dipl.-Ing. G. Vehres 

Ms M.-L. SchUsseler 

Ms S. Oubenkhir 

Scientists 
Dr. M. Heinrich 

Dr. St. Kahle 

Dr. O. Kirstein 

Dr. M. Kreitschmann 

Dr. W. Leube 

Dr. S.Perny 

Dr. W. Schmidt 

Dr. J. Stellbrink 

Dr. A. Wischnewski 

Phase transitions in polymer systems 
Responsable: Small angle neutron scattering KSWI and double crystal 
diffractometer DKDin binary polymer melts and blockcopolymers 

Dynamics of adsorbed molecules, diffusion in porous media 
Responsable: Cold time of flight spectrometer SV5 

Polymer synthesis, polymer micelIes 

Rubbery electrolytes, glasstransition 

Technician at SV29 

Technician in the polymer characterization laboratory 

Engineer responsable for the KWSl and DKD instruments 

Technician at SV5 

Engineer backscattering spectrometer FRM-II 

Electronics laboratory 

Second Instrument responsable D23, IN22 at the ILL 

Engineer responsable for the NSE and BSS 1 spectrometer, head of technical 
service group 

Technician at BSS 1 and NSE 

23.300 

23.150 

23.300 

23.300 

23.891 

23.300 

23.891 

23.891 

23.891 

23.891 

23.891 

23.891 

23.891 

Technician in the polymer characterization laboratory (until December 1999) 23.300 

Chemical Engineer in polymer laboratories (until December 1999) 

Electronics engineer, head of electronics laboratory 

Secretary 

Secretary 

23.300 

23.891 

Polymer processing, influence ofbranched polymers 23.300 

Dielectric spectroscopy, relaxations in complex polymer systems 23.300 

Project scientist for backscattering instrument at FRM-II 23.891 

Influence ofpolymer architecture on the aggregation properties ofPI-PS 23.300 
blockcopolymers 

Micellarisation and gelation of partially crystallizable polymers 23.300 

Synthesis ofbranched model polymers and analysis ofthe structural quality 23.300 

Instrument responsable INI2 at the ILL 23.891 

Star polymers and living polymerization 23.300 

Instrument development pulsed spin echo, topological constraints in polymer 23.891 
melts 
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Thesis Students 
Dip!.-Chem. B. Abbas 

Dip!.-Phys. A. Botti 

M.Sc. H. Endo 

M.Sc. M. Goad 

Dip!. Phys. S. Hoffinann 

Dipl.-Ing. H. Kaya 

Dip!. lug. M. Mihailescu 

DipL-Chem. A. Poppe 

Guests 
Dr. Ms. A. Arbe 

Dr. S. Borberly 

(Univ. Münster) Critical concentration fluctuation; in blockcopolymer melts 23.300 

(Univ. Münster) The role ofamphiphilic polymers in the emulsifaction 23.300 
properties of microemulsions 

(Univ. Münster) The role of amphiphilic polymers in the emulsification 23.300 
properties of microemulsions 

(Univ. Münster) Dynamic modulus and entanglement formation in polymer 23.300 
melts of polymer blends 

(Univ. Münster) Dynamics ofpolymer blends 23.300 

(Univ. Münster) Micellarisation of amphiphilic polymers 23.300 

(Univ. Münster) Dynamic of microemulsions - influence of amphiphilic 23.300 
polymers 

(Univ. Münster) Micellarisation and exchange kinetics ofpEO-PEP 23.300 
diblockcopolymers in selective solvents (until 09.02.99) 

(Univ. of San Sebastian) primary and secondary relaxation in polymer glasses 23.300 

(Research Institute for Solid State Physics and Optics, Budapest) 23.300 

Prof. Dr. J. Colmenero (Univ. ofSan Sebastian) a-ß relaxation in polymers 23.300 

Dr. L. J. Fetters (Exxon, Annandale) experiments ofliving polymerization with neutron spin 23.300 
echo spectroscopy 

Dipl.-Phys. M. Heuberger (Weizmann Institute ofScience) Investigation ofPEPIPEP-PEO mixtures by 23.300 
small angle neutron scattering and neutron reflectivity 

Dr. S. Koizumi (JAERI Tokai) Heterogeneity in polymer glasses 23300 

Ms.Sc. K. Marton 

Dr. Ms. H. Montes 

Prof. E. Straube 

Trainees 
A. Christ 

R. Stollenwerk 

(Univ. ofMiskolc, Ungarn) Aggregation behaviour ofpartially crystalline 
polymers (until 31.08.99) 

(ESPCI, Paris) Concentration fluctuations and dynamic in diblock 
copolymers, neutron scattering approach 

(Univ. Halle) The influence of topological at the microscopic in polymer 
networks 
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Mixed Membranes of Surfactants and Amphiphilic Block Copolymers: 
Localization of the Block Copolymer 

H. Endo, J. Allgaier, D. Richter, M. Monkenbusch, B. Jakobs!, T. SottmannI, R.Streyl 
Institute for Neutronscattering, 

1 University Köln 

The effect of amphiphilic block copolymers on the structure and phase behavior of ternary 
amphiphilic systems (water, oil and non-ionic surfactant) has been investigated. Small amounts of 
PEP-PEO block copolymer lead to a dramatic increase in the volumes of oll and water, which can be 
solubilized in a bicontinuous microemulsion. High-precision neutron small angle scattering (SANS) 
experiments with a sophisticated contrast variation technique allow for the separation of polymer 
scattering contributions to the SANS intensity. The results prove that the polymer is distributed 
uniformlyon the sl.lrfactant membrane. 

F&E-Nr: 23.30.0 

The effect of an amphiphilic block copolymer, with hy­
drophilie and hydrophobie blocks of comparable size, on 
the structure and phase behavior of ternary amphiphilic 
system of water, oil and surfactant has been investigated. 
For an illustration see Fig. 1. The addition of polymer 
in small amounts is found to lead to a dramatic decrease 
in the surfaetant concentration, which is needed to solu­
bilize oil and water [1]. 

FIG. 1. Bicontinuous microemulsion with polymer. 

We consider microemulsions consisting of water, n­
decance, and the nonionic surfactant ClOE4 (n-decyl­
tetraoxyethylel1e) with equal volume fractions of oil 
al1d water. To these ternary microemulsions we added 
amphiphilic block copolymers polyethylenepropylene-co-­
polyethyleneoxide (PEPx-PEOy, where x and y denote 
the molecular weights of each block in kgjmol). The 
polymers were synthesized by living anionic polymeriza­
tion and with a narrow molecular weight distribution [2]. 
The polymers mimic the structure ofthe CiEj surfactal1t 
and the PEPlO-PEOIO corresponds roughly to C715E230' 

For nonionic microemulsions temperature induces 
phase inversion by changing the spontaneous curvature of 
the surfactant film [3]. The lower-phase ojw microemul­
sion (~) inverts to a wjo microemulsion (2) with increas­
ing temperature. Optimal solubilization of water and 
oil occurs at intermediate temperatures. There the nii­
croemulsion coexists with water- and oil-excess phases 
while at sufficiently high volume fractions of amphiphile 
cf> a one-phase region is found. The optimal point, where 
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the three-phase body and the one-phase region meet, 
is located at the lower <p the more efficient the surfac­
tant. Addition of an amphiphilic PEPx-PEOy polymer 
increases the efficiency of the mixture dramatically. The 
one phase region is shifted toward lower concentrations 
of amphiphile alld the effect becomes stronger with in­
creasing volume fraction, .sv, of polymer in the mixture 
of both amphiphiles. The phase inversion temperature 
of the microemulsion shifts at most marginally [1]. 

Small angle neutron scattering (SANS) experiments 
were performed on sampies in the bicontinuous phase 
elose to the optimal point (<p 0.05), which contain 
.sv = 0.1 of the amphiphilic PEP5-PE015 block copoly­
mer. With neutrons as probe, contrast variation tech­
niques based on HjD-replacement can be used to modify 
the visibility of different components in the system, and 
have been applied to bicontinuous microemulsions [4]. 
In bulk contrast, with deuterated water and protonated 
oil, the scattering is dominated by the three-dimensional 
structure of the water network (see Fig. 1); any film or 
polymer contributions are only marginal. In principle, 
the location and structure of the polymer in the bicontin­
uous microemulsion can be examined in a system where 
all components except the polymer have exactly the same 
scattering length densities Pi. Using water, oil and sur­
factant consisting mainly of the deuterated species and 
protonated polymer this might be achieved. However, 
since the polymer scattering is ab out 5 orders of magni­
tude lower than the bulk contrast and 2 orders of mag­
nitude lower than film-contrast scattering the required 
perfect match of the scattering length densities of wa­
ter, oil and surfactant imposed by the 2-dimensional con­
trast tuning problem is practically unfeasable. However 
a careful analysis of data obtained elose to the matching 
point yields (among others) the required polymer scat­
tering functions. The scattering intensity, I(Q), after 
background subtraction is given by 

I(Q) = (1) 
i,j={o,j,p} 



where Si,j = J(cdri)cj(7j» exp[iQ . (1~ rj)]d3 r. Here, 
Ci(f) describes the spatial distribution of component i, 
with i w, 0, f,p for water, oil, film (or surfactant) and 
polymer, respectively, and Pi 1S the scattering length den­
sity. pw is the scattering length density of the water 
region, arbitrarily chosen as the component of the sys­
tem that is considered as background. In the experiment 
performed on the high intensity SANS instrument D22 
at the 111 in Grenoble, contrast variation around the 
2-dimensional matching point was achieved by a step­
wise increment of Po (adding tiny amounts of protonated 
decane) and Pf, which produced 15 different sampies. 
Their scattering data were then used to extract the 6 
partial scattering function 50 ,0, Sf,f, So,j, So,p, Sj,p and 
Sp,p by inserting the measured intensities Im (Q) and the 
contrasts (Pr' - Pw) into Eq. (1) and solving the over­
determined set of equations (m = 1 ... 15). We improved 
the reliability of the results by adding pure bulk- and 
film-contrast data with very large weight as weIl as the 
relation So,! -(1/2)Sj,j suggested in Ref. [5] to this 
set of equations. Investigation of the sensitivity of the 
Si,j on the exact IDeation of the matching point revealed 
that only So,p is so sensitive that no reliable form can 
be inferred. Figure 2a shows the result for the polymer, 
Sp,p, and film, Sf'!, scattering functions. The compar­
ison of the scattering curves indicates that the polymer 
seattering is dominated by the form of Sj,j for smaIl 
Q < O.02Ä -1 and by polymer-coil scattering for higher 
Q-values. This demonstrates clearly that the polymer 
"decorates" the surfactant film. Due to the dilution of 
scattering length density, however, the corresponding in­
tensity is about two orders of magnitude lower than the 
pure film-contrast scattering. The polymer-coil scatter­
ing intensity, on the other hand, is about one order of 
magnitude lower than the intensity to be expected from 
the same number of free, non-interacting coils. Obviously 
the mutual interaction imposed on the polymers by eon­
finement onto the two-dimensional interface region leads 
to an increased importance of the second virial coeffi­
cient that reduces the forward scattering of the polymer 
coils accordingly. Any polymer-polymer aggregation (mi­
ceHization) would immediately lead to orders of magni­
tude higher values for Sp,p [2] and can be safely excluded. 
The film-polymer scattering, shown in Fig. 2b, exhibits 
a minimum at Q ~ 0.03A-1, whieh is mainly due to 
the interference of maxima in the polymer density at a 
distance ßnpEP and ßnpEO from the interface, respec­
tively, where n is the average end-to-end distance of a 
polymer coil, and ß 4In2/(3V6) = 0.38 for ideal chains 
[6]. The solid line is a fit of the Fourier transform of the 
monomer density projected on the film-surface normal, 
as expected theoretically for ideal chains in the mush­
room regime [6], including a Q-2 factor to account for 
the angular averaging (valid only for Q > O.OlÄ -1). 
The fitted average end-to-end radius amounts to 155 A, 
which compares quite weIl with the end-to-end distance 
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npEO = 140A detel'mined from homopolymer solutions 
[7]. The experimental results prove that the polymer 
is tethered to the interface, and that the "mushrooms" 
formed by the PEP-chain in the oil phase and by the 
PEO-chain in water lead to a clearly visible oscillation in 
Sl,p, 
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FIG. 2. Partial scattering function involving a polymer 
contribution. a.) comparison with the film (interface) scat­
tering S f,f and polymer coils scattering (line). b.) polymer 
film interference term, see text. 
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Local strain relaxation effects in branched polymers 
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We have investigated the structure of partially labelled, stretched H-shaped polymers after dif­
ferent relaxation times. The SANS (Small Angle Neutron Scattering) technique permits the unique 
evaluation of the behaviour of the polymer moleeules in a flow field. The selective labelling by deu­
terium allows measurements of disentanglement and alignment of the marked parts of the chains. 
Information obtained for H-polymers differing only in their labelling type gives access to the de­
scription of the relaxation process of the complete H-molecule. 

F&E-Nr: 23.30.0 

This study is part of a Brite-Euram project called 
"The Science and Technology of Long Chain Branching 
in Polyolefins and their Process Contro}", of which the 
main objective is the definition of new polymers with con­
trolled processing and final properties, enabling thinner 
films to be used for many packaging applications. 

From a technological point of view, mono disperse poly­
mers are difficult to process. It has been shown that 
adding only smaH amounts of randomly branched poly­
mers improves considerably their processing. The reason 
for the improved How is unknown, but is thought to de­
rive from the molecular behaviour of entangled branched 
polymers. For these, the tube model of constraints as for 
melts of homo polymers applies. Chains ends hereby play 
an important role as they alone can unravel by releasing 
the constraints of the surrounding tubes. The simplest 
topology of branched chains is the H-shaped structure. 
During the relaxation of the chains after a step strain, the 
arms of the lI-polymer will relax faster than the cross­
bar , the latter behaving more or less rubberlike. 

SANS is a unique technique to examine the structure 
of entangled polymer melts. Experimentally, in the case 
of extensional flow, a deformed polymer melt is rapidly 
quenched to below its glass transition temperature to 
freeze the configuration instantaneously and the scatter­
ing pattern is taken. Quenched SANS experiments in 
extension of (weakly entangled) linear polystyrene failed 
to give strong evidence of the tube retraction mechanism 
[1], [2]. The highly entangled polyisoprene, on the other 
hand, gives a dear signature of the various retraction 
dynamies: preliminary experiments were able to iden­
tify the tube-diameter parameter of fluctutations from 
the anisotropy of the scattering [3], but the experiment 
lacked control in both rate and quenching time. 

For our experiments, an improved strain rig compati­
ble with SANS experimental configurations has been de­
signed and built in Juelich (Fig. 1). It allows aperfeet 
control oftemperature in the range -100 to +200 degrees 
C and at the same time, of stretching and quenching con­
ditions, unlike in Ref. [3]. A loadeell in the static cylinder 
provides an on-line inspection ofthe transduced force and 
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allows stress-strain curves to be recorded simultaneously. 

FIG. 1. Elongational strain rig with quench unit at the 
sampie position at KWSl, Jülich. 

The obtained structure factors in the direetions paral­
lel and perpendicular to the stretching as weIl as in the 
whole 2D-detector plane (e.g. Fig. 2 and Fig. 3), are in­
terpreted in term of an extended Random Phase Approx­
imation (RPA) theory [4J. Here, it 1S proposed that RPA 
eorrections to the free chain and tube fluctuations can 
in a good approximation be taken as independent from 
each others. This assumption worked perfectly in the 
case of permanent networks made from tri block copoly­
mers. Two different deuterium labelIed (tips of the arms 
or cross-bar labelled) poly isoprene 01' poly butadiene Sam­
pies, both adjusted to have the same numher of entan­
glements per chain, covered in an exemplary way both 



limits in the time domain or relaxation spectrum, i.e. 
both the slowest and the fastest segments were investi­
gated with respect to strain, strain rate and temperature. 
In the light of a description within the tube model, the 
rapid retraction of deformed chain ends and the much 
slower reptation dynamics for the cross-bar part can be 
addressed separately. The experiments parallel measure­
ments of the dynamic moduli in linear shear which clearly 
established a slowing down of the bridge terminal mode 
by several orders of magnitude compared to the attached 
chains. In view of the time scale on which relaxation 
after a step strain is predicted, the cross-bar labelIed H­
polymer closely resembles the behaviour of a deformed 
rubber network, disturbed only to a minor degree by the 
relaxation of the arms. The entanglement spacing in the 
early stages complies very weIl to rheological estimates. 
The arms of the H-polymers are modelIed to be discretely 
built up from three sequences of different local strains, 
each characterized by a relaxation factor. The correc­
tion for the bridge is smalI. For the shortest relaxation 
times, the deformation is overall-affine with the external 
strain. The affinity of the bridge deformation up to long 
relaxation times of the order of those of the whole arm 
confirms the dynamical decoupling of the arm relaxation 
assumed in dynamical mechanical analysis. The agree­
ment with the proposed model along both principal axes 
of strain is presented in Fig. 4. Here, the confinement pa­
rameter reduces as a function of relaxation time, i.e. the 
tube value increases. Although a more profound descrip­
tion in terms of the RPA of the deformation behavior as 
a function of strain, strain rate and time is lacking, the 
agreement 1S still appreciable. 

a b 
FIG. 2. Bridge-Iabelled H-polymer strained by a factor 2 : 

(a) T = Os and (b) T = 2.6s relaxation @RT 

The lack of a proper modelling i8 feIt clearly in the 
tip-labelled H-polymer. The deviation of the rubber-like 
theory from available scattering data shows itself by the 
appearance of unexplained butterfly-like patterns due to 
enhanced correlations along the direction of strain. Also 
the rise of intensity with increasing strain at COllstant 
strain rate is still beyond theoretical description. The 
data provide achallenge for theoreticians as weIl as rheol-
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ogists. It is hoped that from a one-to-one comparison to 
non-linear elongational viscosity measurements, knowl­
edge will evolve enabling the design of industrially im­
portant branched polymers with known relaxation time 
spectra, in order to ease their processing and moulding. 
The input of SANS into this is indispensable, since it 
identifies the mechanisms of relaxation directly. 

a b 

FIG. 3. Tip-labelled H-polymer strained by a factor 2 : (a) 
T = Os and (b) T = 0.1058 relaxation @RT 

a 
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FIG. 4. Principal axes fits (lines) for the bridge-labelled 
H-polymer strained by a factor 2: (a) 7' = Os and (b) T = 2.68 
relaxation @RT. Experimental points: eircles for the direc­
tion parallel to the strain and squares for the dlrection per­
pendicular to the strain 
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Dynamic miscibility of a binary polymer blend: A quasielastic neutron scattering 
study on the crossover from heterogeneous to homogeneous dynamic behaviour 
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Quasielastic neutron scattering was applied in order to study the individual component dynamics 
in ablend of polyvinylethylene and polyisoprene. A wide range of different length seales was 
examined eovering a large dynamic region from Ioeal segmental relaxations to mesoseopic ehain 
motions. Within this range, a erossover from heterogeneous to homogeneous behaviour was revealed 
in the eomponent dynamics when passing from IDeal to mesoseopic length seales. By means of the 
experimental results, a eomprehensive picture of the principles governing the molecular dynamics in 
a polymer blend ean be drawn. It is shown that the observed heterogelleity of the loeal eomponent 
dynamics can be understood as a purely dynamic phenomenon which is determilled by the specific 
(intrillsic) properties of the two polymers, 

F&E-Nr. 23.30.0 

While theoretical concepts to und erstand the thermody­
namics and the structure of polymer blends are weIl de­
veloped, the fuH range of dynamic behavioUT in such sys­
tems is only at the beginning of being clarified. The ques­
tion of dynamic miscibility, has recently been addressed 
by different spectroseopic approaches [1]-[9]. These works 
reveal that, on the loeal scale which is probed by these 
techniques, the two components dynamically behave very 
different compared to each other, although the blend 
isintimately mixed. This finding was commonly inter­
preted as a result of local inhomogeneities which were 
estimated to have a typical size of few nanometers from 
two-dimendional NMR studies [2]. 

In our investigations, we applied quasielastic 'neu­
tron scattering in order to study the individual com­
ponent dynamics in ablend of two miscible polymers, 
polyvinylethylene (PVE) and poly isoprene (PI). A wide 
range of wavevector transfer Q became accessible in com­
bining two high resolution techniques, neutron backscat­
tering (BS) for high and neutron spin echo spectroscopy 
(NSE) for low Q values. For a first time in the case 
of polymer blends, such a wide dynamic range reaching 
from entropy driven chain relaxations to local segmen­
tal dynamics has systematically been covered by neutron 
scattering. The sensitivity to each of the components 
in the blend was achieved by selective proton/deuteron 
labeling of the polymers. 

The structural relaxations of a polymer c1lain on meso­
scopic length scales can be weIl approximated by the 
Rouse model [10]. On intermediate length scales between 
the end-to-end distance RE of the chain and the length 
I of a statistical segment, the polymer structure shows a 
fractal nature which translates via the Rouse model into a 
dynamic scaling law for the structure factor of the chain. 
The corresponding scaling variable is XR = 
where W is a fundamental relaxation rate. 
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This universal behaviour breaks down in passing to 
smaller length scales, where the detailed chemical stuc­
ture of the polymer increasingly influences the polymer 
dynamies. Up to now, there is no general theoretical 
concept for this situation. Experimentally, the corre­
sponding short-range diffusive motion of the chain seg­
ments has been identified with the a-process which is ob­
served in relaxation spectroscopy methods. In analogy to 
these techniques, the incoherent dynamic structure fac­
tor Sinc(Q, w) (nw: energy transfer) may be described by 
the Fourier transform of a stretched exponential in the 
time domain which is known as the Kohlrausch-William­
Watts (KWW) function [11J where the stretching expo­
nent ß generally agrees with dielectric spectroscopy re­
sults (here: ßpVE 0.43 and ßpI = 0040). 

Both polymers have been synthesized by anionic poly­
merization in a protonated and a deuterated version of 
identical size and with a very low polydispersitivity of 
1.02. The molecular weight of the protonated polymers 
amounted to roughly 80000. All blends had an overall 
composition of 50 vol% PVE and 50 vol% PI. 

By NSE spectroscopy, the dynamic single-chain form 
factor of each component was measured. The experi­
ments were performed at the NSE spectrometer IN11 
of the Institut Laue-Langevin (ILL) in Grenoble, France 

A- 1 
(Q 0.05· . ·0.20 , T 330,368,418 K). All spectra 
scale very weIl with the Rouse variable XR and can be 
described by the Rouse theory for times which are small 
against the entanglement time Te. By fitting the Rouse 
function to the experimental data, the quantity W 14 was 
obtained as the only free fit parameter and the avarage 
relaxation time of the self correlation function was calcu­
lated from h~c) =: 181r/{WZ4Q4) (see also [12]). 

The high Q range was measured at the neutron 
backscattering spectrometer BSS of the IFF /FZ Jülich 
(Q = 0.3· .. 1.9 A -1, T = 270 .. ·340 K). The spectra 



were analyzed by fitting a Fourier transformed KWW 
function folded with the instrumental resolution func­
tion. Multiple scattering corrections were performed by 
a Monte Carlo simulation of the scattering process. The 
average relaxation times were calculated from the KWW 
fit parameters by (7) = TKwwr(l/ß)/ß. 

In order to compare NSE and ES results, the differ­
ent temperature ranges were merged by applying the 
appropriate shift factors to the NSE relaxation times. 
These shift factors were measured on the high resolution 
NSE spectrometer IN15 at the 1L1. In case of pure and 
blended PI the shift factors agreed with corresponding 
results from dielectric normal mode spectroscopy. 

The experimental results are condensed in the Figure 1 
for an exemplary temperature of 330 K. It represents the 
main result of this investigation and displays the mean 
relaxation times for the individual polymer chains over 
the whole Q range for both, the polymer blend (open 
symbols) and the two pure hornopolymers (filled sym­
bols). 
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FIG. 1. Average relaxation times for the polymers in the 
foul' different materials investigated. 

The dynamics of both homopolymers is compatible 
with the Rouse model at small Q values (dotted line of 
slope -4 in the figure). In moving to higher Q values, the 
average relaxation time of PI decreases slightly less than 
the extrapolated Rouse behaviour. In contrast to PI, the 
motional time scale of PVE is signifieantly retarded in 
comparison to the Rouse-like Q-4 behaviour. The shape 
of the dynamic erossover is therefore specific for eaeh 
polymer and related to its intrinsic dynamie properties. 

In the blend, the Rouse dynarnics of both components 
is nearly identical. These dynamics appear as practi­
eaUy homogeneous on mesoseopic length scales. In pass-
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ing towards larger Q values, the mean relaxation times 
show exaetly the same crossover as for the respective ho­
mopolymers. 

From this observation, the apparent dynamie hetero­
geneities which were found by applying loeal spectro­
scopic probes ean be explained in a new eomprehensive 
way. They appear mainly as a result of the difference 
in the individual crossover behaviour from Rouse-like to 
segmental ehain dynamics of the two eomponents in the 
blend. Due to the different dynamic crossovers of PVE 
and PI, the individuallocal dynamies in the blend is sepa­
rated by one order of magnitude while the Rouse dynam­
ics in the same system is essentially homogeneous. As the 
erossover is loeated around Q ::::: 0.2 A, one ean associate 
a charaeteristic spadal crossover length of 211' / Q ::::: 3 nm. 
This value is very elose to the NMR result cited above, 
but the mechanism whieh controies the eomponent dy­
namics in a polymer blend 1S quite different to the sup­
posed nanoheterogeneities which were invoked to explain 
the NMR results. 

Summarizing, we ean classify the loeal dynamic hetero­
geneities in a polymer blend as a purely dynamical phe­
nomenon which is a eonsequence of the different intrinsic 
dynamie erossover behaviour of the two eomponents. 
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Ripplon Excitations of Domain Walls in Symmetrie Diblock Copolymer Melts 
- a Neutron Spin Eeho Study 

H. Montes l , D. Richter, M. Monkenbusch, L. Willner 
1.J. Fetters2 , S. Rathgeber3

, B. Farag04 

Institute tor Neutronscattering, 
I ESpeI, Paris, France, 

2 Exxon Research, Annandale, USA, 3 NIST, Gaithersburg, USA, 4 ILL, Gl'enoble, France 

The interface dynamics in a lamellar A-B diblock copolymer was observed by neutron spin echo 
(NSE) spectroscopy. This observation was made feasible by judicious labeling around the junction 
point between the two blocks. The interfacial walls undulate in form of overdamped capillary waves 
(ripplons). Driven by the A-B surface tension these relaxation are faster than the polymer chain 
dynamies. The evaluated surface tension and Iocal viscosities are weil within theoretical predictions. 

F&E-Nr: 23.30.0 

The morphology of diblock copolymer melts is con­
trolled by composition and incompatibility XN expressed 
in terms of the Flory Huggins monomer-monomer inter­
action parameter X and the number of monomers per 
chain N [1]. For a symmetrie system an order disor­
der transition (ODT) to a lamellar phase is expected 
at X(T)N -:::: 10. In the strong seggregation regime 
(X(T)N > > 10) weH separated layers with a mutual in­
terface tension I are formed. For X N -:::: 10 the Ran­
dom Phase Approximation (RFA) [1] predicts only si­
nusodial density modulations for two interpenetrating 
components. However X-ray and neutron smaH scatter­
ing (SAXS and SANS) experiments observe higher order 
peaks indicating sharper than sinusodial density profiles. 
This picture is supported by electron microscopic inves­
tigation by Hashimoto [2]. 

For the strong seggregation limit Helfand and Wasser­
mann [3] used a self consistent field theory that per­
mits quantitative calculations of free energies, compo­
sition profiles and chain conformations. In the narrow 
interface approximation (NIA) this theory yields: 

x(b1 + b~ + b~b1) 
9(b~ +b~) 

(1) 

for the surface tension and interfacial width d = 
2J(b~ + b1)!(12X) where bi are the Kuhn segment 
lengths of the A and B polymers and nmon the monomer 
number density. The validity of these express ions for 
large XN was confirmed experimentally by Hashimoto 
[4]. 

Using a A-B contact region labeled poly( ethylene­
propylene)-polyethylethylene (PEP-FEE) diblock in the 
molten state elose to the ODT, the first observation of 
A-B interface undulations in a block copolymer would 
be achieved. The h-Iabeling on 5% of the PEP chain 
at the junction end to PEE and otherwise completely 
deuterated chains made the interface dynamics accessi­
ble to the investigation by NSE spectroscopy. The total 
molecular weight was M w = 68000 g/mol leading to a 
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transition temperature TODT = 433 K. The ordered and 
labeled lamellar structure is sketched in fig. 1. 
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FIG. 1. Schematic diagram of a lamellar structure in a di­
block copolymer and density profiles of the labels at the in­
terface. 

The SANS intensity from a structure as displayed in 
fig. 1 contains two contributions: 

d'E- . 
dn (Q) cx Ppot{Q) + Pinterface(Q)O(Q) (2) 

where Ppol denotes the scattering from the individual 
labeled coil segments embedded in the interface region 
and Pinler face is the scattering due to the average con­
trast density modulation at the interfaces which is mul­
tiplied by the structure factor O(Q) accounting for in­
terference effects of adjacent interface regions. Analysis 
of the SANS intensities shows that their salient low Q 
features may be described by a model translating the 



density modulation depicted in fig. 1 into an expression 
for PinterJace(Q)G(Q). The polymer scattering Ppol(Q) 
is described by a Debye function, Le. the scattering 
of a Gaussian coil, with a gyration radius correspond­
ing to the size of the labeled section. It turns out that 
for the Q-range where NSE experiments could be per­
formed the polymer scattering Ppol dominates the inten­
sity dEI dD. cx: S( Q), only the lowest measured Q-value 
contains some contribution from the second term in Eqn. 
2. 

Therefore the dynamics as measured by NSE consists 
mainly of contributions from single (incoherently added) 
labeled coils. These coUs exhibit normal polymerie Rouse 
relaxations of a chain which is anchored at the inter­
face. The usual center of mass diffusion observed for 
small polymer coils is therfore to be replaced by the mo­
tions imposed on the coil by the interface undulations. 
Since the label is smaH the latter contribution dominates 
in the intermediate Q-regime. 

Assuming capillary waves damped by equal viscosity 
TJ on boths sides of the interface the relaxations have a 
linear dispersion [5J r- 1 = q, I (4TJ) where q, the mode 
wavevector is not to be confused with the Q set in a 
scattering experiment. The undulation mode amplitudes 
follmv from equipartition: 

(3) 

Summing the modes with weights according to Eqn. 3 
yields the time correlation of the displacements: 

1 
f(t) = 2 < lu(t) u(OW> 

kBT [ln(e/) + Ei{l, tlr[21l' /e]) - Ei(l, tlr[21l' Il])] (4) 

The introduction qmin = 211,/e and qmax = 21l' II due to fi­
nite domain size e and molecular dimension 1 renders the 
required integrations convergent. Applying the Gaussian 
approximation and angular averaging the yields: 

S(Q t) cx: SO (Q t) [! ,fiferf(Qv7fi))] (5) 
,pol Rouse' 2 QJ !(t) 

Fig. 2 shows a comparison of the NSE data obtained in 
Juelich and at the ILL with the expectation of a simple 
Rouse model and with the fit of Eqn. 5. The resulting 
values for , 0.0023 N/m at 433 K and 0.0024 N/m at 
473 K agrees reasonably weH with the NIA theoretical 
values of, = 0.0015 N/m and 0.0014 N/m by Helfand. 
Since both the relative intensities (i.e. undulation ampli­
tude) and the timescale determined by the dispersion co­
efficient influence the scattering also the effective viscos­
ity could be determined as TJ = 0.74 X 10-3 Ns/m2 com­
pared to the effective viscosity feit by a monomeric unit 
according to the Rouse model TJRouse = 2.7 X 10-3 Ns/m 2 • 
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FIG. 2. NSE spectra at 433K obtained at the Jillich NSE 
spectrometer and at the ILL instrument IN15 (Grenoble) for 
momentum transfer values The dashed lines represent the 
Rouse dynamics of a hPEP block in a mixed homogeneous 
system. The solid lines correspond to the fit with the ripplon 
structure factor. 

Summarizing, by combination of careful chemical syn­
thesis with NSE-experiments on the limit of what can be 
achieved today concerning to noise it became pos­
sible to detect dynamic surface undulations of domain in­
terfaces in diblock copolymer systems elose to the ODT. 
The experimental scattering functions and the derived 
surface tension agree weH with predictions for systems in 
the strong segregation limit indicatillg that even elose to 
the ODT more order than inferred by the RPA theory 
is present. In recent NSE experiments on the colledive 
dynamics ofthe same diblock copolymer in dA-hB label­
ing we observed fast relaxations in contradiction to the 
slowing down predicted by the RPA theory [6]. These 
fast fluctuations most likely also relate to the surface un­
dulations (ripplons) of the interface. 
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Trimethylaluminum is a model electron deficiency compound. Dimerization via bridging methyl 
groups involves a new weak C Al bond. Neutron spectroscopy is used to determine internal and 
external müdes. Librations of methyl groups are assigned on the basis of the isotope effect. Including 
rotational tunnelling rotational potentials are derived. The bridging CHa group shows the strongest 
potential: The splitting of the er-bond to one Al into two equivalent bonds tü the two Al (fivefold 
coordination) leads to steric hindrance which üvercompensates the weakening by the elongated AI-C 
bond. 

F&E-Nr: 23.15.0 

Group III trimethyl compounds form an interesting 
dass of organometallic materials. Due to thermal in­
stability the moleeules can be used for doping semicon­
ductors homogeneously with Al, Ga and In by thermal 
decomposition at a hot surface. Furthermore aluminum 
alkyls are used as Ziegler-Natta catalyst in polymeriza­
tion of olefins. In both, the gas phase [1] and the crys­
talline state, e.g. [2-4], trimethyl aluminum (TMA) forms 
dimers with about tetrahedrally coordinated Al and five­
fold coordinated C atoms of the two bridging methyl 
groups. In the solid state 3 inequivalent types of methyl 
groups exist (Fig. 1). Since the bridging C atom shares 
its charge with 5 bonds the Al C2 bonds are weakened 
and its lengths increased by 10%. 

FIG. 1. Dimers form the structural unit of solid TMA. Car­
bons 1 and 3 are called terminal, 2 bridging. 

So far dynamics of methyl groups was studied by 
the NMR-T 1 technique. Not distinghuishing between in­
equivalent methyl groups an average activation energy 
Ea "'" 3.5kJ Imol was obtained [5]. Such weak potentials 
allow the observation of Librations and rotational tun­
nelling by neutron spectroscopy. 

Incoherent inelastic neutron scattering data in the en­
ergy range 0.001 ~ 6E[meV] ~ 500 covers excitations 
from tunnelling to internal modes and allows to extract 
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detailed information on all different methyl groups. 

As sam pIes both protonated and deuterated materials 
were studied. The protonated substance from Heraeus 
was used without further treatment. The highly reactive 
material was filled und er argon into a 0.5mm thick stain­
less steel celL The deuterated material was prepared at 
King's college. 

Methyl rotational tunnelling of Al(CHs)s was investi­
gated by high resolution neutron spectroscopy using the 
backscattering spectrometer at the FRJ2 reactor in the 
offset configuration Wh1Ch gives acces to energy trans­
fers -32 < nW[fle V] < 3) at an energy resolution of 
oE '" 1.5tteV. The spectrum (Fig. 2) shows two tun­
nel peaks of equal intensity. A comparison of inelastic 
and incoherent elastic intensities, based on the scattering 
function of the tunnelling methyl group [6,7], it can be 
shown that each line corresponds to ~ of the C H 3 groups 
while the third one - known to be present from the crys­
tal structure is hidden in the elastic line. In agreement 
with this analysis no further tunnelling line was observed 
up to the free rotor energy. Transition energies are shown 
in Tab. 1. 

2 T =4.2 K 

energy transfer [lleVl 

FIG. 2. TMA, T=4.5K, Instrument: BSSl at FZ Jillich. 
Momentum Transfer Q 1. 73A. Solid line: fit. 



Lattice and internal modes werde measured in the en­
er gy regime 2-500me V for hydrogenated and deuterated 
species using the TOSCA spectrometer at the ISIS facil­
ity, Rutherford-Appleton Laboratory, UK (Fig. 3). Iden­
tification of low lying rotary modes was done on the basis 
of isotopic shifts. Three librational bands are observed 
around 6.4, 14.0 and 17.5meV (Tab. I). All bands show 
multiplett structures. 

o 10 20 30 
Energy transfer/meV 

FIG. 3. Section of neutron scattering spectra of TMA at 
T"" 13I( and energies <30meV. Instrument: TOSCA at the 
ISIS facility, RAL, UK. 

In the single particle picture of molecular rotation [6J 
the librational and tunnelling modes of the onedimen­
sional threefold rotor are solutions of the Mathieu equa­
tion with methyl rotational potentials written as 

2 

V(tp) = L V;n (1 - cos(3ntp)) (1) 
n=l 

To parametrize the potentials of the 3 inequivalent C Ha 
groups up to second order two excitations of each must be 
known. We combine low librational bands with large tun­
nel splittings. This i8 not completely free of arbitraryness 
in potentials of different shapes. This way the terminal 
t - CHg groups show weak potentials with strong six­
fold contribution while the bridging b - CH3 is strongly 
hindered (Tab. I). The appearance of a signifieant six­
fold term for terminal methyl groups is the consequence 
of additional symmetry of the environment: their axes of 
rotation lie in alm ost a mirror plane of the dimer. In case 
of the bridging methyl groups a sixfold term is expected 
too. Lacking the knowledge of the tunnel splitting, how­
ever, only the simplest form of a pure 3-fold potential 
was extracted. To check consistency with the deuter­
ated speetrum librational energies of C Da were calcu­
lated for the same potentials just rescaled by the smal1er 
rotational constant. We had to reduce the sixfold term by 

30%, however, to get agreement (column 50fTab. I). Ae­
tivation energies of the rotational potentials 1 are shown 
in the last column of Tab. I. Its average is very elose to 
the value extracted from the NMR-T1 experiment [5]. 

Va VB Ba 
[meV] [meV] [kJjmolJ 

GbH3 17.5 62 5.0 
Gt H3 11.9 14 21 13 1.6 
Gt H3 15.2 6.4 39 -21 3.8 
GbD3 12.7 62 
GtDs 10.4 21 9 
Gt D3 5.2 39 -14 

ro­
tational potentials and activation energies. b=bridging, 
t=terrninal 

In conclusioll three inequivalent methyl rotors are ob­
served in TMA by neutron tunnelling spectroscopy in 
agreement with the measured crystal structure. Fourier 
coefficients of rotational potentials are derived up to sec­
ond order for every CHa group. Terminal methyl groups 
show weak potentials with [arge 6-fold contributions due 
to the presenee of a mirror plane. Despite an increased 
bond length bridging methyl groups are strongly hin­
dered: The topology requires a breaking of the - weak 
- C - Al bonds at rotation. 

Both, the dimer geometry and the methyl librational 
energies of this unusual moleeule, are badly reproduced 
by ab-initio methods [8J. Future studies will foeuse on 
improving this description. Furthermore with increas­
ing weightjsize of the metal ion the dimeric charaeter is 
reduced up to lost. This tendency offers a possibility to 
study the influence of dimerization in a systematic way 
continuing with Ga(CHa)3. 
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Brillouin scattering in polybutadiene: comparison of neutron and X-rays 
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We report a comparison ofhigh resolution inelastic X-ray Brillouin scattering to coherent inelastic 
neutron scattering for amorphous deuterated polybutadiene, done for a temperature in the glass 
phase and another one in the melt. The X-ray scattering proves to be by far the more powerful 
technique for such a polymer, though its resolution is limited. The neutron scattering allows to 
extend these measurements to a much better resolution, showing an additional quasielastic signal 
in the melt. 

F&E-Nr.: 23.30.0 

Significant information on the nature of the atomic 
motion in glass formers can be obtained from an anal­
ysis of S(Q,E), accessible by neutron and x-ray scatter­
ing. However, each technique has its characteristic lim­
itations. Inelastic neutron scattering spectroseopy has a 
kinematie limitation at small Q which is related to the 
velo city of neutrons: if the latter is lower than the lon­
gitudinal sound velo city, then one cannot reaeh Brillouin 
conditions. The recent developement of high-resolution 
inelastie x-ray scattering allows to measme the Brillouin 
spectra of glasses without any kinematie limitation. But 
the x-ray teehnique still has only aresolution of about 1.5 
meV, which does not allow to analyse S(Q,E) below this 
frequency. Nevertheless, the data obtained so far clearly 
demonstrate the presence of a strong sound-like eontri­
bution to S(Q,E) at energies of several meV, around and 
above the so-ealled boson peak [2]. 

The present work reports combined x-ray and neutron 
measurements on deuterated 1,4-polybutadiene (PB) in 
the liquid and in the glassy state [1]. This combination 
enabled the measurement of the dynamie strueture factor 
for both Brillouin seattering at low momentum transfer 
Q and Umklapp seattering at higher momentum transfer 
Q. Our neutron experiment eorroborated onee again that 
the Brillouin seattering is significantly weaker than the 
Umklapp scattering. Here, we foeus on the comparison 
of the two techniques in the Brillouin range. 

PB, a well-known glass forming polymer, was chosen 
due to its relatively low sound velocity,important for 
the kinematic limitation of INS. Inelastic X-ray seatter­
ing was measured using the ID-16 high resolution spec­
trometer at the ESRF in Grenoble. The neutron seatter­
ing measurements were done on the cold neutron time of 
flight speetrometer IN5 at the ILL Grenoble. The neu­
tron seattering spectra were treated in the usual way, 
with normalization to vanadium, empty container sub­
traction and multiple-seattering correetions. The latter 
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were done assuming isotropie multiple seattering and a 
multiple scattering probability of 15 % after the first seat­
tering process (the sampie was a hollow cylinder with a 
transmission of 90 %). The neutron speetrometer IN5 at 
2 11 has roughly the same resolution as the ID-16 and 
a kinematie limitation to asound velo city vl=2 km/so 
Also, data of a previous IN6 measurement [3] have been 
used. 
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FIG. 1. X-ray and neutron spectra at Q=OA 

Fig. 1 compares typical IXS speetra of PB with 2 11 
neutron spectra at two temperatures: 324 K, deep in the 
liquid state, and 140 K, deep in the glassy state (Tg=180 
K). The x-ray data could be fitted in terms of a damped 
harmonie oscillator (DHO) model with a sound-like dis­
persion up to Q=O.4 11-1 with the sound velo city vl=1.92 
km/s at 324 K and vl=2.64 km/s at 140K. These results 



are similar to findings in other glass forming systems [2] 
and are presented in more detail elsewhere [4]. 

For the quantitative comparison of neutron and x-ray 
data, we assumed that the coherent structure factor S(Q) 
in the Q-range 0.3-1.5 1-1 is the same (in fact, the first 
sharp diffraction peak at 1.5 1-1 looks quite similar in 
both techniques). The comparison showed good agree­
ment between the two S(Q), assuming about 37 % ofthe 
neutron scattering to be incoherent, corresponding to 96 
% deuteration of the sampie. Using the same factor in 
the inelastic range, one obtains the neutron data points 
in Fig. 1. They agree within statistieal error with the x­
ray fit in terms of the DHO model (the neutrons in that 
case do not suffer from such broad resolution taUs as the 
X-rays). So, using that normalization, the two measure­
ments show a very satisfactory quantitative agreement 
with each other. This comparison normalization agrees 
within 10 % with the usual neutron normalization, using 
sampie and vanadium weights and the theoretical expres­
sions for the Brillouin scattering. 

The comparison shows several dis advantages of the 
neutrons in the Brillouin region: (i) the Brillouin spec­
tra are measured in a limited energy range (smaller than 
6 meV) due to the kinematic limitation; (H) very poor 
statisties (cts/h instead of cts/s for x-rays); (Hi) strong 
multiple scattering contribution at small Q (it is nearly 
half of the signal); (iv) presence of an incoherent contri­
bution even in a deuterated sampie. 

However, the neutron spectroscopy has also significant 
advantages: (i) the results can be presented in absolute 
values due to a weIl estabIished procedure of the nor­
malization to vanadium. The normalization enables a 
quantitative comparison of different measurements and 
with different model predictionsj (ii) combining the mea­
surements performed at different wavelengths one can re­
construct S(Q,E) with very high energy resolution, in our 
case down to 0.1 meV (Fig. 2). 

Fig. 2 shows neutron spectra at 324 K in the interval 
Q=0.3-0.5 ..4.-1 using neutrons of different wavelengths, 
after subtraction of the multiple scattering. For all three 
wavelengths together, the spectrum consists of a central 
quasielastic line with a broad inelastic shoulder in the 
range from 2-4 meV, demonstrating the existence of an 
unexpectedly strong inelastic signal below the Brillouin 
line at 0.4 1-1 . This quasielastic contribution could be 
due to the presence of a relatively fast secondary relax­
ation process in the viscoelastic liquid, evidenced also in 
previous neutron spin echo [5] and Brillouin light scatter­
ing [4] data. The presence of extra intensity in S(Q,E) at 
low energies has also been seen in a simulation of model 

glasses [6]. 
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FIG.2. Combined neutron spectra at Q=OA Ji-l and 324 
K. The line shows the DHO fit. 

In conclusion, the combined analysis of the neutron 
and x-ray data demonstrates that a combination of neu­
tron spectra measured with different wavelengths gives 
the possibility to reconstruct the Brillouin spectra with 
high resolution. The latter is crucial for different model 
predictions, because it opens the range of S(Q,E) to en­
ergies below the Brillouin resonance. 

In fact, our measurement shows that the present con­
cept of a damped harmonie oscillator for the Brillouin 
scattering [2], based on the x-ray evidence alone, is in­
complete. There is a quasielastic coherent signal at small 
momentum transfer, whieh can at present only be mea­
sured by neutrons. The signal demonstrates the exis­
tence of fast picosecond strain fluctuations on a nanome­
ter scale. This result is of central importance for a the­
oretical understanding of disordered matter and should 
be studied further. 
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Designstudien zum ROckstreuspektrometer für den FRM-2 
Verbundtreffen in Potsdam am 26.05.99 
23.89.1 

Kirstein 0.; Prager M.;Johnson M.R.; Combet J. 
Ammonia group rotation in Zn(NH3)412 
OAMS '99, Krakow, Polen 26.09. - 30.09.99 
23.15.0 

Prager M. 
Schiebel P.l; Prager M.; Ritter H.2; Ihringer J.1; Prandl W.1 
1 Institut für Kristallographie, Universität TObingen 
21nstitut Laue-Langevin, Grenoble 
Phase transition in partially deuterated (NX4PdCI6(X= Hl­
yDy) studied by inelastic neutron scattering and diffraction 
methods 
Verbundtreffen in Potsdam am 26.05.99 
23.15.0 

Prager M. 
The thermal time-of-flight spectrometer SV29 at FZ-JOlich: 
focusing in space and time 
Neutron Optics '99 in Villigen am 28.11.99 
23.89.1 

Prager M.; Grimm H.; Parker S.F.l; McGrady S.2 
1 Rutherford-Appleton Laboratories, Chilton, United Kingdom 
2Kings College, London 
Rotational potentials of bridging and terminal methyl groups in 
trimethylaluminum-dimers 
2nd European Conlerence on Neutron Scattering in Budapest 
(ECNS'99) am 03.09.99 
23.15.0 

Pyckhout-Hinten W.; Westermann S.; Botti A.; Urban V.l; 
Richter D.; Straube E,2 
1 ESRF in Grenoble 
2Martin-Luther-Universität, Fachbereich Physik, Halle 
Studies of reinforcement by SANS 
Gordon Research Conference on elastomers, networks and 
gels in New Hamp vom 18.07. - 23.07.99 
23.30.0 

Schätzler R. 
Instrumentierung am FRJ-Il in JOlich 
Deutsche Neutronenstreutagung 1999, Potsdam, 25.-
27.05.1999 
23.89.1 

Willner L.; Poppe A.; AlIgaier J.; Monkenbusch M.; Richter D 
Micellarization of Amphiphilic PEP-PEO Block Copolymers 
Gordon Research Conference on Polymers in Oxford; 04.07.-
08.07.99 
23.30.0 

Willner L.; Poppe A.; Allgaier J.; Stelfbrink J.; Lindner P.l; 
Richter D. 
1 Institut Laue-Langevin, Grenoble 
Aggregation Behavior of Amphiphilic PEP-PEO Block 
Copolymers 
Polymer & Materials Research Symposium in Bayreuth; 11.04 
-13.04.99 
23.30.0 

Zorn, R. 
Absence of ageing effect in the vibrational density of states of 
glass-forming polybutadiene 
Sonderforschungsbereich 262, Workshop Aging Phenomena 
in Glassy Systems, Mainz, 03.12.99 
23.15.0 

Posters 

Abbas B.; Schwahn D.; Willner L. 
Composition Fluctuations in a PB-PS Diblock Copolymer and 
PB-PS Copolymer with a good Solvent 
2nd European Conference on Neutron Scattering, Budapest 
am 03.09.99 
23.30.0 

Borbely S.; Heiderich M.; Schwahn D.; Seidl E.l 
1 Atominstitut Wien, Österreich 
Resolution of the USANS Diffractometer at the FRJ-2 
Research Reactor in Jülich 
2nd European Conlerence on Neutron Scattering, Budapest 
am 01.9.99 
23.30.0 

Crossover from 3d-lsing to Isotropie Lilshitz Critical Behavior 
APS Centennial Meeting in Atlanta, USA am 26.03.99 
23.30.0 

Jakobs B.l, Sottmann T.l; Strey R.1; AlIgaier J.; Willner L.; 
Richter D. 
1 Institut f. Physikalische Chemie, Universität Köln 
Amphiphilic block copolymers: Efficiency boosters for 
microemulsions 
23.15.0 

Kirstein O. 
The use of a phase space transformation chopper system for 
a neutron backscattering spectrometer 
Institut Laue-Langevin, Grenoble, France 04.03 05.03.99 
23.89.1 

Kirstein 0.; Kozielewski T.; Prager M.; Richter D. 
The backscattering spectrometer for the FRM-II reactor in 
Munich 
ECNS'99 in Budapest, Ungarn 01.09. - 04.09.99 
23.89.1 

Koizumi, S.; Annaka M.1; Borbely S.; Schwahn D. 
lChiba University, Japan 
Fractal Structure 01 a Polymer Gel observed by SmaH-angle 
Neutron Scattering over a O-range from 10-5 to 0.1 Ä-1 
2nd European Conference on Neutron Scattering, Budapest 
am 03.09.99 
23.30.0 
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Prager M. 
The layout of the backscattering spectrometer for the FRM-2 
National Institute of Standards and Technology, Washington 
am 16.04.99 
23.89.1 

Prager M.; Kirstein 0.; Kozielewski T.; Richter D. 
The backscattering spectrometer for the FRM-II reactor in 
Munich 
NOP 99, Villigen, Schweiz 25.11. - 27.11.99 
23.89.1 

Schwahn D. 
Möglichkeiten der Neutronenkleinwinkelstreuung gezeigt am 
Beispiel der Synthese von Ti02 Kolloiden in einem mizellaren 
Kern 
Kolloquium zum DFG-Schwerpunktprogramm "Prinzipien der 
Biomineralisation" in Bonn am 20.10.99 
23.30.0 

Schwahn D. 
Phasenverhalten einer binären Polymermischung nach 
Zugabe des entsprechenden Diblockcopolymers 
Experimente mit der Neutronenstreuung 
Frühjahrslagung des Fachverbandes Polymerphysik der DPG 
in Leipzig am 03.03.99 
23.30.0 

Schwahn D. 
Phasenverhalten einer binären Polymermischung nach 
Zugabe des entsprechenden Diblockcopolymers-Experimente 
mit der Neutronenstreuung 
Deutsche Neutronenstreutagung 1999 in Potsdam am 
26.05.99 
23.30.0 

Schwahn D.; Mortensen K.1; Frielinghaus H.1; Almdal K.1 
1 Ris" National Laboratory, Roskilde, Denmark 
3d-lsing and Utshitz Critical Behavior in a Mixture 01 a 
POlymer Blend and a Diblock Copolymer 
2nd European Conference on Neutron Scattering, Budapest 
am 03.09.99 
23.30.0 

Wischnewski A. 
Reptation in polyethylene-melts with different molecular 
weights 
2nd European Conlerence on Neutron Scattering (ECNS'99) 
in Budapest, Ungarn, 03.09.99 
23.30.0 

Patents granted 

AlIgaier J.; Richter D.; Willner L.; Strey R.; Jakobs B.; 
Sottmann T.: 
Verfahren zur Effiziensteigerung von Tensiden bei simultaner 
Unterdrückung lamellarer Mesophasen sowie Tenside, 
welchen ein Additiv beigefUgt ist 
PCT: PCT/DE99/02748 (26.08.99) (EP,US,JP) 
PT 1.1605 G 
23.15.0 

Dohmen L.; Alefeld B.: 
Geschwindigkeitsselektor zur Monochromatisierung eines 
Neutronenstrahls 
DE: 19904562.3 (04.02.99) 
PT 1.1656 
23.89.1 

Sonnenberg K.; Küssel E.; Bünger Th.; Flade T.; Weinert B.; 
Fa. Freiberger: 
Vorrichtung zur Herstelung von Einkristallen 
DE: 19912484.1 (19.03.99) 
PT 1.1680 G 
23.42.0 
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Sonnenberg K.; KOssel E.; Sünger Th.; Flade T.; Wein er! S.; 
Fa. Freiberger: 
Verfahren und Vorrichtung zur Herstellung von Einrkristallen 
DE: 19912486.8 (19.03.99) 
PT 1.1681 G 
23.42.0 

Patents applied for 

Allgaier J.; Richter D.; Willner L.; Strey R.; Jakobs B.; 
Sottmann T.: 
Verfahren zur Effiziensteigerung von Tensiden bei simultaner 
UnterdrOckung lamellarer Mesophasen sowie Tenside, 
welchen ein Additiv beigefügt ist 
PCT: PCT/DE99/02748 (26.08.99) (EP,US,JP) 
PT 1.1605 G 
23.15.0 

Dohmen L.; Alefeld S.: 
Geschwindigkeitsselektor zur Monochromatisierung eines 
Neutronenstrahls 
DE: 19904562.3 (04.02.99) 
PT 1.1656 
23.89.1 

Sonnen berg K.; Küssel E.; BOnger Th.; Flade T.; Weiner! S.; 
Fa. Freiberger: 
Vorrichtung zur Herstelung von Einkristallen 
DE: 19912484.1 (19.03.99) 
PT 1.1680 G 
23.42.0 

Sonnenberg K.; Küssel E.; BOnger Th.; Flade T.; Weinert S.; 
Fa. Freiberger: 
Verfahren und Vorrichtung zur Herstellung von Einrkristallen 
DE: 19912486.8 (19.03.99) 
PT 1.1681 G 
23.42.0 

Lecture courses 

Grimm H. 
Kristallspektrometer: das Dreiachsen- und das 
ROckstreuspektrometer 
SS 99, Neutronenphysikalisches Praktikum, Sept. '99 
23.30.0 

Monkenbusch M. 
Flugzeitspektrometer 
SS 99, Neutronenphysikalisches Praktikum, Sept. '99 
23.30.0 

Monkenbusch M. 
Flugzeitspektrometer und Neutronenspinechospektrometer, 
NSE 
SS 99, Neutronenphysika!isches Praktikum, Sept. '99 
23.89.1 

Prager M. 
Translations- und Rotationsdynamik 
SS 99, Neutronenphysikalischs Praktikum, Sept. '99 
23.30.0 

Richter D. 
Atomkerne als Festkörpersonden 
WS 98, 30. IFF Ferienkurs: Magnetische Schichtsysteme, 
04.03.99 
23.30.0 

Richter D. 
Dynamik Weicher Materie 
SS 99, Neutronenphysikalisches Praktikum, Sept. '99 



23.30.0 

Richter D. 
Korrelationsfunktionen 
SS 99, Neutronenphysikalisches Praktikum, Sept. '99 
23.30.0 

Richter D. 
Struktur und Dynamik fester lonanleiter 
SS 99, Forschungspraktikum in MOnster 
23.30.0 

Richter D. 
Über die Bedeutung der Forschung mit Neutronen 
SS 99, Neutronenphysikalisches Praktikum, Sept. '99 
23.89.1 

Richter D. 
Polymerdynamik 
SS 99, DPG-Sommerschule Soft Condensed Matter am 
27.09.99 in Bad Honne! 
23.30.0 

Schwahn D. 
Kleinwinkelstreuung und Reflexion mit Neutronen 
SS 99, Neutronenphysikalisches Praktikum, Sept. '99 
23.30.0 

Schwahn D. 
Weiche Materie - Struktur 
SS 99, Neutronenphysikalisches Praktikum, Sept. '99 
23.30.0 
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Institute of Electroceramic Materials 

General Overview 

Research Areas 

The research areas of the institute comprise (1) technologies for the integration of electroceramic materials into 
microelectronics and microsystems, (2) dielectric and ferroelectric properties of oxide ceramies, and (3) the 
defect structure in the vicinity of intemal and extemal interfaces in oxides. These areas are complementary to the 
research areas ofthe Institute for Electronic Materials 2 (IWE 2) at the Aachen Technical University (RWTH). 
Project groups often comprise staff members and students from both institutes. 

Integration Technologies 

In 1999, the major event in the area ofthe integration technologies has been the completion ofthe clean room 
and the installation of the equipment. An official opening celebration has been on September, 23th, 1999. The 
deposition of oxide thin films is performed by means of MOCVD (MOCVD = Metal Organic Chemical Vapor 
Deposition) systems. In cooperation with AIXTRON AG, a multiwafer planetary reactor has been installed for 
the development and optimization of (Ba,Sr)Ti03 films. In a first step, systematic parameter studies have been 
performed. Equipment for the electrical characterization of MOCVD processed BST films has been buHt and 
tested as part of an ESPRIT project (HECTOR 300). Our horizontal research MOCVD reactor has been tested by 
the deposition of SrTi03, BaTi03, and PbTi03 thin films and it is now employed for new model systems, such as 
the (Ba,Pb)Ti03 solid solution which allows the materials tuning in a broad range of tetragonal ferroelectric 
distortions. Thin films made by CSD (Chemical Solution Deposition) at the lWE 2 in Aachen were prepared to 
provide high-precision compositional standards for the XRF analysis of the MOCVD films for both, the 
multiwafer planetory reactor and the horizontal reactor. In addition, alternative vaporizer systems have been 
tested. For the patteming of the ceramic films and electrode I ceramic film stacks, Reactive Ion Beam Etching 
(RIBE) and Reactive Ion Etching (RIE) techniques will be employed. In contrast to the situation in the standard 
Si and compound semiconductor technologies, dry etching processes of oxide ceramics have hardly been 
investigated as yet and, hence, represent a research area in whlch basic studies and industrially funded applied 
research can be linked in a beneficial manneT. The RIBE system has been installed in the clean room is currently 
tested for a variety of reactive gases. The integration processes are complemented by metallization methods 
based on electron beam and sputter techniques. Within this area, our studies aim at a better understanding of the 
processes and material parameters which govem the adhesion, the mechanical stress, and the microstructure. 

Dielectric and ferroelectric properties 

The second research area focuses on tlle dielectric and ferroelectric properties of oxide thin films and bulk 
materials, which are being investigated in JOHch as wen as in Aachen. The material systems are based on 
compositions used for practical devices and model systems, e.g. SrTi03, BaTiOl , SrBi2Ta209, Pb(Zr,Ti)03 and 
(Bal_xPbx)Ti03' One of the research topics is the microscopic understanding of ferroelectric hysteresis including 
new approaches for the separation of reversible and irreversible contributions to polarisation based on the 
analysis of frequency~dependent small and large signals. These studies are linked to the aging (imprint) 
phenomenon, Le. the polarisation-dependent shift of the hysteresis curve with time and to the ferroelectric 
fatigue process, L e. the reduction ofthe remanent polarisation by cycling. Both aging and fatigue processes play 
an important role in the operation of the novel non-volatile memories (Ferroelectric Random Access Memories, 
FeRAM). Impedance spectroscopy in the lower GHz regime is employed to determine the relaxation of the 
ferroelectric domain wall motion and to separate this contribution from the contribution of the crystallattice. By 
varying the microstructure of the ceramics and by comparison between bulk ceramics and thin films, the model 
of Arlt will be extended with respect to the impact on 2D constraints imposed by mechanical stress due to the 
presence of substrates. For dielectric ceramics, impedance spectroscopy Is used to elucidate the interrelation of 
extrinsic losses and lattice defects. This activity includes the development and characterization of new 
microwave ceramics and is embedded into a cooperation with the Institute for Microstructural Research (Urban) 
and Norbert Klein's group within the framework of a BMBP-Leitprojekt. In the case of ferroelectric materials, 
existing theories are further developed and extended towards a more quantitative description of the dielectric, 
piezoelectric, and elastic properties. Numericalfinite-element-methods are used to describe the mutually coupled 
mechanical, thermal, and electrical properties of ceramic components such as multilayer capacitors and 
actuators. 

III 



Lattice disorder in the vicinity of internal interfaces 

Our third research area comprises the lattice disorder in the vicinity o/internal intelfaces (grain boundaries) and 
external interfaces (surfaces and electrode interfaces) and their impact on electronic and ionic (oxygen ions and 
protons) charge transport. In the case of acceptor and donor doped titanate ceramics, the studies are focused on 
the formation of space charge depletion layers at grain boundaries as weil as the related potential barriers and the 
transport of charge carriers along and across the grain boundary barrier. A hot-pressing technology has been 
developed to decorate the grain boundary area with additional dopants and to study the influence of these 
artifical grain boundary states. In some material systems, such as titanate-zirconate solid solutions, it is necessary 
to determine the equilibrium constants of the defect reactions and the diffusion constants of the system in order 
to create the basis for the research on interfaces. In this respect, the comparison of bulk ceramics and thin films 
of the same composition is of vital interest. In thin film systems, the significant influence of the electrode metals, 
the unexpectedly high stability under conditions of dc-voltage-induced resistance degradation, as weil as the 
tolerance of the lattice concerning the incorporation of non-stoichiometries represent current research topics. 
Research on electronically conducting perovskites can be divided into studies on semiconducting and on 
metallically conducting oxides. In semiconducting, donor-doped SrTi03, the emphasis is placed on the 
interrelationship between point defects and extended defects involved in oxidation and reduction processes using 
single crystals and ceramics. The metallically conducting manganates and cobaltates are investigated with 
respect to their magnetoresistive and ferromagnetic properties. By comparing epitaxial and polycrystalline thin 
films, the influence of the grain boundaries on charge transport and magnetic properties is studied. Artificial 
grain boundaries have been built and charge transport, including tunneling, across the barriers is investigated. 

"Scaling effects in integrated electroceramic materials"- The HGF-proposal "PICCOLO" 

The proposed HGF-Strategie-Fund Project "Piccolo" is embedded in the information technology program PGI 
(Physikalische Grundlagen der Informationstechnologie) of the Research Center Jülich. Beyond the Institut filr 
Elektrokeramische Materialien (1), the (2) Institut fur Mikrostrukturforschung IMF headed by K. Urban, (3) the 
Theorie 1II, headed by H. Müller-Krumbhaar, and (4) the Ion Technology (IT) group at the Institut ftlr Schicht­
und Ionentechnik headed by S. Mantl are involved. Several external international and international universities 
and research centers participate in "Piccolo", too. The main focus ofthe proposal "Piccolo" is a fundamental as 
weil as applied research on scaling effects of electroceramic materials. Today, typically polycrystalline films 
exhibit grain sizes much smaller than the feature sizes of the microelectronic devices. However, along with the 
sustaining trend towards further miniaturization, the decreasing feature sizes in microelectronic technology will 
approach the typical crystallite sizes of the perovskite-type oxide structures. Specific scaling effects are 
anticipated along this route, due to the long-range nature of the ferroelectric interaction of the oxides involved. 
The project aims at an (I) elucidation of the physical origin of these scaling effects, (2) an exploitation and 
extension of the limits to which the ferroelectric properties and high permittivities of the oxides involved can be 
used, and (3) the development of teclmological design rules for the integration of the perovskite-type oxides on a 
decreasing sc ale. It will combine productiOll-type process and research-type methods. The spectrum of 
designated results of the project comprises (semiquantitative) models for the superparaelectric limit of FE 
oxides, the dead layer at interfaces, the phase stability and segregation processes of perovskite films during 
annealing, the nucleation and growth of films by MOCVD, recipes for the deposition of single grain capacitors 
and ultrathin FE films as weil as for reactive ion etching and a ferroelectric field-effect transistor (FE-FET) as a 
demonstrator. In summary the proposal "Piccolo" is an initiative to pursue resea5rch on the basic properties of 
electroceramic materials under scaling and the relevance of these effects for the integration of perovskite-type 
ferroelectric (FE) oxides into microelectronics. 

Rainer Waser 
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Institute of Electroceramic Materials 
Head: Prof. DrAng. Rainer Waser 

Secretariat: Maria Garcia 
TeL (02461) 61 5811; Fax: (02461) 61 8209 

e-mail: r.waser@fz-juelich.de/m.garcia@fz-juelich.de 

Personnel 1999/2000 and areas of activity 

SCIENT/STS: 

Dr. R.R. Arons 

Dr. H.G. Bohn 

Dr. P. Ehrhalt 

Dr. S. Hoffmann 

Dr. H.H. Kohlstedt 

Dr. W. Krasser 

Dr. P. Meuffels 

Dr. R. Otterstedt 

Dr. Ch. Pithan 

Prof. T. Schober 

Dr. H. Schroeder 

Dr. K. Szot 
Prof. R. Waser 

Structure of magnetoresistive and ferroelectric oxides; charge transport in 
proton conductors 
Mechanical and dielectric relaxation in solids. Impedance spectroscopy. 
Defect chemistry. Electrochemical characterization of ceramic conductors 
MOCVD methods for electroceramical thin films; X-ray diffraction and 
optical spectroscopy 
High-permittivity electroceramic thin films: MOCVD, dielectric properties, 
charge transport, defect chemistry 
Reactive ion beam etching of ceramic and metallic materials, 
superconducting and magnetic multilayers 
Optical excitation-processes in electroceramic materials;light-annealing 
processes 
Processing of electroceramic materials; defect chemistry of electroceramic 
materials 
Development of microwave ceramies; dielectric characterization; 
extrinsic losses in microwave ceramies 
Processing ofhot pressed nanocrystalline and grain boundary decorated bulk 
electroceramics 
High temperature proton conduction, thermogravimetry, impedance spectroscopy, 
transmission electron microscopy 
Technology and properties of (metal) electrodes for electroceramic thin films; 
mechanical properties and electromigration in thin fihns and interconnects 
Study of surface layer of perovskite materials of ABO) structure 
Electronic ceramics and integration of ceramic thin films 

TECHNICAL ENGINEERS: 

H. Bierfeld 
U. Dedek 
DI 1. Friedrich 
DI H. Haselier 
B. Hermanns 
DI H. John 
R. Speen 

Ph.D. STUDENTS 

O. Baldus (TH Aachen) 
F. Fitsilis (TH Aachen) 

Ceramic technology and sputtering techniques 
Electrical characterization of electronic ceramics; design of measuring setups 
Thermogravimetric analysis; Transmission electron microscopy 
Metallization and thin film technology as weil as clean-room technology 
MOCVD, RIBE, sputtering of magnetic materials 
Clean-room technology, microlithography and opticallaboratory; LRP 
Relaxation spectroscopy and electrochemical characterization 

Laser annealing of CSD, MOCVD electroceramic thin films 
Thin film capacitors for future DRAM applications using the MOCVD 
technique 

R. Ganster (TH Aachen) Heterostructures ofTitanate thin films, MOCVD growth and numerical 
simulations 

St. Regnery (TH Aachen) 
J. Rickes (TH Aachen) 

MOCVD planetary reactor processes 
Reconfigurable multimedia processors based on ferroelectric RAM 
(FeRAM) 
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S. Ritter (TH Aachen) 

S. Schmitz, (TH Aachen) 

R. Schmitz (Uni Köln) 
St. Schneider (TH Aachen) 

P. Schäfer (TH Aachen) 

GRADUANTS: 

MOCVD growth of ultrathin ferroelectric thin films and electrical 
characterization 
Influence ofthe contact metaion leakage current and dielectric permittivity 
of electroceramic thin film capacitors 
Magnetic tunnel junctions, fabrication and experiments 
Reactive ion etching (RlE) and reactive ion beam etching (RIBE) of 
ceramic thin films. 
Evaluation of novel MOCVD systems far the deposition offerroelectric 
thin films 

N. Giannas (TH Aachen) Preparation ofstructured SrTi03 thin films and characterization ofthe 
dielectric properties at microwave frequencies 

1. Hövelmann (TH Aachen) Computer control system for a laser annealing device 
L. Kretschmar (TH Aachen) Design of a pulse generator in the kilovolt regime using ahigh voltage cable 

to investigate the switching kinetics of ferroelectric thick films in the 
nanosecond regime 

Ch. Ohly (TH Aachen) lnvestigations ofthe high-temperature conductivity of doped titanate thin 
films 

C. Reinartz (TH Aachen) Characterization of electrodes for electroceramic thin films 
S. Stein (Uni Köln) Double barrier tunnel junctions with ferromagnets/superconductors 

GUEST SCIENTISTS: 

Dr. St. Hwang 
Univ. ofCalifomia (USA) 
Dr. W.Ma 
Southeast Univ., Nanjing 
(China) 
Dr. N. Pertsev 
A .. F. loffe Institute 
St. Petersburg (Russia) 

Polarization switching models in polycrystalline ceramics 

Growth, microstructure and electrical property of ferro- electric thin films of 
perovskite-type oxides by MOCVD 

Theoretical calculations on the effects of strain and stress on the dielectric 
response of ferroelectric thin films grown on the sole substrates 
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Deposition of electroceramic thin films by MOCVD 

P. Schäferl
, P. Ehrhare, F.Fitsilisl, W. Mal, S.Regnery 1,2 

J Institute 01 Electroceramic Materials 
2 AIXTRON AG, Aachen 

We report on the installation oftwo MOCVD reactors for the deposition of electroceramic thin films. The 
frrst system i8 a research type reactor which is based on an AIX~200 reactor and the second one is based 
on an AIX-2600G3 planetary reactor which can handle five 6~inch wafers simultaneously. First results are 
reported for thln films within the solid solution system SrTi03 - (Ba,Sr)Ti03 BaTi03. The binary border 
systems have been investigated with the research too1 and (Ba,Sr)Ti03 deposition parameters for the 
larger production tool are investigated irI cooperation with AIXTRON. 

F&E-Nr: 23.42.0 

Chemical Vapor Deposition (CVD) techniques have been 
widely used for the deposition of thin filrns in rnany fields 
of modem technology and are standard processes in the 
CMOS technology far the deposition of insulators and 
interlayer dielectrics Iike SiOz and SiNx and BPSG glasses. 
F or the processing of many metals special precursors in the 
form of organo-metallic compounds had to be developed in 
order to obtain a sufficient volatility and a special subgroup 
of CVD techniques, MOCVD (Metal Organic CVD), has 
therefore evolved. A large impetus for the development of 
deposition techniques far perovskite type metal oxides came 
along with the interest in High-Tc superconductors. The 
perovskite oxides of interest in electroceramic filrns, i.e. 
high epsilon materials like (Ba,Sr)Ti03 (BST) for advanced 
DRAM concepts [1,2] as weIl as ferroelectric materials like 
Pb(Zr,Ti)03 epZT) and SrBi2Ta209 (SBT) for ferroelectric 
memories[3,4,5] have large1y benefited from this 
development. MOCVD techniques are considered as the 
primer deposition techniques in this field due to their high 
deposition rates, and amenability to large wafer-size 
scaling. Moreover, the need for a high degree of film 
thickness conforrnality over the complex device 
topographies common to ULSI-scale circuits makes 
MOCVD one of the most appealing synthesis methods. 
Rernarkable progress has been achieved in the metal­
organic chemical vapor deposition of thin oxide filrns [3,4]. 
Nevertheless, there is not yet a reliable production tool on 
the market, and rnany details of the involved reactions are 
not under control. We started our investigations with the 
installation of two reactors in our cleanroom facilities: The 
fIrst system is a research type reactor which is based on a 
AIX-200 reactor (fig.l) which is used for fundamental 
studies of the MOCVD process and for the test of new 
components, especially new injection systems, and for the 
deposition of new material combinations. The second 
reactor is based on an AIX-2600G3 planetary reactor which 
can handle five 6-inch wafers simultaneously and is used at 
present for the evaluation of a MOCVD process which is 
reliable enough for large scale production of BST. In spite 
of the differences between these reactors there are basic 
similarities in the design as horizontal gas flow, gas foi! 
rotation of the substrate, and low pressure operation, which 
should allow a direct know how transfer between· the two 
systems. In addition we use liquid precursor delivery 
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systems for bOth reactors i.e., solutions ofBa(thdh, Sr(thd)2 
and Ti(O-iPrh(thdh. 
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FIG.I. Schematic diagram ofthe MOCVD research reactor 

The film thickness was varied between 10 and 100 mn. The 
composition and microstructure of the films were routinely 
investigated by X-ray diffraction (XRD), X-ray 
fluorescence (XRF) analysis, using different calibration 
standards prepared by chemical solution deposition, and 
Rutherford backscattering techniques (RES). 
With the research reactor good filrns of SrTi03 and BaTi03 

have been obtained on 1" xl" substrates of Si, Si02 or Pt. 
In the following we will show some examples for the film 
growth within the multidimensional space of the process 
parameters. 
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FIG.2. Arrhenius plot for the growth kinetics of SrTi03 



Fig.2: shows the deposition rate as a function of growth 
temperature for the SrTi03 thin films grown by MOCVD 
from a source with a molar ration of the precursors of 
(Sr/Tik =1.25. The growth rate increases with increasing 
substrate temperature up to around 700 oe. As indicated by 
the Arrhenius line, the thin film deposition process was 
dominated by a surface-reaction-limited mechanism up to 
700 oe. The 'effective' activation energy for the thin film 
growth was ca1culated to be about 87 kJ/mol. or 0.9 
eV/atom. Further increase ofthe growth temperature above 
700°C leads to a decrease of growth rate, which may be 
attributed to the transition to the to mass transfer limited 
regime and/or adepietion ofthe precursors in the vicinity of 
the reactor inlet zone. 
Fig. 3 shows, for films grO\Vl1 at 700°C, the evolution ofthe 
microstructure as a function of the film stoichiometry. The 
x-ray diffraction patterns show that the film composition has 
a considerable effect on the film structure and crystallinity. 
The SrTi03 thin films grown at 700°C with different film 
composition (Sr/Ti)F' The (Sr/Ti)?0.61 thin film is 
amorphous, while the (Sr/Tik=0.7 and (SrlTi)F=0.83 thin 
films display strong reflections from the pure SrTi03 phase. 
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FIG.3. X-ray diffraction pattern for SrTi03 films deposited 
at 700°C. The films were grown from different precursor 
concentrations and have different stoichiometry. 
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FIG.4. X-ray diffraction pattern for BaTi03 films deposited 
at 635°C. The films were grown from different precursor 
concentrations and have different stoichiometry. 

BaTi03 fihns behave in many respects very similar there is, 
however, a strong tendency for the formation of carbonate 
phases as demonstrated by the lowest curve in figure 4. 
BST is one ofthe prime candidates as a high-k-dielectric in 
future DRAM memory cells, however, this material will 
only be implemented into ULSI-devices if suitable 
production processes are avalable. Most of the advanced 
reactors intended for mass production presently use 
showerhead designs and we investigate as a comparison the 
performance of a planetary multi-wafer reactor. As a direct 
consequence of the reactor design we obtain effidendes for 
the precursor incorporation (i.e., 40% for Ti and 20-30% 
for Ba, Sr) which are much higher than those of ",10% 
reported for showerhead reactors (fig.5) and therefore 
promise a big advantage in the cost of O\Vl1ership. 
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FIG.5. Efficiency ofthe precursor deposition at different 
deposition temperatures within the planetary reactoI. 

In addition we obtain a high uniforrnity of the films over 6 
inch wafers, i.e.: a few percent deviation in thickness and 
off-stoichiometry. However, further optimization of the 
processes are necessary for a optimal stoichiometry contro! 
as weIl as process reproducibility and stability for an 
application as a production tooL 
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Anomalous behaviour of thermally reduced SrTi03• 
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Anomalous behaviour in the electrical conductivity and optical absorption is observed for thennally 
redueed single crystals of (lOO)SrTi03 after prolonged annealing. Secondary ion mass spectrometry of 
tracer diffusion (re-oxidation with 180) confirm that trus behaviour is related to a decrease of the density 
of vacancy defects in time, indicative of an annihilation of defects by some type of "self-oxidation" 
either by local redistribution of oxygen or induced structural changes. 

F&E-Nr.23.420 
The defect structure of the perovskite of AB03-type 
is traditionally described in tenns of point defect 
chemistry [1]. The concentration of oxygen 
vacancies and non-stoichiometry in the AO­
sublattice are determined in a routine manner by 
measurement of the so-called equilibrium electrical 
conductivity in dependence of the partial pressure 
of oxygen and temperature. Tbe use of point defect 
chemistry however relies on the assumption of an 
ideal solution of the dcfccts in an otherwise 
homogeneous materiaL Hut according to recent 
studies, structura1 imperfections of perovskite 
crystals in the so-called skin region with an 
unusually high density of dislocations [2] and thc 
formation of non-perovskite phases on the surfaces 
and in the near-surface region at elevated 
temperatures [3] may affect the macroscopic 
properties. This raises the question to what extent 
the electrical characteristics at elevated 
temperatures of the perovskite are influenced by 
these factors. 
Single-crystalline SrTi03 has been chosen to serve 
as model substance for the perovskite of ABOr 
type. Figure la represents the characteristic 

behaviour of the electrical conductivity on thennal 
reduction at elevated temperatures. On a sudden 
change of oxygen partial pressure the resistivity 
reaches a plateau after relatively short time which is 
taken as a measure of the equilibrium concentration 
of defects (based on the assumption of a constant 
mobility of charge carriers) [4]. Tbe ohserved 
behaviour is typical for sampies which have been 
exposed previously to various reducing or oxidising 
conditions at elevated temperatures (ill-defmed 
thennal history). In contrast, measurements of the 
electrical conductivity of virgin crystals (as 
received) show a eompletely different behaviour. 
As can be taken from figure lb, the resistivity 
decreases as expected for a sudden exposure to 
reducing conditions, but shows an increase for 
prolonged annealing. This behaviour implies that 
the crystal does not reach immediately an 
equilibrium and that several counteracting 
processes are involved. Electrical measurements 
may be influenced by segregation phenomena such 
as electrochemical segregation or formation of 
space charge, especially near the metal/sample 
interface. 

FIG.I. Behaviour 0/ electrical resistivity 0/ SrTi03 at elevated temperatures as a result 0/ a change in partial 
pressure 0/ oxygen: a) crysta/s with ill-defined thermal history (adapted from [4]), b) virgin single crystals 
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However, the same general trends in the apparent 
concentration of defects are conf1l1lled by optical 
measurements (without extemal field and 
electrodes). As can be taken from figure 2, the sub­
gap absorption rises at first as a consequence of 
exposure to reducing conditions (point II in fig Ib), 
but decreases again after e:ll.1ensive annealing 
(compare with point III in fig Ib). 

along extended defects, well known for other 
perovskite such as CaTi03 or KNb03. 
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FIG. 2. Optical absorption spectrafor 
a: as-received single crystaJs, 

SIMS, SrTi0
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FIG. 3. Depth profile for 180 for sam pies re­

oxidized in 180-atmosphere after short (a) 
and prolonged (b) reduction, with 
reference 10 the natural background level 
of8Q obtained for as-received crystals 
without he at-treatment. 

10 

b: sampIes reduced in HV for short fime 
corresponding 10 point 11 in jig i band 
c: for extensive annealing in ffi/ 
corresponding to point III infig. ib. 

These extended defects may play the key role in 
understanding the observed anomalous behaviour 
of reduced crystals. The above-mentioned high 

Whereas the absorption spectra shown in fig. 2 density of such defects in the skin region of SrTi03 
gives evidence for a decreasing number of defects and their role as fast di:Jfusion paths allow the easy 
for long reduction times the concomitant decrease genemtion of oxygen vacancies in deeper regions of 
of the carrier concentration has been confirmed by the crystals. In the first stage, oxygen vacancies 
IR reflection measurements. More detailed analysis form along these extended defects beside those 
of the optical absorption allowed to determine that formed directly at the surface/atmosphere interface. 
the largest contribution of the sub-gap absorption However, the additional redistribution of srO-
stems form the outer portions of the crystals (skin complexes and subsequent formation of non-
region). Further information about the nature of the perovskite phases such as Ti02_x and SrO-rich 
processes involved can be obtained by !mcer Ruddlesden-Popper phases give rise to a 
di:Jfusion (180) and analysis of the depth profiles by heterogeneous layer structure in the near-surface 
secondary ion mass spectrometry. Considering the region (ranging from a few um to several tens of 
amount of 180 incorporated into the crystals by re- um) which may establish a barrier offurther oxygen 
oxidation experiments, the depth profiles given in transport in time. The apparent decrease in the 
figure 3 reveal that the density of available defects density of oxygen vacancies for prolonged 
is substantially lowered for SrTiÜ:3 after extensive annealing within the crystal must then be reiated to 
annealing, both near the surface as weIl as in deeper a type of "self-oxidation", either due to a Iocal 
portions of the sampie. This is in contrast with the redistribution of o:\.rygen or, more likely, the 
standard picture which assumes that the amount of annihilation of vacancies by a shearing mechanism 
oxygen vacancies generated as a consequence of weIl known for the binary transition metal oxides 
the reduction process should continue to rise or such as Ti02_x. Further studies on the microscopic 
should remain constant after finally reaching its scale combining modem surface and micro-
equilibrium density. The deep penetration of the analytical tools will be necessary to provide a 
180-tmcer (tails of tlle depth profiles) is particular detailed description of the complex processes 
noteworthy as it is related to fast di:Jfusion paths involved. 
1 R.Waser and D.M.Smyth in "Ferroelectric Thin Films: Synthesis and Basic Properues", p. 584, Gordon and 

Breach, USA (1994) 
2 R. Wang, Y. Zhu, and S.M. Shapiro, Physical Review Letters 80,2370 (1998) 
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Tunnelmagnetoresistive elements for memory applications 
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Abstract - Ultraviolet assisted oxidation has been applied to oxidize the barriers in ferromagnetic tunnel 
junctions. It is shown, that this method produees junetions of good quality with an area resistance in the 
order of 0.1 to 100 kOlJm2

• This results in resistance ranges attractive for large seale integration applica­
tions, i.e. the non-volatile magnetie random aecess memory applieation. The fabrication proeedure using 
magnetron sputtering, ion beam etching and lithography will be explained in detail. 

F&E-Nr: 23.42.0 

Magnetie tuunel junetions (MTJ) show a large magne­
toresistive effeet. These devices eonsist of ferromagnetic 
top and bottom metal eleetrodes separated by an insulating 
layer. If a magnetie field is applied to the multilayer and 
tums the relative orientation of the magnetization from 
parallel to antiparallel, a change in the magnetoresistanee 
(LlRIR> 20 %) is observed. The insulator (tunnel baITier) is 
formed by depositing a 1.0 mn to 1.5 mn thin alunrinum 
film on the ferromagnetie bottom layer and a subsequent 
oxidation proeedure. Magneto Random Aeeess Memory is 
one of the main potential applieations of MTJs [1,2]. In 
contrast to the GMR-effeet the TMR effeet shows higher 
values of resistanee ehanges and is thus more favorable for 
applieations. 

We present a different method for fabrieating tunnel 
junetions by oxidizing with the assistanee of an uitravioiet 
lamp. The tunnel barrier is made of a thin sputtered alurni­
num film which is usually oxidized by an oxygen plasma. 
This results in a very high area resistance (RA). Especially 
in memory applieations, where the highly integrated ele­
ments are in the sub-11m region this is undesirable. On the 
other hand the R·A-produet is too small when using thermal 
oxidation. In our ease we followed the idea by Fritsch et al. 
[3] who described the in situ oxidation with ultraviolet light 
illurnination. This method seems to be easy on the junetion 
and we receive the appropiate low area resistances of 
0.1...100 kOllm2

• 

Fig. 1 Schematic cross section oJ a magnetic tunnel 
junction. 

The sampies are prepared by sputtering on thermally oxi­
dized Si wafers. The ferromagnetic bottom electrode eon-
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sists of a 19 nm Co thin film, whieh is dc-magnetron sput­
tered. The Al thin film (about 1.3 mn) for the barrier is rf 
sputtered and then oxidized, assisted by a low-pressure­
mereury-Iamp (4 W). It emits wavelengths of 185 mn 
(ozone generating) and 254 nm in the ultraviolet range. The 
generation of ozone is probably not the dominating effect 
but the proeess proposed by Cabrera and Mott [4] based on 
the photo eleetrie effeet: During thermal oxidation of 
alunrinum, eleetrons tunnel through the forrning oxide layer 
and surface eharges are formed. A resulting field pulls 
positive alunrinum ions through the barrier. The oxide 
growth stops as soon as the eleetrie field aeross the barrier 
i5 too small for moving the Al ions. UV light excites further 
eIectrons in the metal which pass through the barrier and are 
trapped at the surface. Inereasing the surface eharges by the 
UV -light, and thus the electrie field yields to a larger 
limiting thickness. 

The oxygen pressure in the chamber i8 varied between 1 
and 100 mbar. Oxidation time is usually within a few min­
utes up to one hour. The top electrode is a sputtered per­
malloy (Ni8IFeI9) layer (18 mn) followed by a gold wiring 
layer. 

The strueture is patterned by optical Iithography and ion 
beam etehing (IBE). End point detection is provided by a 
seeondary ion mass spectroscopy (SIMS). A self-aligned 
process is used to define the junetion. The same photomask 
is used for etehing through the top electrode and depositing 
the SiO insulator with "lift-off' teehnology. 

UV-Oxid.lion. A=10xl0pm'. R=2.Z I<Q 

--~IO 
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Fig. 2 Magnetoresistance plot at room temperature 
Processing 3"-wafers with the same oxidation time of one 

hour, but different oxygen pressures between 1 and 100 
mbar show, that the highest TMR -effeet is produeed at 10 



mbar. It is also seen that aIl of the MTJs across the wafer 
show tunneling I-V-curves as weH as AR/R > 10%. 

[1] BMBF-Leitprojekt "Magnetoelektronik" together with 
Siemens Erlangen (ZT MF 1), 13N7380/4 

[2] HGF-Strategiefond "Magnetoelektronik" together with 
ISIand IGV 

[3] L. FritschetaL Physica C, 296 (3-4):319,1998 
[4] N. Cabrera and N.F. Mott, Rep. Prog. Phys. 12:163, 
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Ba-zirconate: an important high temperature proton conductor 

T. Schober, H.G. Bahn 

1 Institute Jor Electroceramic Materials 

Abstract - High temperature proton conduction in ceramics is a potentially very useful property which 
may be used in fuel cells and sensors. In this department perovskitic proton conductors are investigated. 
Typical representatives are Ba3CausNbL8209." and Y-doped Ba and Sr zirconates. 

F&E-Nr: 23.90.0 

Perovskite-type cerates and zirconates of the form AB03 

(A=Ba, Sr; B=Ce, Zr) are known to dissolve significant 
amounts of water when doped with tri valent elements such 
as Y or Yb. Because the protons are mobile these systems 
become good proton conductors at elevated temperatures 
(high temperature proton conductors, HTPCs). It has been 
reported that cerates are better HTPCs than zirconates, and 
the best proton conducting system known up to now was 
BaCe03:5% Y. The disadvantage of this system (and in 
general all cerates) is that it becomes chemically instable in 
COrcontaining atmospheres as it readily forms carbonates. 
This prohibits applications as electrolytes in SOFCs or 
hydrogen sensors. Thus research activities (in particular in 
this institute) have concentrated in recent years on a new 
family of HTPCs, namely complex perovskites of the form 
A)B;+rB;_P"-,) and here in particular on Ba3Cal.lsNbI.S209.1) 

(BCN18). This material is now weil understood in many 
details and turned out to be a HTPC with electrical 
conductivity (in the grain interior) rather elose to that of Ba­
cerate. However, drawbacks of this system are unfavorable 
grain boundary properties such as high impedance, blocking 
of proton transport, and formation of cavities at tbe grain 
boundaries in reducing environments. 
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Fig. l.Equilibrium constant of water uptake reaction vs Irr 

Concentrating on another promising system ccramic 
sampies of BaZrO.9YO.l03 were prepared using the mixed­
oxide route. Surprisingly, proton uptake up to 8% (the 
theOl'etical limit being 10%) was observed by in SÜll 

thermogravimetry. Fig.l shows the equilibrium constant of 
the water uptake reaction vs Irr.Good linearity is observed. 
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From tbe data we extract a dissolution energy of (­
O.77±O.03) eV and an entropy of (-ü.9±O.1)xIO·3 eV/K. 
Of prime importance in considering the quality of such a 
HTPC are the transport numbers in oxidizing and reducing 
atmospheres which were extensively investigated in this 
work. As an example, we show in Fig. 2 the proton 
transport number measurement at 400°C for BZYIO in 
reducing atmosphere. Nernst's law is almost perfectly 
obeyed here. 
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Fig. 2. Nernst voltages of a hydrogen concentration cell 
from which a proton transport number of roughly unity is 
deduced for reducing conditions.(BZYlO). 

BZYlO was also investigated as an electrolyte for a fuel cell 
operation.As shown in Fig. 3, EMFs were observed which 
were roughly 20% below the theoretically expected values. 
This result demonstrates that rather large losses are 
produced by electronic (hole) conduction which makes this 
cOmpOsItlOn rather unattractive for a commercial 
application as a fuel cell electrolyte. 

Proton induced amorphization of BCN18 
In different experiments the interaction of HTPCs with 
weak acids or aquous media at room temperature was 
investigated.Again thc prototypical compound BCN18 was 
used. Exposure of plates of BCN18 to such weak acids or 
evcn to water produced an amorphous surface layer which 
may extend several 11m into the solid. An analysis of various 
experimental techniques resulted in the following 
mechanism for tbe amorphization: protons enter into the 
BCN18 structure and take part in ion exchange processes 
with the A-site cations. Ba and Ca migrate along internal 



planar defects to the surface and go into solution. The 
remaining structure of water-rich Nb oxide, presumably 
HNb03, collapses in an amorphous structure since thermal 
activation for crystallization is missing. Fig. 4 shows the 
increase in the amorphous background observable in 
powder X-ray diffraction when BCN18 is exposed to 
aqueous environments (details in caption). 
The above mechanism provides a novel pathway for the 
introduction of protons into such oxides. Finally, it is very 
probable that many perovskites show such detrimental 
effects from the interaction with environmental water. 

Fig. 3.0pen cell voltage of a fuel cell using BZYlO as an 
electrolyte. Anode hydrogen pressure between 50 and 500 
mbar, cathode: moist air. Theoretical voltage for an ionie 
transport number of unity is also shown. 
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Fig. 4.Change in powder diffraction pattern of BCN18 
when exposed to 5% HCI for 3 min at room temperature 
(uppermost curve), after exposure to hot water far 1 h 
(center). Dry reference curve:below. A drastic increase of 
the amorphous background is observed. 
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Sr(ZrO.8CeO.2)0.8InO.20«3-x) 
Solid State lonics 125 (1999) 319 
23.90.0 

Schroeder H. 
Stress and electromigration-induced voiding and its correlation 
to macrascopic stress changes . 
Materials Research Scoeity (MRS) Symposium Proceedings 
516 (1998) 237 
23.42.0 

Shur, V.Ya.; Blankova E.B.; Subbotin A.L.; Borisova E.A., 
Poelegov D.V.; Hof/mann S.; Bolten 0.; Gerhardt R.; Waser R. 
lofluence 01 crystallization kinetics on texture of sol-gel PZT 
and BST thin films 
J. Europ. Ceram. Soc. 19 (1999) 1391-1395 
23.42.0 

Szot K.; Czyrska-Filemonowicz Al; Wasilkowska Al; 
Quadakkers W.J.2 
1 Univ. of Mining and Metallurgy, Faculty of Metallurgy and 
Materials Science, Krakow, Poland 
2 Institut for Materials in Energy Systems, FZJ 
Microscopy (AFM, TEM, SEM) studies of oxide scale formation 
on FeCrAI based ODS alloys 
Solid State lonies 117 (1999) 13 

Szot K.; Speier W.1 
1 Institut für Chemie und Dynamik der Geosphäre, FZJ 
Surfaces 01 reduced and oxidized SrTi03 lram atomic force 
microscopy 
Phys. Rev. B60 (1999) 5909 
23.42.0 

Szot K.; Waser R.; Meyer R.1 
1 Institut für Werkstoffe der Elektrotechnik, RWTH Aachen 
Restructuring the surface region of donor doped SrTi03 single 
crystals under oxidizing conditions 
Ferroelectrics 224 (1999) 323 
23.42.0 

Waser R. 
Modeling of Electroceramics - Applications and Prospects 
J. European Ceramic Society 19 (1999) 655 
23.42.0 

Waser R.; Bolten 0.1; Hoffmann M.l; Hasenkox U.1; Lohse 
0.1 
1 Institut für Werkstolfe der Elektrotechnik, RWTH Aachen 
Chemicaf solution deposition (CSD) and characterization of 
the solid solution series Ba(1-x)Pbx(Ti,Mn)03 
Ferroelectrics 225 (1999) 117 
23.42.0 



Waser R.; Bolten 0.1; Lohse 0.1; Grossmann M.1 
1 Institut fOr Werkstoffe der Elektrotechnik, RWTH Aachen 
Reversible and irreversible domaln wall contributions to the 
polarization in ferroelectrie thin films 
Ferroelectrics 221 (1999) 251 
23.42.0 

Waser R.; Grossmann M.1; Lohse 0.1; Bolten 0.1; Hartner 
W.2; Schindler G.2; Nagel N.2; Dehm C.2 
1 Institut fOr Werkstoffe der Elektrotechnik, RWTH Aachen 
21nfineon AG, München 
Origin of imprint in fefroelectric CSD SrBi2T a209 thin films 
Mat. Res. Soc. Symp. Proc. 541 (1999269 
23.42.0 

Waser R.; Hagenbeck R.1 
1 Institut für Werkstoffe der Elektrotechnik, RWTH Aachen 
Detailed temperature dependence of the space charge layer 
width at grain boundaries in acceptor-doped SrTi03-ceramics 
J. Europ. Ceram. Soc. 19 (1999) 683 
23.42.0 

Waser R.; Hasenkox U.1 
1 Institut für Werkstoffe der Elektrotechnik, RWTH Aachen 
Microstructure and properties of highly oriented PZT thin films 
on epitaxial ceramic electrodes prepared by CSD 
Ferroelectrics 225 (1999) 107 
23.42.0 

Waser R.; Hasenkox U.1; Mitze C.1; Arons R.R.; Pommer J.1; 
Güntherodt G. 
1 Institut für Werkstoffe der Elektrotechnik, RWTH Aachen 
2 RWTH Aachen 
J. Electroceramics 3 (1999) 255 
23.42.0 

Waser R.; Prume K.1; Leuerer T.1 
1 Institut fOr Werkstoffe der Elektrotechnik, RWTH Aachen 
3-dimensional FEM simulations of resonances in the 
impedance characteristics of ceramic muftilayer capacitors 
Ferroelectrics 224 (1999) 185 
23.42.0 

Invited talks 

Ehrhart P. 
Deposition of electroceramlc thln films by MOCVD 
16th Umbrella Symposium, Aachen, 08.-12.11.1999 
23.42.0 

Harlner W.1; Schindler G.1; Weinreich V.1; Ahlstedt M.1; 
Schroeder H.; Waser R.; Dehm C.1; Mazure C.1 
1 Siemens AG, München, Germany 
Influence 01 dry etching using argon on structural and 
electrical properlies of crystalline and non-crystalline 
SrBi2Ta209 thin films 
11th Int. Symp. On Integrated Ferroelectrics (ISIF), 1999, 
Colorado Springs (USA), 07.-10.03.1999 
23.42.0 

Hoffmann S. 
Leakage current and resistance degradation of doped 
(Ba,Sr)Ti03 thin films 
School of Conduction and Breakdown, Chateaux d'Oex, 
28.02.-02.03.1999 
23.42.0 

Hoffmann S.; Grossmann M.1; Waser R. 
1 IWE, RWTH Aachen, Germany 
Leakage current and resistance degradation behavior of 
doped (Ba1-xSrx)Ti03 thin films for DRAM applications 
11th Int. Symp. Integrated Ferroeleclrics, Colorado Springs, 
Colorado, USA, 07.03.-10.03.1999 
23.42.0 

Hoffmann S.; Was er R. 
High permittivity dielectrics: from bulk ceramies 10 Ihin films 

41th Electronic Materials Conference (EMC), Santa Barbara, 
California, 30.06.-02.07.1999 
23.42.0 

Schober T.; Bohn H.G. 
Electrochemical characterization and impedance of the high 
temperature proton conductor BaZrO.9YO.102.95 
6th Euroconference on Solid State lonics, Cetraro, Italien, 
16.09.1999 
23.90.0 

Schober T.; Friedrich J. 
The proton conductor Ba3Ca1.18Nb1.8209-( (BCN18): Effect 
of reducing enviroments 
12th Int. Conf. Solid State lonies, Halkidiki, Griechenland, 
10.06.1999 
23.90.0 

Schober T.; Szot K.; Barton M.; Kessler B.; Breuer U.1; 
Penkalla H.J.1; SpeierW.1 
1 Zentralinstitut für Chemische Analysen, FZJ 
Cation loss of the proton conduclor BaCaO.393NbO.60602.91 
in aqueous media: amorphization at room temperature 
6th Euroconference on Solid State lonies, Cetraro. Italien, 
18.09.1999 
23.90.0 

Schroeder H. 
On the interpretation of leakage current: Models for thin films 
School on Conduction & Breakdown, Chateaux d'Oex 
(Schweis),28.02.-02.03.1999 
23.42.0 

Waser R. 
"Elektrokeramische Dünnschichten in der Mikroelektronik­
Chancen und Perspektiven" 
Universität Augsburg, 21.05.1999 
23.42.0 

Waser R. 
Delect chemistry and charge transport in perovskite-type thin 
films 
School on Conductivity and breakdown. Cheateau d'Oex. 
Schweiz, 28.02.-02.03.1999 
23.42.0 

Waser R. 
Frequency dependence of the coercive voltage of ferroelectric 
thin 1iIms 
MRS Fall Meeting, Boston, 28.11.-03.12.1999 
23.42.0 

Waser R. 
Modeling of Electroceramics - Applications and Prospects 
Hebrew University, Jerusalem, Israel 10.01.1999 
23.42.0 

Waser R. 
Modeling of Oxide Materials for Memory Applications 
41st Electronic Materials Conference, Santa Barbara, 30.06.-
02.07.1999 
23.42.0 

Waser R. 
Neue keramische Materialien in der Informationstechnik von 
morgen 
9. Tag für Wissenschaft und Wirtschaft, IHK Köln, 19.08.1999 
23.42.0 

Waser R. 
Preparation and Fatigue Behaviour of PZT Thin Films with P­
and N-Type Conducting Oxide Electrodes 
11th Int. Symp. on Integrated Ferroelectrics, Colorado 
Springs, 06.-10.03.1999 
23.42.0 
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Waser R. 
Transport Properties of Ferroelectric Thin Films 
9th European Meeting on Ferroelectricity (EMF-9), Praha, 12.-
16.07.1999 
23.42.0 

Posters 

AHen C.W.1; Schroeder H.; Hiller J.M.1 
1 Madison Area Techn. Coll., Madison 
In situ study of dislocation behaviour in columnar of AI thin 
films on Si-substrate during thermal cycling 
MRS Fall Meeting 1999, Boston, Symp. V "Thin Films­
Stresses and Mechanical Properties VIII, 30.11.1999-12-19 
23.42.0 

Emtsev V.V.1; Ehrhart P.; Poloskin D.S.1; Dedek U. 
1 10FFE Institut, SI. Petersburg, Russia 
Electron irradiation of heavily doped silicon: group-III impurty 
ion pairs 
20th Int. Conf. Defects in Semiconductors, ICDS-20, Berkeley, 
CA, 26.07.-30.07.1999-12-19 
23.55.0 

Schroeder H.; Allen C.W.1; Hiller J.M.2 
1 ANL, Argonne, USA 
2 Madison Area Techn. Coll., Madison, USA 
In silu study of dislocation behaviour in columnar of AI thin 
films on Si-substrate during thermal cycling 
MRS Fall Meeting 1999, Boston Symposium V "Thin Films­
Stresses and Mechancial Properties VIII", 30.11.99 
23.42.0 

Patents granted 

SpeierW.; Szot K.: 
ASOa Perowskit mit Stufe 
DE: 19808778 (01.06.99) 
PT 1.1563 
23.42.0 

Patents applied for 

Saldus 0.; Waser R.; Krasser W.: 
Lasersyslem mit steuerbarer Pulsdauer 
DE: 199 (.12.99) 
PT 1.1754 
23.42.0 

Saldus 0.; Waser R., Krasser W.: 
Verfahren zur Herstellung einer kristallisierten keramischen 
Schicht durch Laser-Annealing 
DE 199 (.12.99) 
PT 1.1755 
23.42.0 

Grossmann M. 1; Hoffmann S.; Siowak R.1; Waser, R. 
1 Institut für Werkstoffe der Elektrotechnik 
Keramischer Mehrlagen-Dünnschichtkondensator 
PT 1.1560 
Deutsche Patentanmeldung 198 06 002.5 
23.42.0 

Hoffmann S.; Was er R.; Siowak R.1; Uedtke R.1 
1 Institut für Werkstoffe der Elektrotechnik, RWTH Aachen 
Dünnschichtkondensator 
Deutsche Patentanmeldung 199 42 341.5 

Kohlstedt H.H. 
Speicherkondensator 
Deutsche Patentanmeldung 19932844.7 
23.42.0 

Kohlstedt, H.H.; Roltländer P. 
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Verfahren zur Herstellung eines magnetischen 
Tunnelkontaktes sowie magnetischer Tunnelkontakt 
DE 19938215.8 
23.42.0 

Rickes J.; Tiedke S.1 
1 Institut für Werkstoffe der Elektrotechnik, RWTH Aachen 
Ein-/Ausleseverfahren zur Speicherung/Ausgabe eines 
Signalmusters unter Verwendung eines dynamischen 
Halbleiterspeichers 
Deutsche Patentanmeldung 199 40 923.4 
23.42.0 

Speier W.; Szot K.: 
AB03-Perowski mit Stufe 
PCT: PCT/DE99/00587 (25.02.99) (EP,US,JP) 
PT 1.1563 
23.32.0 

Szot K., SpeierW.1 
1 Institut für Chemische Analysen 
Teleskopartiger Mikromanipulator mit Piezomaterialien 
Deutsche Patentanmeldung 199 16277.8-15 

Waser R.; Baldus 0.; Hoffmann S.; Schuster A.: 
Verfahren zur Herstellung einer oder mehrer kristallisierter 
keramischer Dünnschichten sowie Bauelement mit einer 
solchen Schicht 
PCT: PCT/DE 99/00478 (15.02.99) (EP,US,JP,KR) 
PT 1.1557 
23.42.0 

Lecture courses 

Ehrharl P. 
Präparation dünner Schichten: Molekularstrahlepitaxie 
30. IFF-Ferienkurs "Magnetische Schichtsysteme in 
Forschung und Anwendung", 01.03.1999 
23.42.0 

Ehrhart P.; Lüth H.1, ManU 8.1 
1 Institut für Schicht- und Ionentechnik 
Physik moderner Halbleiterbauelemente 
RWTH Vorlesung SS 99 
23.42.0 

SchoberT. 
Untersuchung von Materialien mit Elektronen- und 
Röntgenstrahlen 
RWTH Aachen, WS 1999/2000 
23.42.0 

Schroeder H. 
Neue Materialien und Bauelemente für die Informationstechnik 
I 
RWTH Aachen, WS 1999/2000 
23.42.0 

Schroeder H. 
Theoretische Metallkunde I 
RWTH Aachen, WS 1999/2000 
23.42.0 

Schroeder H. 
Theoretische Metallkunde I 
RWTH Aachen, WS 98/99 
23.42.0 

Waser R. 
Vorlesung Werkstoffe der Elektrotechnik 
Sensoren und Sensormeßtechnik 1+11 
RWTH Aachen 

Waser, R.; Ehrhart P., Hoffmann S.; Kohlstedt H.H.; 
Schroeder, H. 



Neue Materialien und Bauelemente tor die Informationstechnik 
I 
RWTH Aachen, WS 1999/2000 
23.42.0 

Internal reports 

Schroeder H. 
Leckstromeigenschaften elektrokeramischer Dünnschichten 
Seminar des Instituts tor Werkstoffe der Elektrotechnik der 
RWTH Aachen, 27.10.1999 
23.42.0 

Waser R. 
Chancen und Perspektiven elektrokeramischer Materialien in 
der Informations- und Sensortechnik 
IFF-Kolloquium, 05.02.1999 
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Institute ror Microstructure Research 

General Overview 
The Institut fiir Mikrostrukturforschung (Institute for Microstructure Research) is working in a number of scientific fields. 

These were selected with an emphasis on modem-materials aspects, on the importance of an atomistic and microstructural 
understanding for materials performance and, if possible, on the possibility of an evolution of research into technical devices. 
The goal is an interdisciplinary research group working on a spectrum of scientific problems sufficiently wide to allow a 
flexible and rapid reaction to new scientific developments. In some of these fields the competence should span the whole 
range from materials preparation via basic physics investigations to technical devices. In others access to interesting materials 
and device problems is provided by qualified collaborations inside and outside the Jülich research centre. Besides this gen­
eral-physics and technology part of the institute there is a second part of special competence. This is the structure research by 
means of modem transmission electron microscopy and scanning tunnelling microscopy. This work is carried out within the 
Centre for High-Resolution Electron Microscopy. It is operated by the institute and serves a wider community ofusers. 

Research Fields 
The research fields can be characterised as follows: 
(1) Ceramic Superconductors: Here the emphasis is (a) on thin-fiIm and heterostructures production, Josephson effects, and 

their application in magnetometer systems and spectroscopic techniques. 
(2) Semiconductors: Here the emphasis is on III-V compounds. In collaboration with various research groups we are 

studying, mainly by transmission eIectron microscopy, the growth of thin films and heterostructures and problems related to 
the production and application of low-temperature GaAs. Another topic is the study of electronic states in compound semi­
conductors by scanning tunnelling microscopy employing a technique pioneered in our group. It permits, via the detection of 
the far-reaching Debye screening cloud at the surface, an investigation of charged doping or impurity atoms in the bulk ofthe 
sampies. 

(3) Metallic Alloys: These are at present quasicrystalline alloys and related normaicrystalline approximants. We are grow­
ing large single-quasicrystals for our own research but also for users world-wide, in particular for the participants in the DFG 
priority program on quasicrystals. Our own work on quasicrystals and approximants concentrates on phase-diagrams, plas­
ticity and surface physics. 

(4) Electroceramics: In the field of electroceramic materials we take advantage of our long-standing experience with re­
spect to perovscitic materials both in preparation and in microstructure research by me ans of transmission electron micros­
copy. In collaboration with the Institut tUr Electrokeramische Materialien (Prof. Was er) we dedicate a large research capacity 
to the investigation of the structural aspects of the production and properties of electroceramic thin films. 

(5) High-Resolution Electron Microscopy: Although in the beginning primarily considered as a tool for high-quality mate­
rials investigations the theoretical, methodical and technical aspects of atomic-resolution transmission electron microscopy 
have in recent years become one ofthe central fields of interest of our group. We have developed special competence in the 
theory of high-resolution electron microscopy. Advanced application packages for the exit wave-function reconstruction are 
installed and serviced by us worId-wide. Since 1991 and 1997 we have in collaboration with EMBL Heidelberg and Techni­
cal University of Darmstadt developed the word's first aberration-corrected transmission electron microscope with record 
resolution, 1.3 A at 200 kV. These developments are continued (see below). 

Equipment 
The institute has at its disposal sputtering deposition machines, some of them with three-target facilities w~1ich were devel­

oped and built in the institute for the high-quality deposition of ceramic superconductor thin films and heterostructures. For 
device production local clean room, structuring and packaging facilities are available. 

The institute operates together with the Institut für Streumethoden (Prof. Brückel) the laboratory for crystal-growth which 
was part ofthe former Institut für Materialentwicklung (Prof. WenzI). This permits to maintain part ofthe outstanding exper­
tise in the field of crystal growth for the benefit ofthe whole Department. 

The institute operates the Jülich Centre for High-Resolution Electron Microscopy with two 400 kV JEOL machines of the 
type 4000 EXIFX, a JEOL 2000 EX, a PHILIPS CM20 FEG, the spherical-aberration corrected PHILIPS CM200 FEG and a 
JEOL 840A scanning microscope. 

The priority in scanning tunnelling microscopy is on high-temperature investigations a field only rarely served by other 
competing groups. We have at our disposal two microscopes with in-situ c1eaving facilities and ex-situ heating up to 750°C. 
These instruments were designed and built inside the institute. An in-situ heating STM (Omicron) was installed and success­
fully tested end of 1999. 

For the work on alloy plasticity a ZWICK mechanical testing system has been instalIed in 1998. The collaboration with the 
Max-Planck-Institut für Mikrostrukturphysik at Halle in this field is continued. 
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Special results and developments 
The institute was very successful in re cent years in application of high-temperature superconductivity to communication 

systems. In particular the dielectric, and more recently the multipole dielectric filters designed in the institute received con­
siderable attention world-wide. In 1998, as partner of BOSCH, we won the competition for a project "High-Temperature 
Superconductivity for the Communication Technology ofthe Future" which became one ofthe five priority programs ofthe 
German Federal Minister of Science and Technology. We also succeeded in obtaining funding for a project with the same 
title by the HGF-Strategiefonds. During the year 1999, in the course of areorganisation of the Institut fUr Schicht- und 
Ionentechnik (ISI), Dr. Norbert Klein, who was responsible for our high-frequency superconductivity research, became head 
of the superconductivity group in ISI. In fact the very technology-oriented research of our group fits weIl into the mission of 
ISI. The free capacity, both wirh respect to personnel and funds, obtained in our institute by the shift of the whole high­
frequency research group to ISI offers an excellent opportunity for development of new research competence. 

Due to our unique position in this field we choose to direct our resources towards the development of Hilbert-transform 
spectroscopy. This technique provides an excellent and novel tool for spectroscopy in the frequency range of 101{) to 1013 
Hertz. It is broad band and orders of magnitude faster than Fourier spectroscopy. Here we have an excellent collaboration 
with the Institute for Radioelectronics in Moscow. We succeeded in acquiring a BMBF-project for the development of a fast 
gas-spectrometer and a project with DESY, Hamburg. The latter is a consequence of our successful test of Hilbert-transform 
spectroscopy for the determination of the shape of electron bunches in the beam of the TESLA test facility in Hamburg. The 
goals are: Improving the sensitivity of the technique by development of even better Josephson junctions and eonstructing 
facilities for fast moleeule spectroseopy in our own group. 

Our dc-SQUIDs on the basis of ramp-type junetion geometry eontinue their success both in performance and in their ac­
ceptance on the market. As a supplier of TRISTAN Company (USA, formerly Conductus) we deliver a larger number of 
SQUIDs and magnetometers per month. The new developments arising from the market demands are still meeting our scien­
tifie interests. Our de-SQUIDs are also employed in a number of projects carried out together with ISI. Outstanding is the 
success of an investigation on stress-eorroded steel rods in the conerete of highway-bridges in which cracks eould be de­
teeted. This technique is under consideration for routine inspeetion of bridges on German highways. 

The strategy for further developments in superconduetivity will be to use our expertise in front technology in this field to 
develop applications whieh can also be used for our own research. Hilbert-transform spectroscopy has already been men­
tioned. SQUID-microscopy is another field. This project has been intensively followed in 1999 in a col1aboration with ZEL 
(Prof. Halling) with the aim to built a SQUID-mieroscope prototype within this year 2000. 

The sueeessful project of the spherical-aberration corrected transmission eleetron microscope described above has triggered 
a priority program ofthe DFG. In the framework ofthis new program 3.8 Mio DM were granted in 1998 to our institute for 
the development, in collaboration with CEOS Company, Heidelberg, and ZEISS-LEO, Oberkochen, of the world's first 
Subangström-Instrument. Besides ultra-high resolution the 200 kV machine will contain a monochromator and an in-column 
energy filter of the Krahl-type. This will maintain the institute's position as a pioneer in advanced instrument development. 

The institute is partner of PHILIPS Electron Optics with respect to theory and application of exit-wave function recon­
struction in high-resolution electron microscopy. In this field our institute is respected as an international key institute. Re­
cent developments, in particular in computer-controlled alignment, will be subject of further industry collaboration. 

The quasicrystal group has currently three DFG funded projects. During 1999 we were lucky to fmd good scientists for the 
positions offered by DFG. This also eoncerns a young engineer, Carsten Thomas, who will be able to run apart of our crys­
tal-growth facilities after the retirements expected for 2001. Great efforts went into a new PhD program with the Russian 
Aeademy of Sciences and other GUS state universities and universities in China. In the framework of this special program 
designed by the institute and the partuers abroad the PhD students are working two years in Jülich on a grant supervised by 
the Jülich Doktorandenausschuß, but they will pass their examina in their home university. 

We are happy that Mr. Wemer Pieper joined our group in 1999 as an engineer. He will take over Jörg Hanssen's position 
after his retirement in early 2000. Mr. Hanssen was the technical father of our Eleetron Microscopy Centre from its very 
beginning in 1987 and he has rendered invaluable services to our group. 

It is always difficult to select a few of the outstanding results and bring them to special attention here. This year the fol­
lowing results are mentioned: 

- In a 2::3 {111} twin boundary in BaTi03 an expansion of the Ti-Ti spacing across the boundary and a contraction of the 
nearest BaO-BaO spacing was measured for the first time using quantitative phase-retrieval electron mieroseopy. This 
technique was pioneered in our group (Phys. Rev. Lett. 82,5052, 1999). 

- A new pronounced effeet of the dopant Te atoms on the roughness, morphology and optical mirror properties of GaAs 
cleavage surfaces was detected by means of STM (Appl. Phys. Lett. 76, 300, 2000). 

- By means of STM and Monte Carlo simulations strong many body effects were demonstrated in Zn-dopant atom clus­
tering in GaAs. These result in an effective attractive interaction in addition to the screened Coulomb repulsion be­
tween charged dopants (Phys. Rev. Lett. 83, 757, 1999). 

Knut Urban 
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Institute for Microstructure Research 

Personnel1999 12000 and areas of activity 

Scientific Staff 

Dr. Y. Divin 
Dr. Ph. Ebert 
Dr. M. Faley 
Dr. M. Feuerbacher 
Dr. B. Grushko 
Dr. C.L. Jia 

Dr. M. Luysberg 

Dr. U. Poppe 

Dr. H. Soltner 

Dr. A. Thust 

Prof. Dr. K. Urban 

Technical Staff 

M. Beyss 
DI W. Evers 

A. Fattah 
K. Fischer 
R. Fischer 
DI K.-H. Graf 
1. Hanssen 
D. Meertens 

W. Pieper 
1. Rische-Radloff 
C. Thomas 
G. Waßenhoven 
E. Würtz 

Post-doc 

Dr. M. Lentzen 

Hilbert -spectroscopy 
Scanning tunnelling microscopy of semiconductors and quasicrystals 
High-Tc-Superconductor SQUIDs 
Plasticity of quasicrysta)s 

Crystal growth, phase diagrams of alloys 
Characterization of superconductors, diamond and electroceramic films by 
high resolution electron microsopy 
Transmission electron microscopy of semiconductor heterostructures, low 
temperature GaAs and microcrystalline silicon 
Superconductivity, tunneling spectroscopy, High-Tc superconductor thin 
films and multilayers 
High-Tc thin films and heterostructures, Josephson junctions and SQUIDs, 
SQUID-Microscopy 
Reconstruction techniques in high-resolution electron microscopy, Cs­
corrected Transmission Electron Microscopy for imaging of interfaces in 
semiconductors, electron microscopy of superconducting materials 
Head of Institute 

Crystal growth, Materials preparation and characterization 
Physical experimental technique, low temperature technique, thin film 
production 
Crystal growth, Materials preparation and characterization 
Crystal growth, Materials preparation and characterization 
Metallography, materials preparation and characterization 
Electronics, electronic data processing, scanning tunnelling microscopy 
Technical supervisor, Center ofHigh Resolution Electron Microscopy 
Metallography, semiconductor preparation, scanning- and transmission 
electron microscopy 
Technical supervisor, Center of High Resolution Electron Microscopy 
Secretary 
Crystal growth, Materials preparation and characterization 
Photolaboratory, photography technique 
Metallography, semiconductor preparation, scanning- and transmission 
electron microscopy 

Reconstruction techniques in high-resolution electron microscopy, Cs­
corrected transmission electron Microscopy for imaging of interfaces in 
Semiconductors and of superconducting materials 
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Doctor students 

V. Chirotov 

B. Jahnen 
Ch.Lei 

R. Rosenfeld 

P.Schall 
F. Kluge 
M. Winter 
M. Yurechko 

Diploma students 

B. Jungbluth 

M. Heggen 
R.Ott 

P. Quadbeck 
C. Scholten 

Guests 

Dr. T. Cai 
Dr. J. Chen 
Dr. M. Vijayalakshmi 
Dr. 1. Wu 

Broadband Hilbert-Transform Spectroscopy with high-Tc Josephson 
junctions 
Interdiffusion in antimonid-based heterostructures 
Investigation of lattice defects in electroceramic thin films by high 
resolution electron microscopy 
Phase reconstruction techniques in high-resolution electron microscopy, 
electron microscopy of electroceramic Materials 
Plasticity of quasicrystals and related intermetallic phases 
Scanning tunnelling microscopy of quasicrystals 
Microwave frequency standards 
Formation of intermetallic phases in temary alloys of aluminium with 
transition metals 

Simulation and experiments for optimization of a high permeability 
magnetic conductor for the application in a squid-microscope 
Investigation of plastic behaviour of icosahedral Zn-Mg-Re quasicrystals 
Production of structured dielectric Iayer systems and investigation oftheir 
dielectric properties in dependence ofmorphology and granularity. 
Scanning tunnelling microscopy of Si and Te-doped GaAs 
Influence ofthe microstructure ofmicrocrystalline silicon solar cells on 
their optoelectronic properties 

STM of semiconductors 
Cs-corrected Transmission Electron Microscopy 
Irradiation-induced phase transformations in quasicrystals 
Electronmicroscopy and production of perovscitic quasicrystals 
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Limitations to epitaxial growth of low-temperature grown GaAs 

M. Luysberg 

Institut für Mikrostrukturforschung 

Even at low growth temperatures molecular beam epitaxy is successfully applied to deposit perfect epitaxial GaAs 
layers onto GaAs substrates. However, the single-crystalline growth extends only up to a certain epitaxial thickness, 
where a change in growth mode to a columnar, polycrystalline growth is observed. We investigate the influence of 
different growth parameters, i.e. temperature, As/Ga flux ratio and Be-doping level, on the breakdown of epitaxial 
growth. The breakdown of single-crystalline growth is govemed by the formation of pyramidal defects consisting of 
microtwins, stacking faults and dislocations, which mark the onset of the polycrystaIline growth. The nucleation of 
the defects i8 found to be clearly correlated with hillocks on the growrng surface. Furthermore, an anisotropy of the 
shape of the hillocks and of the type of defects i8 observed when comparing the (011) and (0-11) orientation. 

F&E-Nr: 2342 8000 

The unique properties of GaAs grown by MBE at low 
temperatures (LT-GaAs) make this material suitable for 
device applications like terahertz photodetectors. The 
ultrashort carrier lifetimes and the high resistivity in 
annealed sampies can be attributed to the incorporation of 
exeess As during growth. The formation of a high density 
of up to 1020 cm-3 As antisite defects induces a dilation of 
the GaAs lattice, which leads to amismatch ofup to 0.16% 
between the LT-GaAs layer and the GaAs substrate [1]. 
Despite the low growth temperatures the as-grown LT­
GaAs layers are free of struetural defects such as 
disloeations or precipitates. However, the perfeet single 
crystalline growth extends only up to a certain thiekness, 
where a change in growth mode is observed. The 
mechanisms of the breakdown of single crystallinity are 
investigated for Be-doped and ulldoped L T -GaAs sampies 
grown by MBE in a temperature range of 150°C to 200°C 
using beam equivalent pessure (BEP) ratios of 11 to 40. 

The break down of single crystalline growth is govemed by 
the formation of "pyramidal" defects eonsisting of a high 
density of microtwins, stacking faults and dislocations [2]. 
The epitaxial thlckness Dopt to which the layers can be 
grown single~erysta11ine is summarized in Figure 1. Depi is 
defined as the distance from the substrate/epilayer interface 
where the epitaxial (single-crystalline) volume fraction is 
50%. Dopi increases with increasing growth temperature 
and decreasing As/Ga flux ratio as measured by the BEP 
ratio. In particular at low growth temperatures (l55°C) the 
epitaxial thickness varies within a factor of 2, which may 
be indicative of Iocal inhomogeneities and/or different 
impurity levels. In case of high Be doping levels of 1020 

cm-3
, a considerably smaUer epitaxial thickness is observed 

(Fig. 1). Again, a larger thickness is found for smaller BEP 
ratio values. The lowering of the growth temperature 
and/or the increase of the BEP ratio results in higher ASaa 
coneentrations ineorporated during growth [3]. The 
inerease of the non-stoichiometry may contribute to the 
instability ofthe perfect single crystalline growth. 

The formation of defects leading to the breakdown of 
single-crystalline growth is illustrated in the bright field 
TEM images of a LT-GaAs sampie grown at 200°C and a 
BEP ratio of 20 (Fig. 2). The sampie is shown in two 
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Figllre 1: Epitaxial thickness plotted versus the growth 
temperature. All sampies were grown at a BEP ratio 0/20 
unless indicated difJerelltly. 

different {li 0 } orientations. AlAs marker layers were 
introduced to monitor the morphology of the growth front. 
A defect-free, epitaxial Iayer extends from the GaAs 
substrate (marked by arrows) up to a thickness of about 1.3 
11m. The AlAs marker layers reveal an anisotropie 
morphology of the growing surfaee, i.e. hillocks elongated 
along the [O-ll] direction. In the (Oll) orientation the 
AlAs layers are perfect1y flat and perpendicular to the 
[100] growth direction (Fig. 2a). In contrast, the (0-11) 
projection reveals increasing surface roughness with 
increasing thickness (Fig. 2b), which is seen more clearly 
in the (002) dark field image showing the AlAs marker 
layers as bright lines (Fig. 3). High resolution images 
reveal that the onset of defect formation occurs as soon as 
the faces ofthe hillocks approach a {111} faeet [4]. 

Besides the surface morphology, the defect strueture is 
also observed to be anisotropie. In both {11O} projections 
planar defects like twins and stacking faults as weH as 
dislocations are observed. However, the density of primary 
twins is much higher in the (Oll) orientation, where the 
planar defects He on As terrninated {111} planes. By 
contrast the (0-11) orientation reveals predominantly dense 
dislocation networks [4]. 

The results of the stmctural investigation clearly 
demonstrate the influence of surface roughening on the 
breakdown of epitaxy. Similar results were reported on the 
transition from epitaxial to amorphous growth of Si and 
GaAs [5]. In the case of low-temperature epitaxy thennally 



activated processes with high 
activation energies are 
suppressed. Therefore, 
relaxation mechanisms, like 
t11e fomlation of misfit 
dislocations, are not the 
dominant processes. The same 
argument applies to stress 
induced surface diffusion, 
which has been evoked to 
explain surface roughening. 
However, it has to be pointed 
out that the formation of 
surface nndulations and of the 
defects is not induced by 
global strain. This can be 
concluded from the fact, that 
some ofthe Be doped sampies, 
wluch have a nearly vanishing 
lattice mismatch with respect 
to the substrate, show even 
smaller epitaxial tluckness 
tllan it's nndoped counterparts 
,vitlI a lnismatch of about 
0.16% (see Fig. 1). Therefore, 
kinetic roughening, i.e. 

Figure 2: Bright field electron mic/"ographs obtained with (004) two beam conditimls (s>O). 
The cross seetions in the (Oll) orientation (a) and (0-11) orielltation (b) reveal the transition 
{rom epitaxia/ to po/ycrystalline growth. AlAs marker layers appeal" aa bright Unes. The 
substratelepilayer inteiface is marked by arrows. 

statistical fluctuations during growth, has to be considered 
as dominant mechanism of the buildup of surface 
undulations. Recently, tllls model has been successfully 
applied to simulate tlIe roughness measured by AFM of 
LT-GaAs sampies [6]. The anisotropy was explained by 
anisotropie surface diffusion. On tlle other hand tlIe role of 
excess As incorporation may have to be considered as weIl. 
The formation of ASGa defects acconnting for the non­
stoicluometty imposes locally a dilation of tlIe bonds. 
TlIcrefore, the formation energy of Asa-" defects may be 
considerably lower on top of the hillocks, where tlIe bonds 

Figur« 3: Dark field electron micrograph obtained with a 
(002) niflectioll. AlAs [ayers appeal" bright. 

are stretched. Altllough tlIere is no evidence of 
inhomogeneous Asoa incorporation on a macroscopic scale 
[2], microscopically tlIe incorporation can be favored on 
top of the hiIIocks, which can gradually increase tlIe 
buildup of surface nndulations. 
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The importance of many~body effects in the clustering of charged Zn dopant atoms in GaAs 
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The spatial distribution ofnegatively charged Zn dopant atoms in GaAs has been investigated by cross-sectional 
scanning tunneling microscopy. The dopant atoms exhibit a clear clustering, suggesting the existence of an 
effective attractive interaction in addition to the screened Coulomb repulsion between two dopams. By ana­
lyzing the data through Monte Carlo simulations, we extracted the intrinsic screening length at different dopant 
densities and attributed the effective attraction to strong many-body effects in the dopant-dopant repulsion. 

F&E numbers: 23,420,23.550 

The ability to incorporate reproducibly dopant atoms 
with precisely controlled concentrations and spatial 
distributions is essential in various technological 
applications of semiconductor materials. As the effort for 
device miniaturization continues to intensify, how to 
achieve this goal is becoming increasingly difficult. 
Dopant ineorporation in submicrometer- and nanometer­
scale systems 1S ultimately govemed by the intrinsic 
interactions between the dopant atoms. The generally 
accepted view 1S that the charge of a dopant atom is 
screened by the charge carriers in a given semiconductor, 
resulting in a repulsive screened Coulomb interaction 
between the dopants [lJ. Such a repulsion in turn will lead 
to a rather homogeneous distribution of the dopant atoms 
in the semiconduetor. 

Using cross-sectional scanning tunneling microscopy 
(XSTM) and Monte Carlo simulations we demonstrated 
that negatively charged Zn dopant atoms in GaAs are 
inhomogeneously distributed and form clusters of dopant 
atoms [2]. At the first sight, the clustering behavior seems 
to suggest the existence of an effective attraetive 
interaction in addition to the screened Coulomb repulsion 
between two dopants. Our quantitative analysis of the 
dopant distributions by Monte Carlo simulations leads to 
the conclusion that the effective attraction aetually results 
from strong many-body effeets in the otherwise repulsive 
dopant-dopant interactions. Furthermore, we illustrate a 
methodology to determine quantitatively the intrinsic 
screening length of point eharges in semiconductors based 
on a statistical analysis of the positions of dopant atoms in 
XSTM images. 

We investigatedZn-doped GaAs crystals withdifferent 
carrier concentrations (n) ranging between 2.5 X 1018 and 
2.5 x 1020 cm - 3• The Zn dopant atoms were introdueed into 
the crystals during growth (n< 1020 cm-3) or by diffusion 
at z 1180 K (n> 1020 cm-3). Sampies cut from the 
different crystals were cleaved in ultrahigh vaeuum and the 
isolated dopant atoms exposed on the (110) cleavage 
surfaees were imaged with atomic resolution by XSTM. 

Figure 1a shows a typical STM image of such a 
cleavage surfaee. The dopant atoms appear as bright bright 
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contrast features arising from the imaging of the Ioeal 
screening potential around the isolated charged dopants 
[3J. One of the most distinctive features in the STM 
images is the long-range contrast change (on the scale of 
about 5 to 10 nm) superposed on the localized features of 
the dopant atoms. The long-range contrast i8 the signature 
of variations of the Iocal band bending, namely, the 
position of the valence band edge changes loeally relative 
to the Fermi level [3J. In order to unravel the origin of 
this effeet, we calculated the loeal coneentrations of dopant 
atoms (Fig. 1b). Figure Ib demonstrates that the eoncen­
tration of the dopant atoms varies by nearly one order of 
magnitude on the seale of about 10 nm and all the bright 
areas in Fig. 1b correspond to the bright areas in Ja. 
Thus Ioeal fluctuations of the dopant concentration on the 
scale of about 10 nm cause fluetuations of the Fermi level 
on the same scale imaged as long-range contrast in Fig. 
la. Figure 1 also demonstrates that the dopant atoms tend 
to cluster. Because we have observed the clustering of 
dopants in all the sampies investigated the observed effeet 
is not simply due to sampie preparation, but rather an 
intrinsic nature of the dopants. To our knowledge this is 
the first direet observation of clustering of dopant atoms 
on such a Iength scale. 

As mentioned earlier, all the dopant atoms are 
negatively charged, and should therefore mutually interaet 

Fig. 1 (a) STM image of a 70 x70 nmz area of the (110) c1eavage 
surface of 2.5 x 1020 Zn cm-3 doped GaAs. A long range contrast 
variation is superposed onto the atomic-scale corrugation of the 
atomic rows along the [110] direc!ion. The bright contras! features 
are dopant atoms. (b) Local concentration of the dopant atoms. A 
high concentration is shown as white contrast. The images show a 
c1ustering of the dopant atoms. 



with the repulsive screened Coulomb potential 
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with Rs being the screening length 
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Fk(YJ) are the Fermi-Dirac integrals with the reduced Fermi 
energy YJ = EF/kT. Therefore we proceed by first studying 
the effects of the shorHange repulsion on the dopant 
distribution. The existence of the short-range repulsion is 
clearly indicated by the fact that although elustering occurs 
the probability of finding a very elose pair of dopant atoms 
1S negligible. In order to quantify the repulsive interaction 
we deduced from the XSTM images the pair correlation 
function c(r) , which i8 related to the mean force potential, 
Wer), through [4] 

wer) -kT' In[c(r)] . (3) 

It should be noted that only if the extension of the 
interaction is smaller than the average separation of the 
dopants, correlation effeets can be neglected and the mean 
force potential equals the interaction energy. 

The data values -ln[ c(r)] as a function of the distance 
r show in all cases a repulsive interaction, whose extension 
increases from 2 to 5 nm if the carrier concentration 
decreases. This reflects the carrier concentration 
dependence of the screening (Eq. 2). Ifwe assume the low 
dopant density limit, we can fit the data shown with a 
Yukawa potential and determine the screening length as a 
function ofthe carrier concentration (filled squares in Fig. 
2). As expected, the screening length increases with 
decreasing carrier concentration. However, the data does 
not agree quantitatively with the theoretical values for the 
screening length (solid line in Fig. 2) determined 
according to Eq. (2). 
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Fig. 2 Screening lengths Rs determined from the pair correlation 
tunction as a funclion of the carrier concentration (filled squares). 
The solid line represents lhe theoretical screening lenglh calculated 
according to Eq, (2). The open squares show lhe screening length 
corrected f()f many-body interactions . 

134 

The effective attraction between the dopants and the 
discrepancy in the screening lengths described above, both 
strongly suggest the importance of many-body effects in 
the otherwise repulsive interaction between the dopants. 
For a collection of mmually repelling particles, many-body 
effects can result in oscillatory features in the pair correla­
don function, with the minima indicating effective attrac­
tive interactions [4,5]. Furthermore, if the repulsion is a 
screened one, such as here, many-body effects can also 
result in a shorter apparent screening length than the true 
one. To demonstrate that this i8 indeed the case for the 
present system, we have performed Monte-Carlo simula­
tions of the experiment and analyzed the spatial distribu­
tion as we did for the XSTM images. We determined the 
(output) screening length from the simulated pair correla­
tion function for different (input) screening lengths of the 
Yukawa potential. At the experimental dopant concen­
trations the output screening lengths are considerably 
smaller than the input screening lengths due to many-body 
effects, Le. interactions between more than two dopant8. 
Using these simulations we determined the intrinsic 
screening length in GaAs crystals as a function of the 
carrier concentration by comparing the measured screening 
length with the output screening length of the simulation. 
The corresponding input screening Iength is the intrinsic 
one (empty squares in Fig. 2), which agrees very weIl 
with the theoretical calculations according to Eq. (2). We 
note that Fig. 2 shows the first quantitative microscopic 
measurement of the screening length in semiconductors. 

The importance of many-body effects i8 further 
corroborated by the simulated pair correlation function, 
which shows beyond the short-range repulsive core, a 
clear attractive part [2] leading to the observed elustering 
of dopant atoms. 

In conclusion, we have used cross-sectional scanning 
tunneling microscopy to demonstrate that negatively 
charged Zn dopant atoms in GaAs are inhomogeneously 
distributed and form clusters of dopant atoms. The 
clustering behavior suggests the existence of a possible 
attractive interaction in addition to the screened Coulomb 
repulsion between the dopants. Our quantitative analysis of 
the dopant distributions by Monte Carlo simulations leads 
to the conclusion that the effective attraction actually 
results from strong many-body effects in the otherwise 
repulsive dopant-dopant interactions. Many-body effects 
are also shown to be important in extracting the intrinsic 
screening length of the Yukawa potential as a function of 
the carrier concentration in the system. Our study reveals 
a basic physical origin limiting the homogeneity of dopant 
atoms achievable in semiconductors. 
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Constitution of Al-Pd alloys with Mn and Co 

B. Grushko and M. Yurechko 

Institut für Mikrostructurforschung 

Apart ofthe AI-Pd-Mn phase diagram in the vieinity ofthe icosahedral phase was refmed. The 
Al-rieh part ofthe AI-Pd-Co phase diagram was investigated for the fIrst time. The phase usually 
designated Al3Pd is formed at lower Al than aceording to the formula and exhibits two different 
structural variants depending on eomposition. It extends to the ternary eompositions up to about 5 
a1.% Mn or 18 at.% Co. Three ternary AI-Pd-Co phases were observed. 

F&E-Nr: 

The interest in the AI-(Ni,Pd)-(Mn,Fe,Co) phase 
diagrams is due to the diseovery of quasicrystals m 
these alloy systems. The phase equilibrium in Al­
Pd-Mn was earlier studied [1] but the eompositional 
ranges of phases were only determined very 
approximately. More precise knowledge of the 
eomposition of the icosahedral phase (I-APM) is 
necessary because its single quasicrystals are 
regularly produced in the erystal growth group of 
IFF for the mternal and external use. Also the 
orthorhombic phase based on Al3Pd (also ealled ~' 
approximant) becomes attraetive due to its 
suggested structural similarity to quasicrystals. 
There is also some information on AI-Pd-Fe [2] but 
not on AI-Pd-Co. 

In the reported research the region of the AI-Pd­
Mn phase diagram elose to I-APM was refmed. 
Partial isothermal sections at 710, 850, 870 and 
880°C were published [3J. The composition and 
precipitation behavior of the I-APM single 
quasicrystals was studied m more detail [4]. The 
Al-rieh part of AI-Pd-Co was investigated for the 
fIrst time at 790-1050°C. Some preliminary results 
are included in [5]. Investigation of the ternary 
alloy systems required reinvestigation of Al-Pd 
elose to AI3Pd. 

"AI3Pd" in AI-Pd and AI-Pd-Mn. The ortho­
rhombic phase usually designated Al3Pd was 
observed in two variants in a eompositional range 
which at 710°C was between 71.5 and 72.5 a1.% 
AI. The lattice parameters a=235 and b= 1.65 nm 
were the same in both variants while the lattice 
parameter c= 1.23 nm was observed at the higher Al 
limit and c:::=4.59 (Le. in about 22/6 times more) at 
the lower Al limit (see Fig.l). The structures are 
designated C6 and en accordingly. A further 
revision of the Al-Pd phase diagram is required. 
The c22-phase extends to the temary compositions 
up to about 5 at.% Mn. The miscibility of Mn in C6 
is not clear. In sampIes containing about 4 at.% Mn 
this phase (so-called ~') seems to be metastable. 
The C22-phase can dissolve signifIcantly more Co 
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(see below). 
AI-Pd-Mn I-phase. Our refmement of AI-Pd-Mn 

[3] revealed that between 710°C and the highest 
melting point (about 890°C) the overall 
composition ofI-APM ranges in 5.8-10.5 at.% Mn 
and 69.5-71.5 a1.% Al. It shifts to lower Mn at 
lower temperatures. This is argued in [4] that 1-
APM (stable or metastable) forms in the whole 
range between about AlnMn22 and Al7oPd2sMns' 
Accordingly, the basic composition of I-APM 
should be binary. Pd is not necessary for the 
formation of the I-phase but necessary for its 
stability. Pd can replace Mn in I-APM, a deerease 
of the Al concentration with the inerease of Pd 
could also be achieved by replacement of Al by Pd 
or by formation of vacancies. 

Fig.l. The [010J electron diffraction patterns of C6 (a) 
and 1::22 (h). The arrows show the 6-th and 22-th reflect­
ions ofthe corresponding interplanar distances. 

Precipitation in single I-APM quasicrystals. 
The typical composition of the studied single 
quasicrystals was found to be around 
AI70.sPdzLOMns.5, wh ich corresponds to the high-Mn 
limit ofthe I-APM region at 710°C (Fig.2). 

The sampIes annealed at 600°C for more than 
2000 h contained numerous precipitates whosc 
composition was typical ofthe H-phase (the ternary 
extension of high-temperature AlllMn4). The 
sampies did not eontain pores after this heat 
treatment m contrast to as-grown I-APM which 
always contained faceted pores of abaut 10 to 50 
Ilffi in diameter. Formation of thc precipitates starts 



around the pores in the as-grown material and occur 
via intermediate stages. Precipitates were first 
observed after annealing for 3 h at 600°C and were 
similar after 15 and 150 h except that with longer 
annealing the affected areas were larger. Annealing 
at 800°C results in the dissolution of precipitates. 
Formation of precipitates indicates the super­
saturated state of our standard single I-APM 
quasicrystals and may result in specific diffraction 
effects elose to the Bragg reflections. Some effects 
were indeed observed in I-APM and related to a 
phason disorder typical of quasicrystals [6]. In 
contrast to the intended phason disorder, formation 
of diffuse scattering due to pre-precipitation 
phenomena in quasicrystals does not follow from 
their specific quasiperiodicity [4]. 

20 25 30 35 
Pd, at% 

Fig.2 Partial 710°C isothennal seetion of the AI-Pd-Mn 
system and the I-APM range at 870°C [4]. The 
"standard" eompositions of single-crystal I-APM are 
marked by the open circIes. 

AI-Pd-Co. The study was based on the Al-Co 
phase diagram in [7]. At 1050°C the isostructural 
AICo and AIPd phases forn1 the continuous range 
of solid solutions ß, AIsC02 exhibited extensions to 
the ternary composition up to about 3.0 at.% Pd and 
the Z-phase up to 3.4 at.% Pd. Ternary phases were 
also revealed at this temperature. One was 
identified with the orthorhombic W-phase [8] 
(a=236, b=O.82 and c=2.07 nm) exhibiting a strong 
resemblance to the decagonal phase formed in the 
same rapidly solidified alloys. Another, new phase 
designated V exhibited diffraction pattern very 
similar to that of monoclinic Al7oRhJO [9]. It was 
indexed suggesting a primitive monoclinic unh cell 
with a=1.0068 nm, b=0.3755 nm, c=0.6512 nm and 

ß=102.38°. 
At 790°C an additional phase was found in 

ternary alloys containing 73-75 at.% AI. Single­
phase sampIes were obtained at 5.0, 8.0, 10.0 and 
13.8 at.% Co and they exhibited powder XRD 
patterns very similar to that associated with 
orthorhombic C22' This ternary extension of 822 can 
contain up to 18 at.% Co. At the high-Co limit it 
was found in equilibrium (see Fig.3) with 
AlsColPd), A19Coz(Pd) and Y' -phase (not clear yet 
monoclinic or orthorhombic, see [10] for detail) 

and a new ternary phase designated V. Electron 
diffraction revealed that the V-phase has aperiodie 
structure. At 790°C the V-phase was found in the 
range between AI6UPdJs.6CoJ26 and 
AI69.8PdJ3sCoJ6.4· 

In agreement with the literature data our study 
did not reveal any stable decagonaI phase (D­
phase) in A]-Pd-Co while the stable D-phase is 
formed in a wide compositional range in AI-Ni-Co 
[11]. At the compositions eorresponding in AI-Ni­
Co to the high-Co D-phase the W-phase is formed 
in AI-Pd-Co. This phase belongs to the so-called 
pseudodecagonal structures which were also 
observed in Al-Ni-Co [12]. Results of the 
investigation of several pseudodecagonal structures 
in AI-Ni-Co [12] are in favor oftheir metastability. 
On the other hand, the AI-Pd-Co W-phase seems to 
be thermodynamically stable. 

10 20 Pd, at % 30 

Fig.3. Partial AI-Pd-Co phase diagram at 790°C. M and 
o are monocIinic and orthorhombic Aln C04 aecordingly, 
o is AhPd2, L is the liquid. The regions marked by ? are 
not investigated in detail. The broken line across the 
diagram indicates the eompositions eorresponding to the 
AI-Ni-Co D-phase. 
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Institute Electronic Properties 

General Overview 

Research Areas 

The research program of the IFF institute 'Electronic Propelties' is devoted towards the investigation of the electronic 
structure of atoms, molecules, clusters, and solids. The ultimate goal is the development of an understanding and thus 
a base for the control of the properties of (new) materials. The electronic structure constitutes the microscopic origin 
for all materials properties. The electronic interactions determine whether asolid is metallic, insulating, or 
semiconducting, whether it is transparent 01' exhibits a distinctive color, whether it is a magnet or a superconductor. 
Even the elastic properties and the thermal conductivity and heat capacity are determined by the electronic structure. 
The electronic structure of simple solids consisting of a regular lattice formed by one or two atomic constituents, like 
pure metals 01' semiconductors such as GaAs, is quite weil understood. Thin film systems introduce a modification of 
the intrinsic materials properties due to the interaction at the sUl'face and the interfaces. In structures where at least 
one of the dimensions is in the nanometer range, the interface 01' surface properties in conjunction with quantum size 
effects result in large modifications of the original materials properties. This has led to the concept of 'atomic 
engineering of materials', whereby the materials properties are controlled by a variation of the atomic constituents at 
the microscopic atomic level. These concepts establish the central and interconnecting aspect of our research 
program, where we use both experimental as weil as theoretical tools for our explorations. In our research we are not 
only interested in the ground state properties but also in the dynamic short time response to an external stimulus, as 
for example a short light pulse. 
A large part of our research program is devoted towards the development of a microscopic understanding of classes 
of materials with a direct connection to a technological application. Such materials where the microscopic control 
and the variation of the atomic constituents have a dominating influence for the teehnological application include 
semiconductor layer systems and heterostructures as weil as thin film magnetie systems for sensors and storage 
media. 
Oriented towards these technological applications the research efforts of the institute are organized in the following 
areas: 

(A) Magnetism of thin Films and Nanostructures; from basic Research to 
Magnetoelectronics 

(B) Clusters as new Materials 

Additionally in our institute there is an etfort to develop new 

(C) Methods and Instrumentation for our research. Hereby plays the application of synchrotron radiation a 
central role. This includes the design and construction of beamlines and instruments for research with synchrotron 
radiation. In the following these programs are described in more detaiL At the end of each section some current 
research highlights are listed which either areincluded as short reports or have appeared in print recently. 

A.1. Magnetism of thin films and nanostructures 

Thin film systems and nanostructures such as magnetic quantum wires or dots exhibit distinctively different 
magnetic properties than their bulk counterparts. Obviously there is a elose connection between the control of the 
magnetic properties of these novel Jlanostructured systems and the understanding derived from basic research on an 
mieroscopic atomic level. This has recently led to significant advances in technological applications of thin film 
systems as magnetic sensors and storage media. Additionally, this development is in line with the demand put 
forward by the increase in miniaturization in information technology. 
Dur lang range goal is to develop a microscopic understanding of the magnetic phenomena. Magnetism is an 
electfonically derived collective phenomenon influenced by the structure, composition and dimensionality of the 
system. As experimental techniques we are using spin and angle resolved photoemission, circular dichroism, and 
other synchrotron radiation related techniques in combination with (relativistic) band structure calculations. With 
spin- and angle resolved photoemission we determine the bandstructure E(a,k) of the occupied electronic states. 
These data can be directly compared with bandstructure calculations based on the density functional theory. Element 
specific magnetic information about multilayer and multicomponent systems is obtained making use of the circular 
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dichroism at core level absorption edges. In addition these studies yield element specific information about the 
collective ordering phenomena as a function oftemperature 
As outlined above, electronic structure theory is an integral part of our research program and central to the 
development of a microscopic understanding of magnetic materials. The existence of a magnetically ordered phase is 
determined by a delicate balance between the exchange interaction and the kinetic energy of the electrons. The 
sYl1lmetry of tlle magnetic order (ferromagnetic or anti ferromagnetic) is also determined by the eJectronic structure 
and the geometry of the system. Spin-orbit interactions, wh ich in general contribute only a sm all amount to the total 
energy of the system, influence macroscopic parameters such as the magnetic anisotropy, the coercivity, and the 
magneto optical properties. The existence of a preferred orientation also leads to the breaking of symmetries and a 
lifting of the degeneracies of electronic states. At the present level most calculations do not yet incorporate these 
effects and efforts are undertaken to include so me of these, for example non-collinear spin structures, into the 
calculations in order to get a more realistic treatment. 

Scientific highlights of 1999 
• Non collinear magnetism in fcc-Co/Fe/Co (100) 

• Three dimensional spin-structure on a two-dimensionallattice 
• Massively parallelized FLAPW program for large-scale applications 

A.2. Magnetoelectronics; a new field of information technology 

Magnetoelectronics is one of the key areas of information technology with a large potential for future expansion. In 
general the term magneto electronics has been coined to describe electronic devices where, in analogy to the 
microelectronics, the spin dependent charge transport is used for data storage and processing as weil as for sensor 
applications. In the past year we were successful in obtaining approval and funding for this project within the 
framework ofthe HGF-Strategiefonds. 
The roots of magneto electronics can be found in the discovery of antiferromagnetic coupling in thin magnetic films 
separated by a non-magnetic metallic spacer and the "giant magneto resistive" properties of these l1lultilayers by P. 
Grünberg (FZ Jülich) and A. Fert (Paris) in the late 1980's. Even though it was not part of a technology roadmap or 
forecast, this unexpected quantum mechanical effect in the area of nanostructured devices has made its way from 
basic research to commercial devices in the amazingly short time span of less than 8 years. New types of magnetic 
field sensors were developed which are incorporated into the latest generation of readout heads for magnetic discs. 
This has resulted in an unexpected strong increase in storage density, since these new heads have a much higher 
sensitivity. New rotary sensors are being developed which are of interest in robotics and for multiple applications in 
automobiles. Further applications of the GMR sensors may be in non-destructive testing of structural materials, such 
as reinforced concrete, or of high speed train wheels, with high spatial resolution. Additionally prototypes for novel 
non-volatile magnetic randorn access memory devices (MRAM) are being developed, based upon the resistance 
change in magnetic tunnel junctions (TMR) upon reversal of the magnetization of one of the layers. 
GMR sensors with applications as readout heads in hard discs or video recorders and as sensors in car-electronics 
guarantee a high volume and large revenues. The MRAM development on the basis of the TMR effect offers the 
possibility to build all solid state memory devices, which are non-volatile and directly compatible with integrated 
CMOS technology. The worldwide market for (semiconductor) memory devices presently (1998) amounts to 38 
Billion $ and is projected to increase to more than 100 Billion $ in the year 2002. 

Short description ofthe research objectives in the HGF-Program Magnetoelectronics 
The main goal of the HGF-program is to carry out aseries of focused basic research projects in order to improve and 
expand the knowledge and materials basis for GMR sensors and TMR MRAM devices which are currently being 
developed jointly with industry within the framework of the "BMBF Leitprojekt Magnetoelektronik". The HGF­
program is organized as a joint effort bridging institute boundaries whereby scientists from the IFF, the IGV and the 
ISI participate in this research. 
These novel magnetoelectronics devices are functional nanostructures consisting of ultrathin metal or metaloxide 
films, wh ich have a thickness of only a few nanometers. Accordingly, quantization phenomena modify the electroniC 
states and thus inf1uence the magnetic properties. The alternating exchange coupling in l1lagnetic thin films separated 
by a non-magnetic metallic spacer, which was at the origin of the development of GMR sensors, is indeed caused by 
the energetics of quantized conduction band states of the metallic spacer layer. Therefore it is obvious that the 
morphology of the layers and interfaces and their electronic properties determine the device characteristics. With 
respect to layout development questions arise concerning the transition into the superparamagnetic behavior with 
increasing miniaturization. Furthermore cross talk and the general inf1uence of the lateral shape of the memory cells 
need to be investigated. 
Until recently, the development of actual GMR sensors was largely empirical by trying out a large !lumber of 
material combinations and process conditions. The development of TMR elements on the other hand is even less 
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advanced. For both kinds of devices even the basic limitations for the optimum achievable performance, whieb are 
subject to the proper choiee ofmaterials and the rnodification ofthe interfaces, have not yet been established. 
[n the case of GMR sensors, for example, the relationship between the resistivity of the layers and the interface 
roughness has not yet been quantified. The developrnent of artificial antiferromagnetic structures, such as FeMn 
multilayers is just at the beginning. Furthermore the influence of an antiferrornagnetic insuJating substrate, such as 
NiO, on the characteristics ofthe sensor is largely unexplored. Currently NiO has been used to pin the rnagnetization 
of one of the sensor layers and was found to also increase the GMR effect. 
Concerning TMRjunctions for the MRAM development, for the influence ofthe height orthe tunneling barrier and 
even in general the variation of the spin dependent tunneling current upon magnetization reversal are not explained 
on a quantitative scale. Another largely unexplored, but nevertheless very important area, concerns the magnetization 
dynamics of thin film systems for MRAM cells. Furthermore, so far all TMR developments have used Ab03 as the 
oxide barrier, mostly due to historical reasons. Different oxides might lead to an improvement of the TMR 
characteristics. 

Scientific highlights of 1999 (IFF only) 
• Layered magnetic structures; Interlayer exchange coupling and giant magnetoresistance (review article by P. 

Grünberg) 
• Observation of the inverse GMR effect in Fe/Cr/ Au/Fe layer systems 
• Giant magnetoresistance: influence of the interface roughness 

B. Clusters as new materials 

Clusters are aggregates of a weil defined, selectable number n of atoms. In our studies this number n varies between 
3 and about 100 atoms, whereby we can select each size individually. In these experiments we can study the 
transition from the single atom to the solid. Of special interest is that this transition is not smooth and continuous, but 
rather leaves ample room for 'surprises'. The 'materials properties' of individual clusters are quite unique and may in 
general not be extrapolated from the properties ofthe cOfresponding infinite solid. The most famous example is C

60
, 

the soccer ball shaped cluster, which can be condensed into asolid consisting only of earbon atoms. Thin films of 
C

GO 
become superconducting at temperatures above 30 K when 'doped' with alkali atoms, and exhibit in general 

distinctly different properties than graphite 01' diamond, the other forms of solid carhon. A special highlight in this 
context a few years aga was our determination of the electron phonon coupling parameters from high resolution 

photoemission spectra ofC
6o

·' Thus we could show that the mechanism ofthe superconductivity ofthe alkali doped 

fullerenes, whieh are second in terms oftheil' transition temperatures only to the high Tc materials, may be explained 
by BCS-theOl'Y. This is only one example how cluster research can lead to the discovery and development of new 
materials. 
Our cluster research program exhibits quite so me anologies to the corresponding research programs in solid state 
physics (magnetism, electronic properties) and surface physics (chemisorption, catalysis). This is in accordance with 
the main goals formulated above for our research program to develop an understanding for the properties of new 
materials on the microscopie atomic level. 

B.1. Electron spectroscopy of mass-selected clusters in a molecular beam 

Clusters of a monoatomic size are quite difficult to produce and separate in large quantities. Accordingly the 
investigation of the electronic properties of these individual mass selected clusters requires methods far beyond the 
capabilities of conventional electron spectroscopies. 
Laser excited photoemission from anionic mass selected clusters has turned out to be a method whieh can be 
appplied to this task on a large variety of clusters in a mass selected molecular beam experiment. The clusters are 
produced by condensation of a plasma generated by a focussed laser beam 01' an electric discharge in a high pressure 
He atmosphere. Following adiabatic expansion and the formation of a molecular beam the cluster anions are 

. accelerated by a pulsed electric field. According to their mass difference the anions thus arrive at different times in 
the ionization region of the magnetic bottle electron spectrometer. Adjusting the timing sequence of the laser used to 
excite the photoelectrons (detachment) electron spectroscopy on clusters of an unique mass can be performed. The 
electron energy distribution spectra reveal the electronic structure of the individual clusters. Under favorable 
conditions vibrational substructul'es may be resolved whieh reveal charaeteristie vibrational modes ofthe cluster and 
thus give additional information about the geometry of the atomie positions in the cluster. For the interpretation of 
these spectra and the identification of unique cluster structures a comparison with high level calculations and a 
collaboration with theory plays an important role. Using femtosecond pump-probe techniques the mechanisms of 
energy transfer and relaxations processes are also studied. These particular experiments will be described later under 
the heading offs 2 photon photoemission. 
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Scientific highlights of 1999 
• Photoelectron spectroscopy of benzene adsorbed metal cluster anions 

8.2. Deposition of mass selected clusters on surfaces 

For technological applications the individual properties ofthe clusters have to be conserved. This can be achieved by 
depositing mass selected cluster onto a suitahle substrate. For this purpose we are developing a high intensity source 
capable of delivering a sufficient amount of mass selected clusters onto a substrate within a few minutes to prevent 
contamination. Cluster ions are produced in a specially designed high intensity laser vaporization source. The 
cluster-ions present in the molecular beam following the adiahatic expansion are accelerated and deposited onto a 
substrate after mass selection hy a sector magnet. The substrate can be prepared and characterized in a conventional 
XPS/UPS system before and after the deposition. 80th systems are connected via an UHV sampIe transfer system. 
The substrates can also be transferred to additional facilities incJuding STM characterization in-house as weil as 
spectroscopy with synchrotron radiation. 
Typical areas of applications for deposited mass selected clusters may be in catalysis or nanoelectronics. In catalysis 
it is weil known that small particles may exhibit special properties, increasing the reactivity or more important the 
selectivity of the process. It can be expected that these properties may be enhanced by mass selecting the catalyst 
particles. In electronic applications (nanoelectronics) the concept of a 'single electron transistor' may be realized 
using deposited clusters. This is due to the fact that the clusters have discrete quantized electronic states, whereby the 
'Fermi level' of a small cluster may change by an energy on the order of I eV, when a single electron is added to it 
or removed from it. 

Our major research interests are: 
• Characterization of the properties of the deposited clusters --- including the atomic geometry and electronic 

structure in comparison with the 'free' cluster in a molecular beam, diffusion and agglomeration phenomena, 
and generally the interaction with the support material 

• Catalytic propelties of mass selected deposited clusters 
• Electronic properties ofnanocontacts on semiconducting substrates 
• Magnetism of nanostructures 

Scientific highlights of 1999 
• Cluster deposition experiment at the IFF/IEE first results 

B.3. Cluster materials 

Semiconductor nanaostructures and cluster materials can also be prepared by (eJectro-)chemical methods. 
Electrochemical etching for example transforms crystalline Si into porous Si, which exhibits electroluminescence. In 
the long term this might lead to electro-optical devices based upon Si, a technology which for crystalline Si is 
inhibited by the indirect bandgap. Demonstration models of electroluminescent displays have heen fabricated. We 
have studied the electronic structure of porous Si by soft X-ray emission spectroscopy earlier and found that the 
remaining material is crystalline in character and that the shift of the luminescence wavelength is consistent with the 
opening of the gap due to quantum confinement. Furthermore, II-VI cluster materials can also be produced by 
chemical methods. Here we collaborate with the group of Prof. H, Weller, University of Hamhurg, and characterize 
the materials produced by this group with respect to their electronic structure. 
In this area we also had a collaboration with partners from industry (AEG, Daimler-Benz), where we successfully 
demonstrated that the photoconductivity of organic photoconductor systems used in photocopiers and laser printers 
can be improved by more than an order of magnitude by doping with small quantities of C60• This effect was 
explained by a very efficient charge separation due to the high electron affinity ofC6o' 

Scientific highlights of 1999 
• Electronic structure of (C59Nh studied locally at the N-site by soft X-ray emission 

C. Methods and instrumentation 

80th aspects, the design and realization of new instruments as weil as the development of novel methods for 
spectroscopy, are part of OUf research efforts. The powerful infrastructure provided by a large research center is 
especially helpful when designing new and complex instruments. Our interests in this area are centered around the 
application of synchrotron radiation. On the hardware side this inc1udes the design and construction of synchrotron 
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radiation beamlines or specific spectrometers and detectors. Additionally new methods for spectroscopy are also 
being explored, especially under the aspects of I'esonance excitation conditions with synchrotron radiation and two­
color pump-probe photoemission spectroscopy with fs time-resolution. 
At the future FEL-sources the synchrotron beam properties will match the performance of laboratory laser sources 
with respect to coherence, pulse power, and timestructure (pulse-Iengths) in the fs range. This will extend the 
capabilities we currently have at visible and UV photon energies into the VUV and (soft) X-ray range and open up 
the possibilities for a whole set ofnew and exciting experiments. 

c.l. Synchrotron radiation beamlines; spectroscopy and scattering 

We have finished the installation of an undulator beamline for the photon energy range from 10 eV to 300 eV the 
DELTA storage ring. This beamline will be largely devoted to bandstructure investigations and high resolution core 
level spectroscopy of magnetic thin film systems for magnetoelectronics, solid state systems and cluster materials. 
We have buHt a plane grating type monochromator, since this type of instrument is, for the selected photon energy 
range, best suited to match the performance of the existing undulator source at DELTA. This beamline has recently 
been commissioned and shown excellent performance. 
Additionally we are designing an undulator based beamline witb a spherical grating monochromator at the BESSY 11 
storage ring for tbe photon energy range from 50 eY to 1.5 keV to be installed at a pair of undulators offering 
adjustable polarization of the light, which is extremely useful for element specific investigations of magnetic systems 
including the determination ofmagnetic moments by using the sum rules developed for CMXD.We will also employ 
resonant inelastic X-ray scattering at this new BESSY beamline, a method wh ich we have developed over the past 
years extensively. In the past year we have built up a new experimental station to conduct scattering experiments 
with coherent soft X-ray photons. This work was featured as tbe cover story in Synchrotron Radiation News. Even if 
the reconstructions of the interference patterns observed have not been unambiguously demonstrated, we 
nevertheless fee I that this might become a very interesting field of research in the future for the study of dynamical 
processes (m-sec) in magnetic systems, semiconductors and polymers with an exceptional sensitivity tunable to the 
length scale of a few to tenths of nanometers. 

Scientific highlights of 1999 
• Development of RIXS as a method to determine the bandstructure of so lids (review article by S. Eisebitt and W. 

Eberhardt) 
• Installation and first experiments on the soft X-ray beamline at DELTA. 
• Orientation and self assembly of hydrophobic fluoro-alcyl-silanes 

C.2. Fs two color pump probe photoelectron spectroscopy 

Time resolved pump probe photoemission spectroscopy is a new and very excltmg field of physics. These 
experiments directly reveal the electron scattering and relaxation processes following tlle creation of an optical 
excited state in real-time. The shortest observed timescales of a few fs are due to electron electron scattering, 
whereas electron phonon scattering involves slightly larger timescales in the sub-ps regime. These processes also 
serve to populate electronic conduction band states not necessarily accessible by direct optical excitation. Recording 
the photoelectrons in an angle resolved mode allows the observation of the scattered excited electrons at specific 
points of the bandstructure. Since the excited electrons are observed directly, this technique does not require the 
presence 01' existence ofrecombination centers, wh ich are exploited in ultrafast Juminescence studies. 
In the past we have largely studied charge transfer and excited electronic states involving C60 either as a film on a 
metal substrate 01' as an acceptor in a photoconductor system. Since we were able to improve the time resolution of 
our laser system recently, we also can study electronic relaxation processes at metal surfaces directly now. [n the 
future, we will follow up on our earlier work on the timescales ofthe magneto optical recording process and continue 
with investigations ofthe magnetization dynamics oftllin film systems with fs-spin-resolved photoemission. 
Fs spectroscopy of clusters in a moieculaI' beam is another very interesting scientific topic. Here energy relaxation 
processes may be followed in real time for systems where the total energy remains localized spatially to a few atoms 
and correspondingly only a few degrees of freedom. Thus these processes evolve quite different than in solid state 
systems, where the total energy is spread rapidly over an extended volume of the sampie involving more and more 
atoms. The energy can only be removed from the cluster by the emission of an electron or photon 01' by evaporation 
of an atom. This may occur finally after the system was evolving over a timescaJe up to the msec range. On the other 
hand very fast fs electronic relaxation processes may be observed also including the dissociation. Thus one is able to 
follow the development of the electronic structure as the fi'agments separate. This enables us to gain data about short 
lived transition states, which govern the pathways in chemical reactions. Accordingly these states are essential in 
developing a deeper understanding of chemical reactions. For the development of this field of fs-chemistry, A. 
Zewail was awarded the 1999 Nobel Prize in chemistry. 
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Scientific highlights of 1999 
• Ultrafast hot-eJectron dynamics observed in Pt3- using time resolved photoelectron spectroscopy (Phys. Rev. 

Lett. (in press)) 
• Electron dynamics at a Ag/C60 metal semiconductor interface 
• Lifetimes of image potential states on Pt( 111) 

C.3. Theory and experiments concerning STM image interpretation 

The theory activities ofthe institute are largely concentrated in two areas. One ofthem is the theory ofmagnetism in 
thin films including eleetron transport phenomena in magnetoeleetronics as introduced above and the second topie 
coneerns the theoretical modeling of STM images. This latter aetivity starts with the calculation of the electronic 
structure of the surfaee under investigation and the calculation of the tunneling current into a tip represented by an 
atomic S-, p-, or d-wavefunction whieh is supposed to resemble the tip atom mostly responsible for the tunneling 
process. In the future a more accurate inclusion ofthe electronic structure of the tip is planned. However, even on the 
basis of this simple Tersoff-Hamannn model (s-wavefunetion) effects like the eorrugation revers al of metallic 
substrates and the contributions to the STM image from atoms buried below the surface of metals eould be observed, 
helping in the interpretation and eorrect assignment of some experimental Previously these effects had only 
been reported for semiconductor surfaces, where electron screening is much less effective. 
In the future we also plan to conduct experiments along these lines of the image development of the STM using our 
newly purchased variable temperature STM. Together with the theoretieal activities we want to furnish compelling 
experimental evidence that even for metallic systems the STM images are substantially determined by the details of 
the electronic strueture ofthe surface. 

Scientific highlights of 1999 
• STM images oftransition metal structures buried helow noble metal surfaces 

Phys.Rev. Lett.83,4808(1999) 

I hope that I could give a satisfactory overview of our research program and the eommon thread linking all these 
activities. Foremost in importanee however are the people engaged in these activities and therefore I would like to 
conclude with a few general remarks about the changes among the members of the institute. 
Dr. Barbara Kessler has reeeived her 'Habilitation' from the University of Cologne and almost immediately was 
appointed as professor at the 'Fachhochschule Koblenz' in Remagen. She is the third member ofthe institute within 
the last two years who was appointed to a professorship. She certainly leaves a large gap in the research program 
concerning cluster materials and organic photoconductors, but we hope to continue a collaboration with her. 
After many years of very produetive and weil received scientific work in the IFF, Dr. C. Sauer has left us to retire 
from active service. We wish him very weil for the future. Dr. Sauer has been mostly known for his work on CEMS 
on magnetic systems and our recent nuelear scattering experiments at the ESRF were stimulated by discussions with 
him. 
Dr. Daniel Bürgler, formerly from the University of Basel and Dr. Hermann Dürr, formerly from Daresbury 
Laboratory have joined our institute to strengthen the efforts in the area of magnetoelectronics. 
K. Bickmann has joined the technical staff of the institute. He is working on the design of beam 1ine components and 
experiments using synchrotron radiation. 
Prof. M. Olmstead from the University of Seattle has received an A.von Humboldt award and is spending several 
months with us working on the growth and dynamies of semiconductor nanostructures. 
Dr. K. Maiti and Dr. S.S. Yan have each won a stipend from the A. von Humboldt foundation. Dr. Malti works with 
us on the determination of the electronic structure of metal-oxide interfaces and Dr. Yan investigates magnetie thin 
film systems for magnetoeleetronics. 
Apart from these the following guests have spent extended periods time collaborating with us during the past year: 
Dr. R. Abt, Prof. T. Asada, Dr. R. Gareev, Prof. K. Hirai, Prof. B. Kuanr. 
J. Morenzin and P. Rottländer have graduated and received a PhD during the last year and M. Buchmeier and M. 
Freiwald have finished their Diploma thesis in the institute. 

I would like to elose this report by thanking all members of the institute for their efforts during the past year whieh 
have again resulted in many scientific aceomplishments. 

Wolfgang Eberhardt 
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Non-collinear magnetism in fcc-Co/Fe/Co(lOO) 

A. Dallmeyer1 , M.C. Malagolil, K. Maitil, J. Wingbermühlel, C. Carbonel, W. Eberhardtl, D.L. Nagy2, L. Deak2, 
1. Bottyan2, R. Rüffer3 and o. Leupold3 

1 Institute tor Electronic Properties 
2 KFKI Research Institute tor Particle and Nuclear Physics, P.O.B. 49, H-1525 Budapest 

3 European Synchrotron Radiation Facility, BP 220, F-38043 Grenoble Cedex 

Layer-resolved measurements by nuclear magnetie resonanee speetroseopy with synchrotron 
radiation on a 7 atomic layer fee-Fe film reveal a non-eollinear magnetic strueture where the 
orientation of the moments ehanges layer by layer. 

F&E-Nr.: 23200 

A fundamental question in solid state physies is the re­
lation between atomic geometry and magnetism. Being 
at the borderline between antiferromagnetieally and fer­
romagnetieally ordered transition metals, Fe is an ex­
emplary ease for the influenee of struetural effeets on 
the magnetie properties. Fe is a simple ferromagnet in 
its normal bee-strueture, it beeomes non-magnetie under 
pressure and in amorphous phases, and it is theoreti­
eally expeeted to order antiferromagnetieally in the fee­
strueture for a range of lattiee parameters whieh also 
includes the ground state. By examining with nuclear 
magnetie resonanee speetroseopy ultrathin films epitaxi­
ally stabilized in the fee-phase, we diseovered a new kind 
ofmagnetie ordering in Fe. Fee-Fe(100) films sandwiehed 
between Co(100) layers exhibit a non-collinear magnetie 
strueture, where the orientation of the Fe moments eo­
herently rotates monolayer by monolayer. 

Fee-Fe films have been extensively investigated in the 
past years by several different methods. Their magnetie 
properties are known to depend very eritieally on the film 
thickness and lattiee volume. This is regarded as a mani­
festation of the magneto-volume instabilities already pre­
dicted for fee-Fe and for fee-Invar alloys by Weiss in 1963 
[1]. In addition, the magnetie behaviour of the outmost 
layers of the films is expeeted to be profoundly distinet 
from the one in the film interior as a eonsequenee of 
the modified symmetry and bonding at the interfaces. 
However, a detailed mieroseopic picture of the magnetie 
structure of fee-Fe films has not yet been aehieved, also 
beeause the magnetization of the individual atomie layers 
is hardly aeeessible to the experimental investigation. 

We have used nuclear resonanee seattering with syn­
chrotron radiation at the ESRF in Grenoble to examine 
the magnetie strueture of fee-Fe films. By eombining 
selective nuclear excitation with linearly-polarized radi­
ation this method offers site sensitivity and is able to 
determine the hyperfine-field magnitude and orientation 
in films with monolayer resolution. Grazing-ineidenee ra­
diation (of ~14.4 keV photon energy) was searined aeross 
fee-Fe films grown in a wedge geometry and sandwiched 
between two fee-Co films. An 57Fe film wedge of 1-
10 monolayer (ML) thickness (Fig. 1a) was investigated 
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to obtain layer-integrated information on the magnetism 
as a function of the film thickness. 
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FIG. 1. a) Seheme of a 1-10 ML fee-Fe wedge eonsisting en­
tirely of 57Fe, sandwiched between two Co(lOO) films. Time 
speetra of nuclear forward seattered radiation have been mea­
sured seanning the synchrotron beam along the wedge. 
b) Time dependenee of nuclear forward scattered radiation 
from a 2 ML fee-Fe film. c) Time dependenee of nuelear for­
ward seattered radiation from a 7 ML fee-Fe film. 



A second type of sampie consisted of a 7 :\1L Pe film, 
where an 57Pe monolayer was inserted at different posi­
tions (Pig. 2a) in an 56Pe film. 
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FIG. 2. a) Scheme of a sampie with a uniform fee-Fe film 
thickness of 7 ML. A single 57Fe monolayer is inserted at 
various positions within an 56Fe film. Layer-resolved spectra 
have been measured by scanning the radiation on the sampIe. 
b) Time dependence of nuelear forward scattered radiation 
from the 57Fe layer at the interface. c) Time dependence of 
nuclear forward scattered radiation from the 57Fe layer in the 
center of the Fe film. 

Scanning the radiation beam across this sampIe pro­
vided layer-resolved information on the hyperfine-field 
vector distribution within the film. The linearly­
polarized synchrotron radiation selectively excites groups 
of 57Pe nuclear transitions that depend on the relative 
orientation of the x-ray polarization and the hyperfine­
field vector. The time resolved spectra of the scattered 
radiation displayaquantum beat pattern, arising from 
the interference between the different nudear excitation 
channels, that reflects the hyperfine-field orientation and 
magnitude [2]. Time spectra of nuclear forward scattered 
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radiation from films entirely consisting of 57Fe are shown 
in Pig. Ib, c for two selected film thicknesses. The 2 ML 
beat pattern closely corresponds to the one expected for 
the hyperfine-field vector in the film plane and aligned to 
the Co film magnetization. The 7 ML spectrum instead 
does not fit any simple pattern, 
suggesting either spin-canting or a non-uniform distribu­
tion of the hyperfine-field in this Pe film. The analysis 
of the 7 ML film magnetic structure is made possible by 
the layer-resolved spectra (Fig. 2b, c) from a sampIe with 
a 57Fe monolayer located at different distances from the 
interfaces (Fig. 2a). The spectrum of the central atomic 
layer (Fig. 2c) displays a beat-pattern with a more uni­
form frequency than the one of the interface (Fig. 2b). 
These two different patterns are readily explained by a 
rotation of the hyperfine-field vector. Spectral evaluation 
shows that the hyperfine-field vector at the interface lies 
parallel to the Co film magnetization, whereas it points 
along a nearly perpendicular direction in the inner atomic 
layers. A schematic picture of a simple magnetic struc­
ture consistent with the above results and with complete 
series of layer-resolved time spectra is shown in 3. 
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FIG. 3. Schematic picture of a magnetic structure consis­
tent with the results from layer-resolved nllclear resonance 
scattering measurements. 

While either ferromagnetic or antiferromagnetic config­
urations were commonly assumed to represent the mag­
netie ground state of fce-Pe films, depending on their 
thickness and atomic volume, nuclear resonanee scatter­
ing gives dear evidence for a non-collinear spin structure 
in Fe films of 7 ML thickness. The oceurrenee of such a 
non-collinear spin state was not previously observed nor 
theoretically predicted for fce-Fe films, and it appears to 
be a unique case among ultrathin «10 atomic layers) 
layers of itinerant-eleetron systems. 

[1] R.J. Weiss, Proc. Phys. Soc., London, 82,281 (1963). 
[2] G.V. Smirnov, Hyp. Int., 97/98, 551 (1996). 



Three-dimensional Spin-structure on a Two-dimensional Lattice 

Ph. Kurzl , K Hirai2 , and S. Blügel1 

1 Institute "Electronic Properties" 
2 Department 01 Physics, Nara Medical University, Kashihara, Nara 634-8521, Japan 

Based on vector spin-density first-principles total-energy calculations of the magnetic and elec­
tronic structure of Cr and Mn transition-metal monolayers on the tri angular lattice of a (111) 
oriented Cu surface, we propose for Mn a three-dimensional non-collinear spin structure on a two­
dimensional triangular lattice as minimum energy magnetic state. Thls new spin-structure 1S a 
multiple spin-density wave of three columnar spin states and comes about due to magnetic interac­
tions beyond the nearest neighbors and due to higher order spin interactions (i.e. four-spin). The 
magnetic ground state of Cr is the coplanar non-collinear periodic Neel structure. 

F&E-Nr: 23420 

The effect of frustration on the magnetic properties 
has been intensively investigated in the last decade. High 
current interest is driven by the investigation of exchange 
bias systems. In magnetic systems the term frustration 
refers to the inability to satisfy the competing exchange 
interactions to neighboring atoms. Frustration is known 
to be responsi ble for a number of diverse phenomena such 
as spin-gi ass behavior, non-collinear and incommensurate 
magnetic order, and unusual eritieal properties. One of 
the most evident examples of frustration is the so-ealled 
geometrie frustration of an antiferromagnet on a trian­
gular lattice. In fact, triangular antiferromagnets can 
be crystallized i.e. in form of stacked antiferromagnets. 
Typieal eompounds are RbNiCla, VCb, or CuCr02 and 
they are localized spin systems. The magnetic proper­
ties of these triangular antiferromagnets are described in 
terms of the classieal (and reeently also in terms of the 
quantum) Heisenberg model: 

H= LJ;jS;Sj, 
i,j 

(1) 

where Jij describes the exchange interaction between 
spins at lattice site i and j. S is the classical spin-vector 
related to the magnetic moment vector m, m = gS. Lo­
calized spin systems are weIl deseribed by restricting the 
antiferromagnetie (Jij < 0) inter action to the nearest­
neighbors (n.n), Jij :::::J h. In this case the minimum 
energy configuration is a two-dimensional non-collinear 
1200 structure with three atoms per surface unit-eell, 
whieh consists of eoplanar spins forming ±21l'/3 angles 
between nearest neighbors, which leads to a v'3 x v'3 
periodic Neel state. 

Until now there is no investigation of itinerant anti­
ferromagnets on a triangular lattice. Itinerant antiferro­
magnetism in three dimensions is observed for transition 
metals and compounds synthesized with V, Cr, Mn, The 
electrons that are responsible far the magnetic order of 
these metals do partieipate in the formation of the Fermi­
surface. Thus electrons responsible for the formation of 
the magnetic state hopp across the lattiee and it is by 
no means dear in how far the magnetic inter action on 
a triangular lattiee can be described just by the short­
ranged n.n. interaction and in how far the Heisenberg 
model can be applied at all. A triangular lattice is eas-

153 

ily provided by (111) oriented (noble metal) substrates 
on which transition-metal monolayers are grown or by a 
pseudo-hexagonal growth as for example of c(8 x 2)Mn 
on Cu(lOO). 

The aim of this work i8 to investigate the ground-state 
spin structure of Cr and Mn monolayers on Cu(lll) be­
yond the (n.n.) Heisenberg model by performing ab initio 
calculations based on the density functional theory. Due 
to the limited space available we foeus here on the diseus­
sion ofunsupported (free st.anding) monolayers (UML) of 
Cr and Mn taken at the Cu lattiee constant. The UML 
represents a model system for monolayers (ML) on a no­
ble metal substrate, because the hybridization with the 
noble met al is rather smal!. 

The ealculations are carried out with the fuIl-potential 
linearized augmented plane-wave (FLAPW) method in 
film geometry as implemented in the program FLEUR. The 
method has been extended to treat non-collinear mag­
netism as weIl as incommensurable spin-spiral structures 
with loeal spin-quantization axes around the atoms and 
the fuIl continuous veetor magnetization-density without 
any shape approximation in the region between the atoms 
and in the vacuum. 

FrG. 1. a) The row-wise or eolumnar antiferromagnetic 
structure. b) The non-collinear 1200 configuration. The fer­
romagnetic structure can be transformed by a continuous ro­
tation into structure a) as indicated in c) and into structure 
b) as indicated in d). 



Compared are the total energies and magnetic mo­
ments along continous rotation paths described by the 
angle 0' of the loeal moments connecting the ferromag­
netic, the row-wise or columnar antiferromagnetic and 
the periodic Neel state in the corresponding 2 atom and 
3 atom unit cells as indicated in Fig. 1. 
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FIG. 2. Calculated total energy (circles) and magnetic mo­
ments (triangles ) as function of the rotation angle 0' of the 10-
cal moment for the UML of Cr (upper panels) and Mn (lower 
panels) with the Cu(111) geometry. The Ieft panels show ro­
tations that transform the ferromagnetic structure into the 
row-wise antiferromagnetic structure. The right panels show 
the rotations according to Fig. Id. The scales of the left and 
right panels are equal, they differ, however, between Cr and 
Mn. Generally, the moments of the center atom (up-triangles) 
and the outer atoms (down-triangles) differ in the unit cell 
with three atoms. 

The results of the calculations are presented in Fig. 2. 
Consider first Cr: Starting from the row-wise antiferro­
magnetic solution (Fig. 2 upper left panel) and rotating 
towards the ferromagnetic structure the magnetic mo­
ment decreases rapidly and finally disappears at 0: Rl 60° . 
Thus, a ferromagnetic solution ofthe Cr(lll) UML in the 
lattice constant of Cu does not exist. Although the mo­
ment changes drastically, the energy shows a cosine-like 
behavior in the region where a magnetic solution exists, 
as the n.n. Heisenberg model predicts for an antiferro­
magnet. The total energy along the rotation path in the 
unit cell Fig. 1d (Fig. 2 upper right panel) reveals a pro­
nounced minimum at 1200

• This minimum and shape of 
the energy curve matches very weIl the expectation from 
the Heisenberg model. It is clearly visible that the 1200 

configuration is the lowest energy configuration among 
all configurations studied here. Thus, it is the magnetic 
ground state of the Cl' UML predicted by the present 
investigation. 

Now turning to Mn and comparing the results in the 
two-atom unit-ceH (Fig. 2 lower left panel) with those of 
Cr (Fig. 2 upper left panel) we find the behavior of Mn 
and Cr is very similal', Le. the energy curve 1S cosine­
like and Mn prefers to be antiferromagnetic. However, 
in contrast to Cr the ferromagnetic state exists and the 
magnetic moments change only within a narrow range, 

2.9 JiB - 3.05 JiB, with the rotation. The calculations 
reveal, however, 2 surprises: (i) The total energy of the 
Mn system with 3 atoms per unit cell does not exhibit 
a minimum at 1200

, as commonly expected by the n.n. 
Heisenberg model, but a localmaximum or saddle point. 
(ii) The lowest energy configuration among all magnetic 
structures investigated so far, is the row-wise antiferro­
magnetic configuration . 

FIG. 3. An image of the 3Q-structure structure. 

Consequences: In the Heisenberg model including the 
exchange interactions between the next-nearest, 
and next-next nearest neighbors, J1 , h, Ja, respectively, 
the energy as function of the relative angle 0' is given as 
E(O') -(J1 + J3 )(4 cos0' + 2 cos 20') 6h This en­
ergy dependence is not in agreement with the functional 
form of the resul ts (i). Instead a term '" cos 30' is miss­
iug to explain the results, which is indicative of a higher 
order spin inter action due to the itinerant nature of the 
electrons. The lowest order correction to the Heisenberg 
model is due to four-spin interactions 

L: Kijkl[(SiSj)(SkSt) + (SjSk)(S/Si) (2) 
ijk/ 

Within the n.n. approximation (K;jk/ K 1), L'o'_.,mfl 

-Kd4 + 8 cos 30'), a functional form in agreement with 
l'esult (i). 

The columnar magnetic structure corresponds to a 
spin-density wave state with a single Q-vector, which 
coincides with the M -point of the two-dimensional 
Brillouin-zone (BZ), Q = (11', 11'/ V3). In the BZ there 
are three equivalent M-points with three different Q­
vectors. Within the Heisenberg model the energy of the 
three spin-density waves and any linear combination of 
these spin-density waves are degenerate. The four-spin 
interaction lifts this degeneracy and multiple spin-density 
waves may become lower in energy. For Mn we pre­
dict the existence of a new magnetic ground state, a so­
called 3Q-structure, 15 meV/atom lower in energy than 
the single Q-structure, which is a three-dimensional non­
collinear spin-structure (see Fig. 3) with four atoms per 
surface unit-cell, aud is formed as linear combination of 
the columnar magnetic structures with Q-vectors of the 
three inequivalent M-points. 
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Massively-parallelized FLAPW-program for large-scale applications 

G. Bihlmayer and S. Blügel 
Institute 'Electronic Praperties' 

We report on the development of a paraHelized ab-initio bandstructure code FLEUR, suitable 
for large scale applications on massively parallel computer systems as weil as smaller applications 
on workstation clusters. Our program is a realization of the full-potential linearized augmented 
planewave (FLAPW) method that was parallelized on the k-point as weIl as on the eigenvector 
level. The parallelization was implemented with the message passing interface (MPI) and our tests 
were made on a Cray-T3E. 

F&E-Nr: 23200 

Since nowadays more and more massively parallel com­
puter systems sueeeed the former vector-supereomputers, 
it is - for numerically intensive applications of great im­
portance to perform satisfactorily on these parallel ma­
chines. Unfortunately, the very complex structure of a 
FLAPW-program [1] does not lend itself so directly to 
parallelization 8..'l other applications do. The fact, that 
there is no single, wen defined part of the program that 
consumes almost all computer-time, calls for flexible par­
allelization strategies. 

When metallic systems of moderate size are calculated, 
the eigenvalue problem has to be solved for a number of 
k-points, N k, that equals or even surpasses the number 
of processors, N pe, available for the application. Since 
most of the eomputing-time is proportional to N k, to 
distribute this problems in a way, that each processor 
takes care of one or several k-points is an appropriate 
parallelization strategy. But as the size of the system 
gets larger, the Brillouin-zone shrinks and N k falls below 
Npe . On the other hand, the matriees involved in the 
eigenvalue problem get bigger and the memory require­
ments quickly surpass the resourees available on a single 
processor. Evidently, the need to distribute the eigen­
value problem over several processors is growing if we 
want to mi grate from the traditional supercomputers to 
massively parallel systems, even if we loose some time due 
to the eommunication needed far a parallel eigensystem­
solver. But also for smaller systems k-point paralleliza­
tion may not be satisfactory: insulators and semicon­
ductors ean be calculated with very few k-points and, if 
the eigenvalue problem is only of moderate size, a large 
portion of the cpu-time may be spent in unparallelized 
parts of the program, most prominently the construe­
tion of the charge density from the eigenvectors. Here a 
strategy that distributes the charge density construction 
for different eigenvalues over the proeessors is the most 
natural way of parallelization. 

To fulfill adequately the needs of all different kinds of 
calculations we introduced parallelization on two levels: 
k-point parallelization and a combined eigenveetor and 
eigenvalue paralleHzation. Depending on the actual val­
ues of N k and Npe as weIl as on the memory-resourees 
on the individual processors, the program and the user 
are free to decide how many processars should work on a 
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We choose a caleulation of a 9-layer film of Cu(llO) in 
a p(4 x 2) unit ceH as referenee system for our tests (this 
system was also chosen in performance tests of the un­
parallelized WIEN-code [2]). In an caleulation with only 
one k-point we found that the 92.6 % of the cpu-time 
was spent in the k-dependent part of the code, whereas 
the rest was used mainly for the potential construction 
(5.7 %). From this we expect that the k-point paralleliza­
tion will be a very effieient strategy. 

In the parallelized version of the program the setup 
and the potential construction is done on a single pro­
cessor to avoid write-eonflicts with a minimum of addi­
tional programming work. All necessary variables are 
then broadeasted to the other proeessors and the poten­
tial ean be read from file. The eigenvalue problem can 
now easily be distributed over the processors and the re­
sults (eigenvalues and -vectors) are written to aglobai 
direct access-file, if a common file system is available for 
all processors. Otherwise, each node may write his re­
sults to a private file and send the eigenvalues back to 
the node that did the setup and is now in charge of the 
determination of the Fermi-level. With this result the 
occupancy of the eigenvalues can be calculated and this 
'weights' are sent back to all proeessors. 

Given its 'private' eigenvectors and the weights, all 
nodes can now caleulate a partial charge density and 
also other, partial quantities that are normally deter­
mined in this step, e.g. each node calculates the forces 
on the atoms, orbital moments etc. for those k-points it 
calculated in the last step. Up to this point the com­
munication between the nodes was almost negligible, but 
now the charge densities from a1l nodes are sent back to 
and summed up by the first node. Here, the mixing step 
and all necessary output is done that finishes a step of 
the self-consistency cycle. 

Sinee there is no additional computational effort and a 
moderate amount of communication between the nodes, 
the performance is almost ideal. In our case a more than 
92%-parallel program can be expected from the unparal­
lelized ca1culation. But due to memory limitations (512 
MB in our case) we cannot test this assumption, there­
fore we present in Fig.1 data of a smaller problem, a nine­
layer ealculation ofp(l x 1) Fe(IOO). This tests were done 



for a 196 k-point calculation as it occurs typically in the 
connection with calculations of the magnetic anisotropy 
calculations where often even a denser sampling of the 
Brillouin-zone is necessary. 
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FIG. 1. Speed-up from the parallelil!iation of the k-points 
for a 9-layer film of Fe(100) with 196 k-points. 

Since k-point parallelization alone does not suffice to 
calculate big systems on parallel machines (with norma11y 
much less memory per node than the classical vector­
supercomputers), we have to split the eigenvalue problem 
in such a way, that the use of memory on each node is 
reduced. 

For our purposes we found it most useful to adopt a 
parallel QR-algorithm for the solution of the general­
ized (symmetrie or hermitian) eigenvalue problem that 
uses the matrices in a column-wise distributed fashion, 
i.e. a column i of the Hamilton- and overlap-matrix can 
be found on the processor with the number mod(i,N~:). 
Since our matrices are symmetrie or hermitian we calcu­
late only one part of every column, the other part is sent 
from the other nodes to complete the columu. Compared 
to the unparallelized code, where symmetrie-packed ma­
trices are used, this gives us no big improvement on the 
use of memory if N~: = 2, but when four processors work 

on one k-point we use only half of the memory per node 
for the matrices (and they normally use most of the mem­
ory in this step). Since the communication is moderate 
and no additional computational effort arises for the ma­
trix setup, the scaling of this part with the number of 
processors is almost linear. 

The parallel QR-algorithm reduces the generalized 
eigenvalue problem via a Cholesky-factorization to a nor­
mal one and uses a Householder transform to get a tridi­
agonal matrix. From this matrix the lowest eigenvalues 
are determined and the eigenvectors of the n-th of these 
eigenvalues are calculated on processor mod( n, N;:) by 
inverse iteration and back-transformation. Finally, each 
processor holds approximately the same number of eigen-
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valueJeigenvector pairs that can be dumped on aglobai 
or private file. 

For the determination of the charge density there is no 
principal difference whether each node calculates a par­
tial charge density from a subset of k-points or from a 
subset of eigenvalues of aselected k-point. Therefore, it 
is rather easy to implement a parallelized charge-density 
generator once the complete eigenvectors are available 
on the nodes. In this context it might also be worth 
mentioning that a reduction of the number of eigenvec­
tors (and other quantities that are proportional to this 
number) further reduces the memory requirements of the 
code. 

Now we can finally test the efficiency of the paralleliza­
tion on the above mentioned example of the Cu(llO) sur­
face (Fig. 2). The memory requirements for the calcula­
tion with two processors was extrapolated and a similar 
value was also found for an unparallelized calculation on 
a computer with more memory available. 
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FIG.2. Speed-up and memory requirements due to eigen­
vector parallelization tested on a. 9-1ayer film of p(4 x 2) 
Cu(llO) with a single k-point. 

For a program that covers a large range of possible 
applications and is run on a variety of platforms rang­
ing from workstations to supercomputers it is difficult 
to find a strategy that optimizes the performance in a11 
situations. With our implementation we sought to com­
bine a maximum of transparency in the source-code with 
an acceptable performance for massively parallel calcu­
lations. So far, the use of the parallel version of our 
program has enabled calculations of systems with un­
precedented complexity, e.g. of decorated step-edges and 
complex non-collinear structures. 

[1] E. Wimmer, H. Krakauer, M. Weinert and A. J. Freeman, 
Phys. Rev. B 24,864 (1981). 

[2] M. Petersen, F. Wagner, L. Hufnagel and M. Scheffler, 
Computer Physics Oomm., in print (1999) 
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Inverse GMR-Effect in Fe/Cr/ Au/Co-Systems 

M. Buchmeier and P. Grünberg and R. Schreiber 
Institute "Electronic Properties" 

The inverse GMR-effect, which so far has only been found in few systems, is important for testing 
theories of spindependent eIectron scattering. We have found an inverse GMR-effect in MBE-grown 
Fe/Cr / Au/Co-samples. The magnetic layers are decoupled, and antiparallel alignment is achieved 
by the different coercivities of the Fe and Co layers of about 5 mT and 25 mT respectively. The 
G MR ratio is about an order of magnitude smaller than the anisotropie magnetoresistance in the 
same sampie and the GMR in comparable Fe/Cr/Fe-systems. Although the resistivity decrease 
with magnetization reversal of the iron-layer is clearly due to inverse GMR, the exact size of the 
effect cannot be determined because of geometry dependent domain processes which are not yet 
understood. 
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FIG. 2. Hysteresis loops of a single Fe and Co layer. 
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FIG. 1. Longitudinal and transversal hysteresis loops of 
Fe/Cr/Au/Co. 

ity electrons are more strongly scattered in one layer and 
minority electrons in the other, the GMR-effect has a dif­
ferent sign. In this case called inverse GMR-effect the re­
sistivity becomes smaller for antiparallel magnetizations. 
The inverse GMR-effect has only been found in few sys­
tems [tl [2], and was always small compared to normal 
GMR. Yet from simple calculations the GMR-effect of 
A/B/C/D-structures where A and D are ferromagnetic 
layers and B/C the interlayer should to first approxima­
tion equal the geometrie average of the GMR of A/B/ A 
and D/C/D. That is why for the Fe/Cr/Au/Co-system 
one would expect a big inverse GMR comparable in mag­
nitude to the normal GMR ofFe/Cr/Fe and Co/Au/Co 
as the spin scattering asymmetry Fe/Cr is supposed to 
be opposite to that of Co/Au. 

Giantmagnetoresistance (GMR) is caused by spin de­
pendent scattering of electrons. Normally the resistiv­
ity is larger when the magnetizations of the layers are 
antiparallel. This occurs whenever the sign of spin de­
pendent scattering is the same for both magnetic layers, 
e. g. majority electrons are more strongly scattered than 
minority electrons in both layers. However when the sign 
of spin dependent scattering is different, that is major-
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All sampies where prepared by the MBE-technique 
at pressures of about lO-lOmbar and on GaAs(OOl)­
substrates. After cleaning, the substrate was annealed 
in situ for 1h at 610 ·C to obtain an oxygen-free surface. 
Then we deposited a 500 A Au-bufferlayer on a 10 A 
Fe-seedlayer. After annealing the buffer for 1h at 300 
·C the GMR-system was prepared at room temperature 
with rates of 0.1 A/s with the exception of the Co-layer 
which was grown at 320 ·C. The layers were prepared 



with the following thickness: 
Au (500A/Fe(50A) /Cr(15A) / Au(15-35A) /Co(30A). 

The epitaxial relationship between the layers was 
Au(OOl)IIFe(OOl)IICr(OOl)IIAu(OOl) IICo(1l20), 
Au[10011IFe[1l011ICr[llO]IIAu[1001IlCo[OOOl ]. 
This orientation of the Co-Iayer on Au(OOl) is favourable 
because it gives the least lattice mismatch and was found 
in Ref [3J. We did not establish this growth of the Co 
layer in detail but the monolayer thiekness measured by 
RHEED-oscillations was in agreement with Co(1120). 
The Co(1120)-layer can grow in two twined crystallo­
graphie domains whieh has been found [4] to yield a four­
fold symmetry with easy axes parallel to that of the Fe 
as was also the case for our sampies. MOKE measure-
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FIG_ 3. Magnetoresistance for I ..1 Be",! and I 11 Be",! 

ments of the in plane magnetization components parallel, 
"LMOKE", and perpendicular, "TMOKE", to an exter­
nal field applied in easy-axis direetion are shown in figure 
1. They reveal decoupled layers in accordance with the 
hysteresis-Ioops of the single Fe- and Co-Iayers in figure 
2. The somewhat larger coercivity of about 40 mT of 
the single Co-Iayer compared to 25 mT in the multilayer 
ean be explained by the different quality. The sampies 
were structured to obtain conductive strips of 0.5 mm 
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width and 5 mm length by mounting a mask on top of 
the substrate before deposition. Magnetoresistance was 
measured by four-point technique using a high-precision 
DC-comparator-bridge. The curves in figure 3 clearly 
show an inverse GMR-effect of ab out 0.05 %0 together 
with an anisotropie magnetoresistance (AMR) of about 
0.5 %0. Anyhow the GMR in the geometry B eltt ..1 I is 
only half as big as for Bext 11 I. This eould be explained 
assuming out-of-plane magnetization components, non­
perfeet antiparallel alignment, or a geometry dependent 
magnetization reversaL 'Indeed the magnetization rever­
sal curves for structured sampies in figure 4 reveal a dif­
ference between B ext applied perpendicular and parallel 
to the strips. 

One reason for the rather small measured GMR-ratio 
is the shunting-effect whieh arises from the parallel cur­
rent through the buffer layer with a much smaller re­
sistance than the magnetic layer. The shunting effect 
cannot be easily calculated but a rough estimation gives 
a decrease of magnetoresistance by a factor 20. On the 
other hand comparable Fe/Cr/Fe sampies show that our 
inverse GMR effect is still one order of magnitude smaller 
than normal GMR. This can be due to the additional 
Cr / Au interface in the interlayer. 
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[3] S. Oikawa et al., Journal of Magnetism and Magnetic Ma­
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Giant Magnetoresistance: Influence of Interface Roughness 

D. Olligs, D. E. Bürgler, and P. Grünberg 
Institute" Electronic Properties!! 

Epitaxial Fe/Cr/Fe trilayers have been grown on GaAs(OOl) substrates. In order to improve the 
growth, the substrate was covered with a AU(001) buffer layer. Thls enabled monitoring the rough­
ness of the surface during growth by observing reflection high-energy electron diffraction (RHEED) 
oscillations. By this means, it was possible to change the roughness of the interfaces between the 
Fe and Cr while other properties of the trilayers were left nearly unchanged. Showing almost 
identical magnetic behavior, the magnetoresistance of trilayers with different interface roughness 
were significantly different, with the rougher sampies having larger giant magnetoresistance ratios. 

F&E-Nr.: 23,42.0 

Since its discovery in 1988 [1], Giant Magnetoresis­
tance (GMR) has attracted great interest due to a wide 
range of applications. GMR occurs in layered structures 
and granular systems consisting of ferromagnetic and 
non-ferromagnetic materials. Briefly described, normal 
GMR is a decrease in electrical resistivity with increas­
ing magnetic order, i.e. alignment of the magnetizations 
of the ferromagnetic layers (01' granules) which can be 
induced by an external magnetic field. In the commonly 
accepted picture, spin-dependent electrol1 mobility and 
spin-depel1dent electron scatteril1g account fm this effect 
yielding a highly cOl1ductive spin channel in the case of 
ferromagnetic alignment. Spin-dependent scattering has 
previously been shown to occur at the interfaces of the 
ferromagnetic and non-ferromagnetic layers [2]. In this 
work, we will demonstrate that increasing the interface 
roughness of Fe/Cr/Fe(OOl) trilayers enlarges the GMR 
ratio, i.e. the ratio (RAP - Rp)/ Rp where RAP and 
Rp) are the resistivity for antiferromagnetically and fer­
romagnetically aligned Fe layers, respectively. 

In order to achieve good reproducibility, it is manda­
tory to have well-defined sam pies. This requirement can 
be best fulfilled by using epitaxially grown layers pre­
pared by molecular beam epitaxy (MBE) deposition onto 
monocrystalline substrates. The layer structure of our 
sampies 1S shown in Fig. 1. We used (OOl)-oriented 

Fe 4nm 

er 1.3 nm 
Fe 

tFe 

Au 50 nm 

Fe 1 nm 

GaAs 

FIG. 1. Schematic structure of the sampie. The thickness 
of the bottom Fe layer is tFe = 14.0 ML and tFe 14.5 ML 
for "flat" and "rough" sampies, respectively. Note, that the 
Au buffer layer is much thicker than the Fe/Cr/Fe trilayer. 
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GaAs covered with a 1 nm-thick Fe seed layer and a 
50 nm-thick Au layer which was annealed at 3000 C for 
1 h. With the substrate held at room temperature, Fe 
and Cr were deposited at a rate of 0.1 A/s. At the same 
time, the intensity of the (00) reflection high-energy elec­
troll diffraction (RHEED) spot was observed, which is 
indicative of the dellsity of (monoatomic) steps on the 
surface. As the intensity oscillates with aperiod corre­
sponding to an increase of one monolayer in thickness, 
it was possible to tailor surfaces with high and low step 
densities by stopping the deposition process of the bot­
tom Fe layer [Fig. 2(a)] and the Cr layer [Fig. 2(b)] at 
minimum or maximum RHEED intensity. In the follow­
iug we will call these sampies rough and flat, respectively. 
Of course, this is only a qualitative measure of the inter­
face roughness, but nevertheless a dear distil1ction of the 
sam pies. The difference in surface roughnesses persisted 
as different interface roughnesses ofthe complete trilayer, 
which was confirmed by x-ray reflectivity measurements 
[3]: The rms-roughness of the rough sampies was 0.5 A 
larger than that of the Hat sampies. We prepared sev­
eral sampies with Hat and rough interfaces, the individual 
thicknesses of the bottom Fe layer, tPe, being 14.0 and 
14.5 monolayers (:::::; 20 A), respectively, 9 monolayers (:::::; 
13 A) for the Cr layers, and 40 A for the top Fe layers 
(see Fig. 1). 

Examil1ation of the magnetic behaviour was performed 
using the magnetooptical Kerr-effect (MOKE). In all 
sam pIes, the magnetizations of the two Fe layers were 
coupled antiferromagnetically and could be aligned par­
allel in an external magnetic field. The transition to 
parallel alignment occurred via an intermediate state of 
nearly 90° canted orientation of the magnetizations at 
intermediate fields of approximately 50-120 mT. 

Subsequently, the sampies were lithographically pat­
terned to enable four-probe resistivity measurements. 
Since the underlying Au buffer layer is much thicker than 
the Fe/Cr/Fe trilayer, the in-plane conductivity of the 
sam pies is dominated by the buffer wh ich results in a 
strong decrease of the magnetoresistance ratio (shunting 
effect). In order to be able to measure magnetoresis­
tance accurately, a DC current comparator bridge was 



used and the sampies were held at constant tempera­
ture in a cryostat [4]. Resistance measurements presented 
here were performed at 3000 C. Normalized magnetore­
sistance curves obtained from sam pIes with rough and 
Hat interfaces with the extern al magnetic field applied 
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FIG. 2. RHEED intensity oscillations during the 
sition of Fe/Cr/Fe(OOl) trilayers: (a) bottom Fe layer on 
(OOl)-oriented Au buffer layer, (b) Cr layer, and (c) top Fe 
layer. Curves are vertically displaced for clarity. The respec­
tive upper curves correspond to the sam pIe with fiatter inter­
faces obtained by ending the deposition at maximum RHEED 
intensity. Note that no phase slips occur at the beginning of 
the deposition of the subsequent layers. 
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FIG. 3. Normalized GMR curves of sampIes with rough 
(thick line) and fiat (thin line) Fe/Cr interfaces. The rougher 
interfaces result in a resistivity change from antiparallel 
to parallel orientation of the magnetizations. 

in the magnetically easy Fe (100) direction are shown in 
Fig.3. The sampie with rougher interfaces revealed a sig­
nificantly higher GMR ratio (RAP Rp)/ Rp and needed 
a slightly lower external field to achieve magnetic satu­
ration. With the well-defined magnetic configurations 
at zero field (antiparallel alignment) and at saturation 
(parallel aIignment) being the same for both sampIes, 
the difIerences in the GMR ratio must be due to the 
structuraI difIerence and therefore due to the difIerence 
in roughness. The dependence of the GMR ratio on the 
Fe layer thickness (tpe 14.0 ML versus tPe = 14.5 ML) 
is too weak to account for the observed efIect. In the 
case of the measurements presented in Fig. 3, the change 
in roughness caused by going from RHEED maximum to 
minimum leads to a 36% increase of the GMR ratio. 

With these experiments we have demonstrated 
the importance of spin-dependent scattering at the 
ferromagnetic/non-ferromagnetic interfaces. Moreover 
we were able to show that increasing the interface rough­
ness in Fe/Cr/Fe trilayers leads to higher GMR ratios. 
This result is in agreement with the qualitative statement 
by Schad et ai. [5] based on annealing-induced roughness 
variations in Fe/Cr(OOI) multilayers. Further studies in­
cluding STM characterization of roughness are required 
to determine the optimum degree and type of roughness 
to achieve maximal GMR ratios. 
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Photoelectron Spectroscopy of Benzene-Adsorbed Metal-Cluster-Anions 

G. Lüttgens, C. Friedrich, N. Pontius, P.S. Bechthold, M. Neeb 
Institute "Electronic Properlies" 

Photoelectron detachment spectra of mass-selected organometal-cIusters Mn (C6H6)- (M=Pt, Pd, 
Pb) have been measured using photon energies of a Nd:Yag laser. The photoelectron spectra of 
the benzene-adsorbed clusters show distinct differences to the corresponding spectra of the ume­
acted clusters. Vibrational fine structure on the lowest photoelectron peak of Pt2(C6H6)- provides 
spectroscopic information about the intermetallic bond of the cluster-adsorbate-systems. The mass 
resolution of the cluster beamapparatus used is currently under improvement. 

F+E-Nr. 23200 

Studies of molecules adsorbed on clusters are of great 
interest since these systems can serve as models for chem­
ical catalysts. In spite of this potential technological 
importance, information about the electronic structure 
of organometallic clusters is quite rare [1] since most of 
them cannot be produced by chemical synthesis. 

In our group platinum-benzene, palladium-benzene 
and lead-benzene clusters have been produced in a 
laser vaporization source combined with an adsorbate 
gas valve. The cluster anions produced in tbe source 
are accelerated and mass-separated in a time-of-ßigbt 
mass spedrometer and subsequently photodetached by 
a Nd:YAG laser (photon energies: 1.16 eV, 2.33 eV, 3.49 
eV). 

FIG. 1.: Ca) Mass spectrum of Ptn(C6H6)-

A typieal Pt2(C6H6)- mass spectrum is presented in 
Fig. 1. Tbe Ptn(C6H6)- peaks appear between tbe peaks 
of the pure Pt-clusters. Higher adsorbed Pt-clusters 
could be produced by increasing tbe opening time of the 
adsorbate valve. 

The photoelectron spectra of tbe benzene-adsorbed Pt­
clusters cleady differ from the corresponding spectra of 
tbe pure Pt-clusters (see fig. 2), The peak at tbe lowest 
binding energy of the readed Pt-dimer (X in fig. 2d) can 
be attributed to the transition from tbe ground state of 
the anion to the ground state of the neutral cluster, It is 
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weIl separated from the peaks at bigher binding energies. 
This indicates a c10sed shell system. The peak exhibits a 
vibrational fine structure when recorded at a photon en­
ergy of 2.33 eV (Fig.3). The vibrational energy is about 
21meV wbich is slightly lower than the vibration al energy 
of unreacted Pt2 (27meV). 

a Pt' 
I 

Pt' 
4 

Pt' s 

U 3 U 2 U 1 U 0 32511.510.50 

Binding Energy (eV) 

FIG. 2.: Photoelectron spectra of reacted and unreacted 
Ptn -

A detailed harmonie Franck-Condon analysis carried 
out using a recently adopted and modified computer pro­
gram [2] gives tbe molecular parameters listed in Table 
1. The fit reveals a relative sbift of the Pt-Pt equilib­
rium distance in Pt2(C6H6) between the neutral cluster 
and tbe anion by 11 pm. This together with the decrease 



TABLE L: Spectroscopic data of the ground state of 
Ptz(C6H6) 
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FIG. 3.: Franck-Condon profile of Ptz(C6H6)-

of the vibration al constant upon photodetachment and 
the extended Franck-Condon-profile leads to the conclu­
sion that the 6suu -LUMO (lowest unoccupied molecular 
orbit) of Pt2(C6H6) 1S antibonding. 

Although the relative bond length is distinctly aItered 
upon photodetachment, the force constant of the metal­
metal bond in Ptz(C6H6) is just 7% smaller than the 
one of bare Ptz. This suggests that the intermetaIlic 
u-bond (5du, 6su) is scarcely affected by the bonding 
to benzene. As the frontier orbitals of benzene belang 
to 1f u and 1f!J symrnetry, the bon ding between the metal 
dimer and benzene is most likely mediated by the den, 
u )-or bitals of Ptz. This d-orbital participation in the 
platinum-benzene bond is indicated by the intense pho­
toelectron signal above 2.5 e V in Fig. 2d. 

Numerous overlapping and sharp peaks are observed 
within this region which are strongly enhanced with re­
spect to the photoelectron spectrum of free Ptz - shown 
in Fig. 2c. These enhanced peaks are attributed to tran­
sitions from the hybridized d-states which are partieu­
larly suitable to interact with the frontier orbitals of ben­
zene. From both the strong interaetion of the d-orbitals 
and the observed metal-metal stretch vibration we eon­
clude that the platinum dimer is most probably bound 
perpendicular to the benzene ring (C6v)' 

With respect to symmetry adapted orbitals in C6v 

(Fig. 3), the twofold degenerate eID orbital (HOMO, 
highest oecupied molecular orbital) of benzene is able 
to hybridize with the d7ru ,g orbitals of Pt2, forming a 
d1f-pn bond. The degenerate ezu orbital of benzene, on 
the other hand, is allowed to interact with the dUu,g or-
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FIG. 4.: Mass spectrum of CuPd. The isotopic splitting 
of Cu, Pd and CuPd is resolved. The remaining peaks 
are due to contamination. 

bitals of Pt2 which results in a dUu ,g-p1r* back-donation 
from the meta! into the LUMO of benzene. An orienta­
tion of the dimer parallel to the plane of benzene (C2v ) 

is not probable as this would not result in a vibrational 
frequency almost to that of free Ptz. 

Further studies of reaeted clusters require an improved 
mass resolution of our time-of-flight mass spectrometer 
to separate heavy clusters with light moleeules adsorbed. 
Lately a mass resolution (mi Llm)~ 400 has been reached 
using a perpendicularly accellerating Wiley-McLaren ion 
optics [5]. A resolution more than ten times better than 
before has been achieved. The mass spectrum of copper­
palladium in Fig. 4 demonstrates the improved resolu­
tion. The isotopic splitting of the mass peaks is resolved. 
The improved mass speetrometer will allow us to study 
a great variety of organometallic clusters and other ad­
sorbed clusters (e.g. Mm(CO)n, Mm(H20)n , SimHn ). 

We gratefully aeknowledge B. Küpper, J. Lauer and 
H. Pfeifer for technieal support and K. Wingerath for his 
computational support. 
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Cluster Deposition Experiment at the IFF /lEE 
First Results: Mass Spectra of Metal-Doped Carbon and Fullerene Clusters 

R. Klingeler, P.S. Bechthold, M. Neeb, and W. Eberhardt 
Institute "Electronic Properties" 

We present mass spectra of metal-doped carbon cluster cations MxCn+ (M=Ca, Sc, Y, La, Ce, 
Gd; 2) produced in a 100 Hz laser evaporation source which is designed to deposit mass 
selected gas phase cluster ions onto a substrate under DHV conditions. The clusters are mass 
selected by a magnetic field deflector and are detected by a secondary electron amplifier behind 
the exit slit. The mass spectra of MC/ reveal the onset of endohedrally doped fullerenes from 
which the smallest possible cage size can be deduced. Y2Cn+ and La2C/ show a distinct 
transition from odd-even to even-odd alternation at n 69 and n 71, respectively, which can be 
explained by a substantial change in the doped fullerene structure. 

F&E-Nr: 23200 

Short time after having clarified the fullerene 
structure of small carbon clusters, Smalley et al. 
found evidence for the existence of carbon cages 
with a single lanthanum atom trapped inside 
(endohedrally doped) [1]. In laser fragmentation 
experiments LaC60+ shrank by successive C2 losses, 
and it was "difficult to fragment past LaC44+ and 
impossible to go past LaC3t without bursting the 
cluster" [1]. This observation was the dawn of an 
extensive research activity on endohedrally doped 
carbon cages, since they were expected to exhibit 
useful properties controlled by the attributes of the 
encapsulated atom. However, basic properties are 
still not understood, e.g. the vanishing density of 
states at the Fermi level in bulk La@CS2 [2], which 
is expected to be a metal. 

So far, only a few M@Cn compounds are 
available in bulk quantities for conventionaI 
investigation techniques, among those are only 
clusters with 60 or more carbon atoms. However, 
one should consider that there is a muItitude of 
endohedrally doped fullerenes covering a far wider 
range of masses. 

In 1999 we set up a new experimental apparatus 
in our laboratory devoted to the deposition of mass 
selected cluster ions onto a substrate surface under 
UHV conditions. The clusters will be available for 
investigations using STM (scanning tunneling 
microscopy) and XPS (X-ray photoelectron 
spectroscopy). The whole machine consists of a 
three stage setup containing a laser evaporation 
source, a magnetic field mass analyzer, and a 
deposition chamber providing soft landing 
conditions (Eldjatom < leV). 

Fig. 1. shows mass spectra of metal doped carbon 
cluster cations as produced in the laser evaporation 
source using metal-carbon mixed sampIe rods. The 
spectra are taken by scanning the magnetic flux 
density of the magnetic ion deflector. Clusters 
between 30 amu and about 1700 amu are shown in 
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Ce 

Cluster mass -1700amu 

Fig. 1. Mass spectra of metal-doped carbon cluster 
cations as produced from a metal·doped carhon rod in 
a laser evaporation source. Metal-carbon compounds 
cover a wide range of cluster masses. 

the spectra. The spectra can be divided into two 
domains. On the left hand side the spectra always 
start with the metal monomer, followed by the 
subsequent addition of carbon atoms. No intensity 
of pure carbon clusters is observed below the metal 
monomer. This leads to the assumption of a metal 
induced carbon cluster condensation. The high mass 
domain to the right of each spectrum corresponds to 
cage structures. 
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Fig. 2. Intensities of singly doped (left panel) 
and twofold doped (right panel) carbon cluster 
cations as a function of n. The intensity 
oszillation is characteristic for cage structures. 
Prom the onset the smallest possible endohedrally 
doped cage size can be deduced. 

The intensities of singly doped carbon clusters 
MC/ reveal the onset of a distinct even-odd 
alternation at a certain cluster size, which we 
consider to be the onset of endohedrally doped 
carbon cages. Thus, the smallest possible cage size 
for M@Cn+ (n=30 for Sc, and n=36 for Y, La, Ce, 
and Gd) can be deduced directly from the spectra 
(Fig.2). 

In contrast, the intensities of twofold doped 
carbon cluster cations M2Cn + reveal the onset of an 
odd-even alternation as a function of n at n=27 for 
Sc, n=33 for Y and La, and n=31 for Ce. As cages 
with an odd number of carbon atoms appear to be 
more stable than their even numbered neighbours, 
we suspect one metal atom to occupy the defect site 
of the carbon cage, while the other one is 
encapsulated within the cage (see Fig. 4 center 
sketch) as proposed by the results of ion mobility 
measurements [3]. Again, the smallest possible 
endohedrally doped cage size for these networked 
cages can be deduced from the mass spectra. It turns 
out that the smaUest observed endohedraHy doped 
networked cage size falls below the smallest 
observed endohedrally doped pure carbon cage size, 
namely by two atoms for the group 1lI B transition 
metals and by four atoms for the 4f transition metal 
cerium. In order to replace the missing carbon atom, 
the networked metal cation needs to form three 
bonds with the neighbouring carbon atoms. The 
missing electron might be taken from the carbon lt­

system, thus lowering the electron density at the 
inside of the carbon sphere. This, in turn, creates 
additional space for the metal atom inside the cage 
in comparison to pure doped cages. More detailled 
information about the charge transfer processes in 

164 

40 50 60 70 80 90 100 
n (number of carbon atoms) 

Fig. 3. Intensities of Y2Cn+ and La2C,,+ as a 
function of n. The transition from alternation odd­
even to even-odd at n == 69 and 71, respectively, 
indicates a structural transition from endohedrally 
doped networked cages to biendohedrally doped 
cages. 

these compounds should be taken from XPS studies 
and high level density functional calculations. 

The intensities of twofold doped Y2C;" and La2C/ 
clusters show another interesting feature at higher 
masses, namely a sharp transition from an 
alternation odd-even to even-odd as a function of n 
at n=69 and n=71, respectively (see Fig. 3). Carbon 
cages containing more than 69 and 71 atoms, 
respectively, provide enough space to encapsulate 
two metal atoms inside (M2@C/), whereas smaller 
cages prefer endohedrally doped networked structures 
with one metal atom as part of the carbon network 
(M@(MCnr +, see Fig. 4); thus, a structural 
transition as a function of n takes place. 

Fig. 4. Proposed structures for metal-doped carbon 
cages. 

Future projects will focus on the size-selected 
deposition of doped fullerenes, meta! clusters (open 
d-shelI), and magnetic clusters (Fe, Co, Ni, Rh, 
Gd@Cn). Available experimental methods will be 
STM and synchrotron radiation based methods like 
photoemission (XPS/uPS), Auger, and absorption 
spectroscopy (NEXAFS). Very recently, we 
performed a first XPS experiment on deposited 
Ce@C44 on copper revealing a metal to cage charge 
transfer induced Ce 3d312.512 core level shift of 2.8 
eV. 

[1] Y. Chai el al., J. Phys. Chem. 95, 7564 (1991) 
[2] B. Kessler et al., Phys. Rev. Lett. 79, 2289 (1997) 
[3] K. B. Shelimov and M. P. Jarrold, J. Am. Chem. 
Soc. 118, 1139 (1996) 



Electronic Structure of (C59NhStudied Locally at the Nitrogen Site 
hy Soft X-ray Emission 

A. Karll , S. Eisebitt1 , R. Scherer!, M. Freiwald l, and W. Eberhardt1 

A. Weidinger 2 and A. Hirsch3 

1 Institute "Electronic Properties" 
2 Hahn-Meitner-Institut, Glienicker Str.100, D-14109 Berlin, Germany 

3 Institut für organische Chemie, Universität Erlangen, Henkestr.42, D-91054 Erlangen, Germanll 

On cage doping in G60 was studied by investigating (C69Nh, where a C atom in each 
G60 ball is substituted by N. Using atom selective soft x-ray spectroscopy, we can detect the 
"extra electron" locally at the N site. The results are in good agreement with electronic 
structure calculations. 

F&E-Nr. 23200 

The possibility to dope fullerene structures in order 
to alter the electronic structure of these materials has 
stimulated a large number of experimental and theoreti­
cal studies over the last years. Historically, the first ex­
perimental results were obtained by adding one atom or 
ion either outside (intercalation) or inside the fullerene 
cage (endohedral fullerenes). In both cases, the fullerene 
cage is unaltered. For the substitution of one C atom 
by N in the fullerene cage of G60 an electronic behaviour 
resembling that of a donator-doped semiconductor was 
predicted.[1] The extra electron introdueed into the oe­
cupied states by the N atom is diflicult to deteet by any 
non element-speeifie speetroseopy (such as photo electron 
speetroseopy) simply beeause there are more C than N 
atoms in eaeh (G59Nhmoleeule. Consequently, the over­
all appearanee of e.g. PES speetra for (G59Nhl and G60 

is very similar and eonclusions have to be drawn from 
small differences.[3] 

Soft x-ray emission (SXE) is an atom seleetive spec­
troscopy, whieh allows to observe these small ehanges in 
the electronic strueture locallyat the N-atom. After ex­
citation of the N 1s eore electron into a specifie unoe­
eupied state of the heterofullerene by x-ray absorption 
using monochromatized synchrotron radiation, the ßu­
orescent decay by transitions of valence electrons to the 
eore vacancy is monitored. The emission transition prob­
ability reßects the iDeal partial density of states at the N 
site. As a transition to a localized core orbital is involved, 
only electrons having overlap with the core orbital will 
contribute to the spectra. SXE was performed at the un­
dulator beamline BW3 of the Hamburger Synchrotron­
strahlungslabor, HASYLAB at DESY, Hamburg, by us-

1 In a solid film as prepared by evapora.tion, CsfjN is found 
to be dimerized to (C59Nk[2] 

2The C60 spectra were recorded at the beamline 7.0.1 of the 
ALS, Berkeley, with a similar experimental setup.[4J 
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ing a grazing incidence Rowland spectrometer, with a 
resolution set to 1.0 eV(C) and 1.5 eV(N).2 

In Figure 1 we present the absorption spectra of G60 

(I) and (G69Nh (I1) measured near the C ls absorption 
edge. As expected, the spectra are virtually identical, as 
the Cop-DOS of the fullerenes i8 probed. Additionally, 
the absorption spectrum (SXA) measured at the N 18 
edge in (Gs9Nh (III) is shown. For a direct comparison 
the spectrum has been shifted to lower energies by 115.5 
eV, which is the difference of the N1s and the CIs core 
level binding energies in (Gs9Nh. The strongest peak C 
coincides exactly with the t2t< derived state in G60 and 
(Gs9Nh and can thus be interpreted as due to the tran­
sition of the N core electron in an empty state of the 
fullerene cage. 

We now turn our attention to the occupied states as 
studied by SXE. In Fig. 2(a) we compare the C ls SXE 
spectra of G60 and (Gs9Nh, excited at a photon energy 
of 284.5 eV, i.e. the core electron is promoted into the 
tlt< state. The overall shape ofthe (G59Nh spectrum is 
very similar to the G60 spectrum, if one takes the differ­
ent experimental resolution into account. This similarity 
is to be expected, as the spectra average over all C atoms 
on the fullerene. It is therefore useful to investigate the 
differences in the occupied electronic states of (G59Nh 
and G60 by looking atom-selectively at the N site. This 
is shown in Fig. 2b, where the N 1s SXE of (G59Nh is 
compared to the C ls spectrum. Both spectra are shown 
on a relative bin ding energy scale corresponding to the 
respective core level binding energies in (Gs9Nh. Clear 
differences can be seen between the N 15 and C 1s SXE 
spectra, which approximate the N-p-DOS and C-p-DOS 



of (OS9N)z, respectively. Here, we only want to turn our 
attention to region I, as indicated in Fig. 2. In region 
I, i.e. above the G60 HOMO, some extra intensity can 
be seen in the N-p-DOS of (Os9Nh as compared to the 
C-p-DOS of (Os9Nh and G60 , resulting in a high energy 
cutoff that is located at lower electron binding energy 
in the {G59Nh spectrum as compared to the 0 60 data. 
The intensity at the valence band maximum sterns from 
the "extra" electron of the N-atom. It remains mainly 
at the N-site and forms a new HOMO which is higher 
in energy than the HOMO in G60 • These measurements 
are in excellent agreement with theoretical calculations 
by W.Andreoni [1], which are included in the figure as 
vertical bars at the bottom of the graph. The dashed 
lines represent the LUMO, while the solid lines show the 
occupied states. The occupied state at about -0.2 eV 
in the calculation corresponds to the extra intensity in 
region I in the (G59 Nh spectrum. Due to the atom se­
lectivity of SXE, this result is direct experimental proof 
for the conclusion drawn in Ref. [4], that the HOMO in 
(Gs9Nh is mainly localized at the N atom. The fact that 
the additional valence electron in N (as compared to C) is 
localized at the N site illustrates the limits of the doping 
picture for (G59 N)z: in a typical shallow doping situ­
ation in a semiconductor, the doping electron would be 
delocalized in the conduction band at room temperature. 

We have started to prepare other doped fullerene struc­
tures such as N@G60 and K doped single wall carbon 
nanotubes in order to compare the effects of the doping 
on the electronic structure in these different systems. 
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FIG. 1. SXA of Gao(a) and (G59N)2(b) around the CIs 
edge, (e) SXA of (G59N)aaround the Nls edge 

(a) - C" Cl$SXE 
• (0" Ni, 0,. SXE 

(b) 0 (O"N), N,.SXE 
• (0.,.) 01. SXE 
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FIG. 2. (a) SXE of G60and (Gs9Nhexcited at the first 
peak of the CIs SXA; (h) Comparison of the SXE of 
(Gs9Nhexcited at the CIs edge (open symbols) and the Nls 
edge (solid symbols, with line to guide the eye). The regions 
of interest I-IV are defined in between (a) and (b) 

[1] W. Andreoni, F. Gygi, and M. Parinello, 
Chem. Phys. Lett.190, 159 (1992) 

[2] B. Nuber, A. Hirsch, 
Chem. Commun. 1, 1421 (1996) 

[3] S. Eisebitt, et al., Appl. Phys. A 67, 89 (1998) 
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Installation and First Experiments on the Soft X-Ray Beamline at tbe 
Synchrotron DELTA in Dortmund 

S.Cramm, B.Küpper, H.Feilbach, H.Sachsenhausen*, J.Lauer, H.Pfeifer, C.Zilkens 

Institute "Electronic Propenies", *Dept. ZAT 

Abstract 

Tbe installation and commissioning of our beamline, dedicated to the synchrotron radiation research on 

the electronic structure of thin films, surfaces and nanostuctures, has been completed. 

The mechanical and vacuum specifications were shown to be met. During a synchrotron run in March 

1999 we carried out first test experiments in order to study the performance of the monochromator and 

the optical elements as weH as the characteristics of the undulator, serving as the source of the soft 

X-Rays. An excellent resolving power EILlE of '" 10 000 was demonstrated at the Argon 

L2redge (241eV) and at the Neon 2s·1 3p excitation threshold (45eV), respectively. Tbe variability of the 

fixfocus constant crr and the source size of the electron beam in the storage ring can be further optimized. 

F&E-Nr.:23891 

Tbe beamline1 consists of a plane grating monochromator 

without entrance slit, 2 exchangeable gratings, a first 

mirror for horizontally collimating the beam and a 

refocusing mirror for the concentration of the 

monochromatized radiation onto the sampie (see fig.2). 

The photon energy is selected by variation of both the 

grating and the premirror angle. Typical experiments are 

photoemission (XPS I UPS and spin resolved), absorption 

spectroscopy and soft X-Ray fIuorescence spectroscopy. 

The main parameters of the beamline are: 

Photon energy range 8eV-400eV 

(Wavelength 155nm-3nm) 

Vertical acceptance 

Horizontal acceptance 

Grating Une density 

Fixfocus constant crr 

Imrad 

2mrad 

1200l/mm and 300l/mm 

1.4 -10.0 

Tbe Free Electron Laser FELICIT A I, lasing in the visible 

range when the electron storage ring DELTA is operated at 

an energy of 0.5 GeV, serves for our beamline as an 

Undulator in the soft X-Ray regime, operating DELTA at 

1.5 GEV. 
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Tbe parameters of the Undulator are as folIows: 

Magnetic field zero to 0.13T 

Deflection parameter k zero to 3.12 

Period length 250mm 

Number of periods 16 

Source size (design goal) 40J.tm 

Stored current, design goal 500mA 

A typical output spectrum of the beamline, demonstrating 

the variation of the undulator fIux with the photon energy, 

is shown in fig.l: 

3 10 11 ...-..-,,---.-....... --r ...... --.-..... ...,.. .......... ....,......,...-.-.............. .., 

210 1l 

~ 
Q 

Q -= 
"'110 11 

~ 1st harmonie 

Photon energy I e V 

Fig.l: Flux at Kund=2.0, slit=O.2mm and IDELTA=5mA, storage 
ring electrons at 1.3Ge V 
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Fig.2: schematic layout of the optkal elements of the IFF-beamline at DELTA 

In order to study the resolving power of the beamline, we 

performed absorption spectra of various gases. Fig.3 
shows an absorption spectrum of Argon at the L2,3-edge. 

4 l~~~~~~~~~~~~~~~~~~~ 

Argon LZ,3 
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O~~~~~UU~~~~~~~~~~ 
242 244 246 248 
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Fig.3: Ion yield spectra of Ar at the L2J-edge. Slit=8llm 

All known features of the 2p 4s and 2p -nd excitations 

are seen. As shown in the inset, the total width of the 2p 
48 peak is 125 meV, due to the largest extent to the natural 
linewidth (121 meV) and only to a minor part to limited 

resolution of the monochromator ('" 25meV). We deduce a 
resolving power of", 10 000 at the Ar L23 edge. 

On Neon gas we have recorded the 2s-1np absorption 
threshold. As can be seen in figA, excitation peaks up to 
n=17 are observable compared to 15 peaks previously 
reported2

• In the upper inset it is shown that the total width 
ofthe n=3 slope is as low as 7meV. 

As the electron beam in the storage ring serves as an 

entrance slit, the resolution of the monochromator is 
depending on the source size. To further improve the 
resolution at a given source size, the virtual magnification. 
of the source distance by the factor Cu can be varied by 
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Fig.4: Ion yield of Ne at 2nd ionization threshold. Slit=8llm 

choosing the incidence angles of the premirror and the 
grating. Each photon energy can be achieved both with a) 
more grazing incidence angles (large Cff- better resolution) 
or b) steeper angles (small C[f- better suppression of higher 
orders) 3. It should be noted that during the measurements 
shown here only a standard value cfr=2.5 was achievable. 
Hence the moderate demagnifacation of the souree in 

combination with a larger than expected vertical source 
size turned out to be the limiting factor for the resolution. 
In the future we will be able to realize a value of cff=lO, 
Furthermore the electron beam size in DELTA can be 
optimized. Therefore we are expecting an even better 
resolving power in the future. 

The thermal stability of the optical elements under full heat 
load could not yet be tested since during our beamtime 
only storage ring currents of up to 50 mA were achieved. 

I IFF-Jahresbericht 1993/95, Forschungszentrum Jillich 
2 BESSY-Jahresbericht 1995, p.l30 

1 R.Reininger and V.Saile, Nucl. Instr.and Meth. A288 (1990) 343 



Orientation and Self-Assembly of hydrophobie fluoro-aleyl-silanes 

D.Schondelmaier, J.Morenzin, S.Cramm and W.Eberhardt 

Institute 'Electronic Properties' 

Water repelling coatings combined with struetured surfaees are the major key for the recently diseussed 
,self eleaning mechanism.l. In the search of highly hydrophobie substanees fluoro-alcyl-silanes prove to 
be an interesting representative of this kind. Optirnisation of the applieations of sueh molecular coatings 
requires a deep understanding of the structure and a detailed eharaeterisation of the layers. 
With synchrotron radiation (XANES, X-ray Absorption Near Edge Speetroscopy) we were able to showa 
high degree of orientation of trideeafluoro-octyl-triethoxy-silane moleeules on different substrates. The 
analysis of the structure of the layers shows a strong bond of a single layer of moleeules to the substrates. 
Further layers can weakly bind to the monolayer. 

F&E-Nr.: 23.20.0 

If a structured surface, eontaining holes and pins vertical to 
the surfaee is additional highly hydrophobie, drops of 
water can show contact angles elose to 180°2.,. With such 
extreme contact angles the drops of water are nearly 
shaped spherieal and show a different habit of floating. 
The drop of water is able to 'roll' on the surfaee. Whlle 
'rolling' it can bond and drag dirt. Surfaces like this are 
called selfeleaning surfaees. The important part of this 
effect is the high hydrophobie eharaeter of the surface in 
eontaet with the drop of water. The produetion of 
hydrophobie struetured surfaees aecordingly is of high 
industrial interest. 

We have investigated the orientation and thickness of 
hydrophobie and selfassembling tridecafluoro-oetyl­
triethoxy-silane layers with polarisation dependent 
XANES (X-Ray Absorption Near Edge Speetroseopy)4 at 
the BESSY synchrotron in BerUn and XPS (X-ray 
Photoeleetron Spectroscopy) in our institute. 

Tridecafluoro-octyl-triethoxy-silan (Fig.l) contains 
Silicon-ethoxide as a funetional group (Si(OCH2CH3)3)' 
The end group reacts with water to form silieon hydroxide 
as reaetive group at the end of the moleeule. It is 

Fig. J: 3,3,3,4,4,5,5,6,6,7,7,8,8,8 - tridecafluoro-octyl-triethoxy-
silane, left: hydrophobie fluoro-alcyl right: reaetive Silicon-
ethoxide 
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responsible for the chernically bond with the substrate. The 
Fluoroalcylgroup is the hydrophobie part of the molecule. 

Aceording to the characteristic moleeular strueture, we 
expect a self-assembled, ehernieally bound mono-Iayer on 
the substrate. The hydrophobie ends of the fouro-alcyl 
group should orientates themselves away from the 
substrate. A chernical reaction between neighbouring 
molecules is likely 

Orientation of tridecafluoro-octyl-triethoxy-silane 

K - Absorbtion of F 

135 740 745 750 755 760 165 

Energy 

Angle between 
pOlarisationvector 
and substrate 
--90' 
--70· 
--SO· 
--30· 

10' 
--5' 

Hg. 2: polarisation dependent XANES 



For the experiments planar substrates (e.g. AI, Si or ITO) 
were dip-coated from a solution. By this process several 
layers of molecules are grown on the substrate. The upper 
ones can easily be removed by washing (e.g. water, 
propanol, acetone). 
The orientation of the Tridecafluoroctyltriethoxysilan 
moleeules in the remaining layer has been determined by 
varying the orientation of the surface with respect to the 
polarisation of the synchrotron radiation. Fig.2 shows the 
K absorption spectrum of tluorine at different angles. The 
angular dependence of the relative peak intensities can be 
assigned to the orientation of the molecular axis. The 
strong dependence on the polarisation is weIl noticeable 
and shows the high amount of oriented moleeules in the 
layer. An exact analysis of the data shows that the 
molecular axis is predominantly oriented perpendicular to 
the substrate surface. 

Additional XPS measurements were made to determine the 
thickness of the layers. Therefore sampies were prepared 
with and without different rinsing methods: 15 minutes 
ultrasonically in water, rubbing in water, 15 minutes 
ultrasonically in propanol and at last 15 minutes 
ultrasonically in aceton. The photoelectron emission 
intensity of fluorine Is was compared (Fig. 3). The result 
of tbis study shows a strong bond between the lowest 
molecular layer and the substrate. Even rubbing or 
washing by aceton or propanoI can't detach the Iowest 
layer easily. Further layers are weakly bound to the lowest 
layer. These upper layers can be removed by rinsing in 
water. The coverage of the lowest Iayer can be estimated 
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Fig. 3: Comperision offilm thickness by the XPS F ls intensity 
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by comparison of the XPS intensity of a 6 A layer of CaF2• 

By heating the sampie for several hours the upper layers 
are bond stronger but can also be removed up to tbe former 
described monolayer by washing. 

In conclusion the coverage depends on the substrate and 
the way of deposition while the lowest layer always seems 
to be highly oriented. 

In addition studies concerning the influence of the length 
of the flouro-alcyl group and furthermore the influence of 
ultraviolet light on the moleeules are planned. 

1 W. BarthloU and C. Neinhuis, Planta, 202 (1997) 1 
2 J. Bico, C. Marzolin and D. Quere, Europhys. Lett. ,47 
(1999) 220 
3 T. Onda, S. Shibuichi, N. Satho and K. Tsujii, Langmuir, 
12 (1996) 2125 
4 J. Stöhr and R. Jaeger, Phys. Rev. B, 26 (1982) 41111 



Electron dynamics at a Ag/ C60 metal semiconductor interface 

S. Link, A. Scholl, R. Jacquemin and W. Eberhardt 
Institute "Electronic Properties" 

The dynamics of excited electrons in C60 for various film thicknesses down to approxi­
mately one monolayer have been investigated. Using time resolved two photon photoemission 
this gives a direct probe both for the electronic structure of the normally unoccupied states 
and the population and depopulation of these states. 

F&E-Nr. 23200 

Ever since laser systems provide ultrashort pulses in 
the fs-time regime, the spectroscopy of relaxation dy­
namics of excited electrons in solids becarne a wide field 
of interest. However, in technical applications scatter­
ing processes at interfaces play an important role [1]. 
New relaxation mechanisms can be expected, since the 
electronic structure at the interface is affected by metal­
semiconductor interactions [2]. 

Here we report on the changes of the relaxation times 
of optically excited states in C60 in dependence of the 
C6o-layer thickness and thus demonstrate the inßuence 
of the metal substrate on the electronic decay mecha­
nisms. As substrate we chose a Ag(100) single crystal. 
Working with Cool Ag(100), we ean expect variations in 
the lifetimes by decreasing the C60 thickness, since the 
eledronic structure of thin C6o-films is affected by the 
metal substrate [3]. 

A Ti:sapphire system is used as our light source which 
pro duces a train of ultrashort pulses of 170 fs pulsedu­
ration and a photon energy of 1.5 eV. Higher harmonics 
of the 1.5 eV output were used for the photoemission ex­
periments. The experiments were performed in a UHV­
system with a base pressure of 5 x 10-10 mbar. C60-
powder was evaporated from a tungsten crucible onto a 
sputtered and annealed Ag(lOO)-single erystal and the 
evaporation rate was controlled using a quartz monitor. 

Figure 1 shows the occupied and unoccupied energy 
levels of a 20 nm thick C60 film. The valence band was 
determined using a photon energy of 8.82 eV. One can 
clearly see the two highest lying oceupied states HOMO-1 
and HOMO (Highest Occupied Molecular Orbital) with 
binding energies of 2.18 and 3.4 e V with respect to the 
Fermi level, respeetively. In order to excite electrons in 
C60 , we use a photon energy of 3 eV where it is weH 
known that C60 shows strong absorption within this en­
ergy region. To probe the excited eleetron distribution 
caused by the 3 e V pump photons, we used the fourth 
harmonie (6 eV). Having both beams in spatial and tem­
poral overlap on the sampie, two features next to the 
vacuum cutoff in the EDC can be observed. The peak 
at 2.3 eV (elose to Ep) above the HOMO is attributed 
to free eleetrons in the LUMO and the second peak at 3 
e V is attributed to eleetrons occupying the next higher 
lying band LUMO+1. 
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The EDC at the right in figure 1 is taken with a photon 
energy of 4.5 e V.It shows the next higher lying unoccu­
pied energy bands LUMO+1 and LUMO+2 due to sub­
sequent absorption of two photons by the same electron. 

In order to follow the excited population in real time, 
we will now foeus on the temporal evolution in the spec­
tra taken with 3 and 6 e V. If the 6 e V probe pulse is 
delayed with respeet to the pump pulse, another peak at 
1.9 eV can be resolved which is attributed to the singlet 
exciton. It can easily be shown that these states relax 
with different time scales w hieh is in agreement with re­
cent observations. Here it should only be mentioned that 
the LUMO+ 1 decays with a relaxation time of about 
300 ±35 fs while the deeper lying states like the LUMO 
(about 130± 30 ps) and the singlet exciton (1± 0.1 ns) 
deeay on longer time seales. A detailed description of the 
relaxation dynamics for thick films is given elsewhere [4]. 

·2 -1 o 1 2 3 
ENERGY above HOMO (eV) 

FIG. 1. Occupied and unoccupied orbitals of 0 60 , taken 
with various photon energies. 

Changing the thickness of the C6o-1ayer down to 6 nm, 
no significant changes in the lifetimes are visible. A fur­
ther reduction of the layers' thickness results in an ap­
preeiable amount of one photon photoemission from the 
Ag substrate with the 6 eV probe pulse because of the 



large mean free path of electrons due to the relatively 
small photon energy. Taking this into consideration the 
laser intensity had to be reduced to avoid space charge 
effects. Additionally, the 060-signal became weaker due 
to the decreasing number of 0 60 molecules contributing 
to the absorption of photons. 
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FIG.2. Temporal electronic evolution ofthe LUMO+1 for 
C60 layers of Inm, 3 nm and 10 nm. The plotted lines are the 
fits to the data. The inset shows that the LUMO+l is still 
visible for a layer of 1 nm. The EDC's in the inset are taken 
for temporal delays of -5 ps, 0 ps and + 1 ps. 

The inset of figure 2 shows difference spectra at distinct 
time delays for a 1nm thick 0 60 film, taken with photon 
energies of 3 eV and 6 eV. Because of the large back­
ground due to one photon photoemission from the sub­
strate and the small 2PPE-signal, it is difficult to make 
exact statements of the situation in the vicinity (of about 
0.1 - 0.2 eV) above EF corresponding to an energy of 2.3 
to 2.4 eV above the HOMO. At higher kinetic energies, 
the LUMO+1 and its temporal evolution is still clearly 
observable, since the background in this region remains 
very small. 

Figure 2 shows the time dependent 2PPE signal for 
the energy position of the LUMO+1 for 10, 3 and 1 
nm thick 0 60 layers. The experimental intensity curves 
are fitted with the solution of the rate equation d~~t) = 
- ~ x N (t) + AI (t) (thin solid lines), f( t) denotes the laser 
pulse. 

For the curve representing the 10 nm 0 60 layer the fit 
based upon a single exponential decay doesn' t match 
the data. Another fit for the 10 nm layer where we as­
sume that two states with different decay times describe 
the evolution of the signal is in good agreement with our 
data (thick solid line). The two independent relaxation 
times suggest that two states contribute to the 2PPE sig-
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nal. The fast decay with a relaxation time of Tl =270 fs is 
attributed to the decay of free electrons in the LUMO+ 1 
while we attribute the slow decay with a relaxation time 
1'2 in the pico second regime to the high energy tail of 
electrons in the LUMO, which also gives a contribution 
to our 2PPE-signal. The loss of the high energy tail 
can be explained by cooling of the distribution due to 
electron-phonon scattering. Reducing the 0 60 layer to 
below 6 nm and fitting the data with the two different 
theoretical channels described above, two effects can be 
observed. Apart from a decrease of Tl down to decay 
times of 60 fs for a 1 nm thick layer it is conspicious that 
the contribution from the second decay attributed to the 
LUMO first weakens and finally disappears entirely by 
reducing the thickness of the film. 

We attribute the decrease of the lifetime Tl to scatter­
ing of the excited electrons into states of the Ag sub­
strate. Scattering processes of excited electrons from 
bulk to surface states [5] or diffusion from excited elec­
trons at the surface into the bulk [6] have been earlier 
reported in the literature. This effect is not limited to 
the 0 60 layer immediately in contact with the substrate. 
Rather , electron hopping is responsible for a reduction of 
the lifetimes severallayers deep into the 0 60 film. 

Oonsidering 0 60 , the bandwidth of the unoccupied 
bands is on the order of 0.5 e V and accordingly the hop­
ping time of an electron from one 060 to the neighboring 
0 60 is on the order of 1-2 fs. For the measured lifetimes 
of about 130 ps for the LUMO we conclude that for thick 
0 60 films electron hopping plays a minor role. Reducing 
the film thickness, the contribution concerning electron 
hopping increases so that the lifetime of the observed 
signal decreases. 

Therefore we conclude, that electron scattering into 
the substrate is responsible for the accelerated relaxation. 

In summary lifetimes of excited electrons in 0 60 in con­
tact with a metallic substrate have been measured. It is 
shown that in layers thinner than 6 nm lifetimes begin 
to shorten rapidly due to influences of the substrate. 
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Lifetimes of image potential states on Pt(lll) 

S. Link, H.A. Dürr and W. Eberhardt 
Institute "Electronic Properties" 

The bin ding energies and femtosecond relaxation dynamics of image potential states were 
studied on the clean Pt(111) surface. We found lifetimes of 23 ± 10 fs and 54 ± 10 fs for 
the n=l and n=2 states, respectively. The results are in contrast to the (111) surfaces of 
Cu and Ag. 

F&E-Nr. 23200 

The reduced dimensionality at solid surfaces gives rise 
to novel electronic states that are unknown in the bulk. 
These surface states provide model systems for under­
standing the interaction of electrons loealized at a sur­
face with bulk electrons. Since surface states can strongly 
modify the density of states at the surface they are known 
to infiuence chemisorption and adatom mobiIity [1]. 

Of particular interest are electrons bound to metallic 
surfaces by their own image charges. Such electrons are 
repeatedly refiected between the crystal and the image 
barrier. These image potential states (IPS) form a Ryd­
berg series of discrete energy levels with binding energies 
EB rv l/(n + ..1)2 converging towards the vacuum level. 
The quantum defect L1 is related to the phase shift for 
a refiection at the crystal surface. A major ingredient 
in the formation of IPSs is a high eleetron refieetivity at 
the crystal surfaee for energies just below the vacuum 
level. On (100) and (111) oriented faee-centered eubic 
(fee) surfaees this is provided by gaps in the bulk band 
structure. 

With increasing n electrons in IPSs are localized fur­
ther and further outside the metal surfaee. Due to the de­
ereasing wavefunction overlap with adjacent bulk states 
they should have lifetimes that increase with n. This 
is indeed observed for fee (100) surfaces where the vac­
uum level is positioned in the middle of a bulk band-gap 
(kll=O) [2]. However, the situation is reversed on the 
(111) surfaces of Cu and Ag where the vaeuum level is 
elose to the high energy gap edges [3] [4]. While the n=l 
states are still located inside the band gap, the higher 
IPSs are degenerate with bulk bands. This implies that 
those electrons can easily decay into the erystal. Conse­
quently the n=2 IPS lifetimes are strongly reduced and 
become comparable to that of the n=l states. 

The Pt(l11) surface has a valence electron configura­
tion and band gap position [5] similar to Cu(111) and 
Ag(111). The IPSs on these surfaces should therefore 
have very similar lifetimes. Surprisingly we find that this 
is not the case. We observe a significantly longer lifetime 
for the n=2 IPS than for the n=1 state. 

Experiments were performed in a UHV chamber at a 
base pressure of 5 .10-10 mbar. Cyeles of sputtering and 
annealing with subsequent heating in oxygen and fiash-
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ing to 1000 K to remove any residual contamination were 
performed to get a clean and weH ordered surface. A 
Ti:sapphire lasersystem was used as a light source which 
produces a train of ultrashort fs pulses. Pulses with pho­
ton energies of 5.84 eV (pulse duration 145 fs) first pop­
ulate the IPSs while the population is probed with 60 fs 
pulses (2.92 eV) via photoemission. 

At = 14 fs 

probe: hv= 2,92 eV 
pump: hv= 5,84 eV 

1.80 2.00 2.20 2.40 2.60 2.80 3.00 

KINETIC ENERGY (eV) 

FIG. 1. Two photon photoemission (2PPE) spectrum of 
the first two image potential states of the Pt(ll1) surface. 
The photon energies are 5.84 eV and 2.92 eV for the pump 
and probe pulses, respectively. 

Typical 2PPE spectra of the Pt(111) surface are dis­
played in Fig. 1. Here the probe pulse arrives 14 fs after 
the 5.84 eV pump pulse at the sampie. The two peaks 
can be attributed to the n=1 and n=2 IPSs at kinetic 
energies of 2.22 and 2.67 e V, respectively. U sing the mea­
sured workfunction of 5.93 eV this corresponds to binding 
energies of 0.70 and 0.25 eV, respectively (see Tab. 1). 
The observed different peak intensities are characteristic 
for the larger excitation cross-section for the n=l state 
since it is localized eloser to the surface then the n=2 IPS. 
All higher order IPS were found to be quenched similar 
to the Cu(l11) and Ag(111) systems [3] [4]. This can be 



attributed to a negligible refiectivity in this energy range 
leading to a rapid decay of the n >2 IPS electrons into 
bulk states. 

·300.00 ·200.00 ·100.00 0.00 100.00 200.00 300.00 

Time (Is) 

FIG. 2. Cross-correlation traces obtained for the n=l (cen­
tered curve) and n=2 (upper trace) IPS. The cross-correlation 
curve at the bottom shows the instrumental function. Due to 
the finite lifetimes of the IPSs the cross-correlation curves 
broaden and they are shifted to positive delays. The lines are 
fits to the data. 

To study the dynamics of the transient occupation the 
probe pulse (photon energy 2.92 eV) was delayed with 
respect to the pump pulse (5.84 eV). The lifetime mea­
surements are shown in Fig. 2. The instrumental cross­
correlation function (bottom curve in Fig. 2) was mea­
sured on an unprepared Pt(l11) surface where the IPSs 
were completely quenched. The cross-correlation func-
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tions measured for the n=l and n=2 IPS show clear life­
time broadening. From the fit to a simple rate equation 
model where the laser pulse envelope is involved we ob­
tain 23±1O fs and 54±1O fs for the n=l and n=2 IPS, 
respectively. 

Cu(111) Ag(111) Pt(111) 
EB (eV) T (fs) EB (eV) T (fs) EB (eV) T (fs) 

n=l 0.82±0.05 18±5 0.77 <20 0.7 24±1O 
n=2 0.25±0.05 17±5 0.23 <20 0.25 54±1O 

Table 1. Binding energies EB and lifetimes T of IPSs on 
different fcc (111) surfaces. 

The results are summarized in Tab. 1 for the (111) 
surfaces of Cu, Ag and Pt. In all three cases the position 
of the IPSs relative to the bulk band gap is very simi­
lar. This is indicated by the absence of IPSs with n >2. 
There are dramatic changes in the measured lifetimes es­
pecially of the n=2 IPS. While for Cu(l11) and Ag(111) 
the n=2 IPS lifetime is comparable to that of the n=l 
IPS, it is a factor of two larger for Pt(111). This demon­
strates a strongly reduced coupling between the n=2 IPS 
and energetically adjacent bulk bands. The wavefunction 
of the Pt(111) n=2 IPS extends less into the bulk than 
on Cu and Ag, thus, leading to a weaker depopulation 
into bulk states. This should also affect the IPS bind­
ing energies through a change in the quantum defect ..1. 
Since the n=l IPS is especially sensitive we can attribute 
the observed reduced binding energy on Pt{l11) to such 
a mechanism. 
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07.05.1999 
3.20.0 

Eisebitt S. 
Resonant inelastic soft x-ray scattering: Investigating 
electronic structure 
2nd International SLS Workshop on Synchrotron Radiation 
Brunnen, CH 
27.10.1999 
3.20.0 

Eisebitt S. 
Soft x-ray emission on solids 
SSG Lecture Series at the Advanced Light Source, Berkeley, 
USA 
18.11.1999 
3.20.0 

Eisebitt S. 
Weichröntgen-Emissions-Spektroskopie an nanostrukturierten 
Halbleitern 
Universität Bonn 
15.01.1999 
3.20.0 

Grünberg P. 
Layered magnetic structures in research and application 
Argonne National Labs, USA 
29.03.1999 
3.42.0 

Grünberg P. 
Magnetische Multilagen in Forschung und Anwendung 
Physikalisches Kolloquium, Universität Düsseldorf 
04.02.1999 
3.42.0 

Grünberg P. 
Magnetische Multilagen in Forschung und Anwendung 
Workshop on Multilayers and Nanostructures, Universität 
Bielefeld 
09.06.1999 
3.42.0 

Grünberg P. 
Magnetische Schichtstrukturen in Forschung und Anwendung 
Fraunhofer Institut Duisburg 
09.06.1999 
3.42.0 

Grünberg P. 
Magnetische Schichtstrukturen in Forschung und Anwendung 
IBM Mainz . 
26.04.1999 
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3.42.0 

Grünberg P. 
Magnetische Schichtstrukturen in Forschung und Anwendung 
Stiftung Cäsar, Bonn 
19.10.1999 
3.42.0 

Grünberg P. 
Magnetische Schichtsysteme in Forschung und Anwendung 
FZ Kolloquium 
22.01.1999 
3.42.0 

Grünberg P. 
Magnetoelectronics in research and application 
UMBRELLA Symposium, TH Aachen 
09.11.1999 
3.42.0 

Grünberg P. 
Magnetoelektronik in Forschung und Anwendung 
Max-von-Laue-Kolloquium, Berlin 
25.12.1999 
3.42.0 

Grünberg P. 
Magnetoelektronik in Forschung und Anwendung 
Physikalisches Kolloquium, Gesamthochschule Essen 
20.10.1999 

Grünberg P. 
Magnetoelektronik in Forschung und Anwendung 
Physikalisches Kolloquium, Ruhr Universität Bochum 
08.11.1999 
3.42.0 

Grünberg P. 
Magnetoelektronik in Forschung und Anwendung 
Physikalisches Kolloquium, Universität Mainz 
26.10.1999 
3.20.0 

Grünberg P. 
The GMR effect in research and application 
225. WE-Heraeus Seminar, Bad Honnef 
13.08.1999 
3.20.0 

Grünberg P. 
The history of layered magnetic structures 
American Physical Society, 
Centennial Meeting, Atlanta, Georgia 
22.03.1999 
3.42.0 

Grünberg P. 
Zwischenschicht-Austauschkopplung in Forschung und 
Anwendung 
15. Sitzung des Arbeitskreises "Magnetische Schichten für 
technische Anwendungen" 
Institut für Mikrostrukturtechnologie und Optoelektronik, 
Wetzlar 
18.06.1999 
3.20.0 

Heinze S.; Abt R.; Blügel $. 
Interpretation von STM-Bildern von 
Übergangsmetallstrukturen auf der Basis der 
Elektronentheorie 
Seminarvortrag am Institut für Oberflächenphysik und 
Atomstoßprozesse, Humboldt Universität Berlin 
03.05.1999 
3.20.0 

Klingeier R. 



Mass spectra of metal-doped carbon and fullerene clusters 
Mx@Cn<120 (M Sc, Y, La, Ca, Ce; 
x = 1,2) 
A. German-French Seminar, Nanotubes and Fullerenes -
Recent Advances and Future Trends 
IFW Dresden 
25.09.1999 
3.20.0 

Kurz Ph.; 810gel S. 
Nichtkolinearer Magnetismus in der FLAPW-Methode 
Seminarvortrag am Zentrum fOer Mikrostrukturforschung, 
Universität Hamburg 
04.02.1999 
3.20.0 

NeebM. 
Photoelectron spectroscopy on mass-selected clusters using 
VUV-Iasers 
VUV FEL User Workshop, Hamburg 
11.03.199 
3.20.0 

WingbermOhle J. 
Schichtentwicklung und magnetische Charakterisierung 
MALVE-Meeting 
Forschungszentrum Karlsruhe, Institut für Materialforschung 
23.02.1999 
3.42.0 

Other talks 

Antons A.; Berger R.; BIOgel S.; Schroeder, K. 
Ab-initio Untersuchungen der Adatom Diffusion auf SI(111) 
DPG-FrOhjahrstagung, MOnster 
März 1999 
23.20.0 

Bihlmayer G.; Kurz Ph; 810gel S. 
Mangan-Oberflächenlegierungen auf einer Cu(111) 
Oberfläche 
DPG-FrOhjahrstagung, MOnster 
März 1999 
23.20.0 

810ge1S. 
Influence of magnetism for the alloy formation of ultrathin films 
International Symposium on Structure and Dynamics of 
Heterogeneous Systems - SDHS'99 
Gesamthochschule Duisburg 
26.02.1999 
3.20.0 

BIOgei S. 
Theory of ultrathin magnetic films 
Workshop on Interface anisotropy, spin and orbital magnetism, 
Riksgränsen, Schweden 
05.05.1999 
3.20.0 

810gel S. 
Wachstum 
Sondierungsgespräch: Hafbleitergrenzflächen In nächsten 
Jahrhundert 
DESY/HASYLAB Hamburg 
04.10.99 
3.20.0 

810gel S.; Nie X.; Welnert M.1 
1 Brookhaven National Laboratory, Upton, USA 
Modifikation eines Ummagnetislerungsfeldes durch ein 
externes elektrisches Feld 
DPG-FrOhjahrstagung, MOnster 
März 1999 
23.20.0 

BOrgier D.E.; GrOnberg P. 
ln-plane momentum Conservation in FeICr/Au/Fe(001) layered 
Structures 
44th Annual Conference on Magnetism and Magnetic 
Materials, San Jose, CA 
16.11.99 
3.42.0 

Dallmeyer, A. 
Electronic states and magnetism of 1-D monatomic wires 
DPG-FrOhjahrstagung in MOnster 1999 
22.03.1999 
3.20.0 

Eisebitt S. 
Weichröntgenspektroskopie an nanostrukturierten Halbleitern 
Sondierungsgespräch: Halbleitergrenzflächen in nächsten 
Jahrhundert 
DESY!HASYLAB Hamburg 
04.10.99 
3.20.0 

Heinze S.; Blügel S. 
Theoretical analysis of STM and STS of thin magnetic films 
211. Heraeus Seminar (Magnetic Nanostructures), Bad 
Honnef 
04.01.1999 
3.20.0 

Heinze S.; 810gel S. 
Theoretical analysis of STM 01 ultra-thin magnetic films 
European Research Conference on Computational Physics for 
Nanotechnology, 
Castelvecchio Pascoli, Italy 
19.09.99 
3.20.0 

Heinze S.; BIOgei S.; Weinert M.1 
1Brookhaven National Laboratory, Upton, USA 
Einfluss des elektrischen Feldes auf STM-Bilder von 
Metalloberflächen 
DPG-FrOhjahrstagung, MOnster 
März 1999 
23.20.0 

Heinze S.; BIOgeI S.; Wiesendanger R.1 
1 Universität Hamburg 
What can be learn'! by non-spinpolarlzed STM about surface 
magnetism of Cr and Mn on Fe(001)7 
10lh International Conference on MISTS and Related 
Techniques 1999 , Seoul, Korea 
Juli 1999 
23.20.0 

Karl A. 
Der unvollständige Ladungstransfer in endohedral dotiertem 
La@C82 
DPG-FrOhjahrstagung In Heidelberg 1999 
17.03.1999 
3.20.0 

Klingeier R. 
La20n (n=1-6): Photoelektronenspektroskopie und 
Dichtefunktionalrechnungen 
DPG-FrOhjahrstagung in Heidelberg 1999 
18.03.1999 
3.20.0 

Klingeier R.; Bechthold P.S.; Neeb M.; Eberhardt W. 
Mass spectra 01 metal-doped carbon and fullerene clusters 
Mx@Cn<120 (M = Sc, Y, La, Ca, Ce; 
x 1,2) 
Arbeitstreffen des SFB 341, Aachen 
07.10.99 
3.20.0 
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Kurz Ph.; Bihlmayer G.; BIOgei S. 
Non-collinear Magnetism 01 Monolayers on Ag(111) and 
Cu(111) 
44th Annual Conference on Magnetism and Magnetic 
Materials, San Jose, CA 
17.11.1999 

Kurz Ph.; Bihlmayer G.; 810gel S. 
Non-collinear magnetism of monolayers on Ag(111) and 
Cu(111) 
International Workshop on Interface ansisotropy, spin and 
orbital moment 
Riskgränsen, Schweden 
05.05.1999 
3.20.0 

Kurz Ph.; Bihlmayer G.; BIOgei S. 
Non-collinear magnetism of monolayers on Ag(111) and 
Cu(111) 
TMR-Workshop Interface Magnetism, Aussois, Frankreich 
28.03.1999 
3.20.0 

Kurz Ph.;BihJmayer G.; BIOgei S. 
Nichtkollinearer Magnetismus von magnetischen Monolagen 
auf Ag(111) und Cu{111} 
DPG-FrOhjahrstagung, MOnster 
März 1999 
23.20.0 

LOltgens G. 
Photoelektronenspektroskopie an kleinen massenselektierten 
Germanium-
Oxidelusteranionen 
DPG-Frühjahrstagung in Heidelberg 1999 
16.03.1999 
3.20.0 

NeebM. 
Photoelectron speclra of metal cluster anions reacted with 
Benzene 
Clustertreffen, Sassnitz, ROgen 
28.09.99 
3.20.0 

Neeb M. 
Zeitaufgelöste 2-Photonen-Photoelektronenspektroskopie an 
massenselektierten Metallelusteranionen 
DFG-Antragskolloquium, Schwerpunktprogramm 
"Femtosekunden-Spektroskopie elementarer Anregungen in 
Atomen, Molekülen und Clustern, Bad Honnef 
15.11.1999 

Nie X.; BIOgei S. 
Investigation 01 chemical Trends 01 the Magnetocrystalline 
Anisotropy for Magnetic Monolayers 
44th Annual Conlerence on Magnetism and Magnetic 
Materials, San Jose, CA 
17.11.1999 

Pontius N. 
Mehrphotonen-Photoemission aus kleinen 
Übergangsmetallclustern mit Femtosekundenlaserpulsen 
DPG-FrOhjahrstagung in Heidelberg 1999 
16.03.1999 
3.20.0 

Rottländer P.; Kohlstedt H.; Girgis E.; de Gronckel H.; 
Schelten, J.; GrOnberg P. 
Ferromagnetische Tunnelkontakte mit UV-unterstOlzter 
Oxidation der Barriere 
DPG-FrOhjahrstagung in MOnster 1999 
24.03.1999 
3.20.0 

Rottländer P.; Kohlstedt H.; Grünberg P. 

179 

Barrier Formation by Ultraviolet light assisted Oxidation for 
Magnetic Tunnel Junctions 
44th Annual Conference on Magnetism and Magnetic 
Materials, San Jose, CA 
17.11.99 
3.42,0 

Schroeder K.; 810gel S. 
Diffusion und Einbau von Ge- und Si-Adatomen auf As­
terminiertem Si(111): ein Vergleich 
DPG-Frühjahrstagung, MOnster 
März 1999 
23.20.0 

Spettmann R.1; Schroeder K.; Blügel S.; Entel P.1 
1 Universität Duisburg 
Elektronische Struktur von Si(111): Sn­
DPG-FrOhjahrstagung, Münster 
März 1999 
23,20.0 

Wortmann D, 
Theorie der Rastertunnelmikroskopie von metallischen 
Oberflächenlegierungen 
Seminar des Zentrums für Mikrostrukturforschung, Universität 
Hamburg 
19.10.1999 
3.20.0 

Posters 

Antons A; Berger R.; 810gel S.; Schroeder K. 
Ab inllio investigation of ad-atom diffusion at surfaces 
European Research Conlerence on Dynamical Processses at 
SUrfaces, Lenggries 
19. - 23.09.1999 
23.20.0 

Asada T.1; BIOgei S.; Bihlmayer G.; Abt R. 
1 Faculty 01 Engineering, Shizuoka University, Hamamatsu, 
Japan 
First Principles Investigation of the Stability of 3d 
Monolayer/Fe(001) against Bilayer Formation 
44th Annual Conlerence on Magnetism and Magnetic 
Malerials, San Jose, CA 
16.11.1999 
3,20.0 

DalimeyerA. 
Electronic structure of epitaxial fee-Mn films 
DPG-FrOhjahrstagung in MOnster 
März 1999 
23.20.0 

Eisebitt S.; Wirth 1.; Kann G.; Eberhardt W. 
Electronic struclure of single wall carbon nanotubes in 
buckypaper 
XIII International Winterschool on Electronic Properties 01 
novel Materials Science and T echnology of Molecular 
Nanostructures, Kirchberg, Tiro! 
März 1999 
23.20.0 

Heinze S.; Asada T.1; 810gel S. 
1 Faculty of Engineering, Shizuoka University, Hamamatsu, 
Japan 
Ab initio Calculations of STM and STS on Magnetic thin Films: 
Mn and Cr on Fe(001) 
44th Annual Conference on Magnetism and Magnetic 
Materials, San Jose, CA 
18.11.1999 
3.20.0 

Karl A; Eisebitt S.; Freiwald M.; Scherer R.; Eberhardt W. 
Soft X-ray emission and resonan! inelastic soft X-ray 
scattering on InP 



HASYLAB Annual Users Meeting 1999, Hamburg 
29.01.1999 
3.20.0 

Karl A.; Eisebitt S.; Scherer R.; Eberhardt W.; Weidinger A.1; 
Hirsch A.2 
1 Hahn-Meitner-Institut, BerUn 
2Universität Erlangen 
Electronic structure 01 (C59N)2 studied locally at the Nitrogen 
site by soft x-ray emission and resonant inelastic scattering 
18th International Conference on X-ray and Inner-shell 
Processes, Chicago, IL 
23. -27.08.1999 
23.20.0 

Klingeier R. 
Mass spectra of metal-doped carbon and fullerene clusters 
Mx@Cn<120 (M = Sc, Y, La, 
Ca, Ce; x = 1,2) 
Clustertrelfen, Sassnitz, Rügen 
26.09. - 01.10.99 
23.20.0 

Kohlstedt H.; de Gronckel H.; Schmitz R. 
Oxidation Methods and Analytical Studies of the Structure of 
Magnetic Tunnel Junctions 
44th Annual Conference on Magnetism and Magnetic 
Materials, San Jose, CA 
15.11.99 
3.42.0 

Kromen W.; Berger R.; Antons A.; Schroeder K.; Blügel S. 
EStCoMMP, a parallelized (ab initio) molecular dynamics code 
lor the investigation 01 atomistic growth processes 
European Research Conlerence on Dynamical Processses at 
Surfaces, Lenggries 
19. - 23.09.1999 
23.20.0 

Lüttgens G.; Ponitius N.; Friedrich C.; Bechthold P.S.; Neeb 
M.; Eberhardt W. 
Photoelectron spectra of benzene-adsorbed metal cluster 
anions 
Gordon Conlerence on Photoions, Photoionization and 
Photodetachment, Plymouth State College, New Hampshire, 
USA 
18.07.1999 
3.20.0 

Lüttgens G.; Pontius N.; Friedrich C.; Bechthold P.S.; Neeb 
M.; Eberhardt W. 
Photoelectron spectroscopy 01 Benzene-adsorbed metal 
cluster anions 
Clustertrellen, Sassnitz, Rügen 
26.09. - 01.10.99 
23.20.0 

Morenzin J.; Schiebsuch C.; Kessler B.; Eberhardt W. 
Charge Transfer and relaxation dynamics of excited electronic 
states in organic photoreceptor materials with and without C60 
XIII International Winterschool on Electronic Properties of 
novel Materials - Seience and T echnology of Molecular 
Nanostructures, Kirchberg, Tirol 
März 1999 
23.20.0 

Nie X.; Heinze S.; Weinert M.1; Blügel S. 
1Brookhaven National Laboratory, Upton, USA 
Magnetic surfaces under static external electric fields 
211. WE-Heraeus Seminar (Magnetic Nanostructures), 
Physikzentrum Bad Honne! 
04. - 06.01.1999 
23.20.0 

Pontius N.; Bechthold P.S.; Neeb M.; Eberhardt W. 

Time-resolved photoelectron spectra 01 Pt3- using 
lemtosecond laser pulses 
Gordon Conlerence on Photoions, Photoionization and 
Photodetachment, Plymouth State College, New Hampshire, 
USA 
18.07.1999 
3.20.0 

Pontius N.; Bechthold P.S.; Neeb M.; Eberhardt W. 
Ultrafast hot-electron dynamics observed in Pt3- using time­
resolved photoelectron spectroscopy 
Clustertreffen, Sassnitz, Rügen 
26.09. - 01.10.99 
23.20.0 

Rottländer P.; Kohlstedt H.; Girgis E.; de Gronekel H.; 
Schelten J.; Grünberg P. 
TMR structures with barriers produeed by UV oxidation 
DPG-Frühjahrstagung in Münster 
23.03.1999 
3.42.0 

Wirth 1.; Kann G.; Eisebitt S.; Eberhardt W. 
Elektronische Struktur von Kohlenstoffnanoröhren in 
"Buckypaper" 
DPG-FrühJahrstagung in Münster 
24.03.1999 
3.20.0 

Wortmann D. 
Scanning tunneling microscopy of magnetic surface alloys 
5th Workshop Full-Potential LAPW calculations with the 
WIEN97 code, Wien 
09.04.1999 
3.20.0 

Yan S.-S.; Schreiber R.; Grünberg P. 
Noncollinear Coupling in Fe/Mn/Fe Trilayers and ist 
Dependence on Growth Conditions 
44th Annual Conlerence on Magnetism and Magnetic 
Materials, San Jose, CA 
17.11.1999-09-01 
3.42.0 

Patents granted 

Blügel S.; Nie X.: 
Elektrisches Feld für Um magnetisierung eines dünnes Films 
DE: 19841034 (06.08.99) 
PT 1.1610 
23.20.0 

Patens applled for 

Blügel S.; Nie X.: 
Elektrisches Feld für Ummagnetisierung eines dünnen Films 
PCT: PCT/DE99/02840 (08.09.99) (EP,US,JP) 
PT 1.1610 
23.20.0 

Eberhardt W.; Morenzin J.: 
Markierungseinrichtung 
PCT: PCT/EP 99108433 (03.11.99) (EP,US,JP) 
PT 1.1633 
23.42.0 

Lecture courses 

Baumgarten L. 
Winkelaufgelöste Photoemission zur Bandstrukturbestimmung 
in Festkörpern 
IFF-Ferienschule 1999 
05.03.1999 
3.20.0 
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Bechthold P.S. 
Cluster und Clustermaterie 
SS 1999 

Blügel S. 
Theorie der magnetischen Anisotropie 
IFF-Ferienschule 1999 
03.03.1999 
3.20.0 

Carbone C. 
Photoemission trom magnetic films 
IFF-Ferienschule 1999 
05.03.1999 
3.20.0 

Eberhardt W.; Grünberg P.; Bürgler D. 
Oberseminar: "Magnetische Schichtsysteme in 
Forschung und Anwendung" 
WS 99/00 

Eisebitt S. 
Zirkulardichroismus in der Rumpfabsorption 
IFF-Ferienschule 1999 
09.03.1999 

Grünberg P. 
Zwischenschichtaustauschkopplung: Phänomenologische 
Beschreibung, Materialabhängigkeit 
fFF Ferienschule 1999 
03.03.1999 
3.42.0 

Internat reports 

Blügel S. 
Theorie der magnetischen Anisotropie und Magnetostriktion 
In: Magnetische Schichtstrukturen in Forschung und 
Anwendung, Jülich: 30. Ferienkurs des Instituts für 
Festkörperforschung 1999 
23.20.0 

Pontius N.; Bechthold P.S.; Neeb M.; Eberhardt W. 
lnfinity Der Pumplaser der Wahl für nachverstärkende fs­
Systeme 
Laserline, Coheren! (Deutschland) GmbH, 01/1999 
23.20.0 

Wirth I. 
JüI·3619 
Rastertunnefmikroskopie und Rastertunnelspektroskopie an 
einwandigen Kohlenstoff-Nanoröhren 
23.20.0 
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Special Group "Materials under heavy irradiation loads" 

GeneralOverview 

Research on Fusion Materials 

The main part of the activities of the group is still concemed with radiation damage effects in candidate structural fusion 
materials. This work is a contribution of the IFF to the Nuelear Fusion Project in Jülich which is financeQ to 25 and 45%, 
respectively, by EURATOM. The research topics are part of the European Fusion Programme. In addition to these activities, 
the group is increasingly involved in materials investigations for the targets of the planned European high-power spallation 
neutron source ESS. 

Scientific goal of the work are investigations of irradiation-induced changes of properties of technical- and model-materials. 
Because an intensive source of fusion neutrons i5 still missing, their action is simulated by light ion bombardment at a 
cyelotron. For the spallation case there is the additional possibility to investigate "spent" targets of operating medium power 
sources (ISIS, LANSCE) in the Hot Cells ofFZJ. 
The emphasis of the efforts IS an improvement of the basic understanding of processes underlying radiation damage effects. A 
elose interaction with theoreticians is therefore mandatory and the elose long-standing and fruitful collaboration with H. 
Trinkaus (Institut Theorie II) will be continued. 

In the field of metallic structural fusion materials the work concentrated on the combined influence of atomic displacements, 
hydrogen and helium on the mechanical propeliies and the hydrogen permeation of martensitic steels, particularly their low 
activation versions. These investigations will be extended to steel-ceramics composites in order to test the effectiveness of 
ceramic layers as diffusion-bau-iers for hydrogen isotopes. 
The influence of (n, ex)-produced helium in beryllium (a favourite plasma-facing candidate material) on its tensile properties 
has been studied for a wide range of temperatures and He-concentrations (see following artiele). Transmission-electron­
microscopy (TEM) i8 under way to uncover the reasons for the observed severe embrittlement. 
During the work on irradiation-induced dimensional changes in ceramics, unusual morphologies of helium bubbles have been 
found. Systematic experiments and TEM investigations together with the development of a theoretical modelied to a detailed 
understanding of the development of such bubble structures. 
Concluding electron iu-adiations confirmed the suspicion that the alledged Radiation Induced EJectrical I!egradation 
(RIED) effect is an artefact. It could be c1earIy shown that the drastic increases in conductivity of Ah03 found by some 
authors were due to unsuitable techniques of measuring high insulation resistances. 

Research on Spallation Target and Moderator Materials 

The emphasis of this research is on the most highly loaded components of the European Spallation Source (ESS), Le. target 
and moderators. The integrity ofthese parts will be decisive for the duration ofuninterrupted operation periods ofthe entire 
facility. The extraordinary loads on the mercury target are on the container proper and its secondary enelosure, in particular the 
respective proton beam windows. These loads have mainly two causes. First, the stress waves, which are due to the shock-like 
energy deposition into the target and its multiple shells. Stress waves within the container walls are generated by the direct 
heating ofthe beam window as weH as by the pressure waves due to the pulsed heating ofthe mercury. The second concem is 
radiation damage and foreign atom production (mainly hydrogen and helium) induced by the high energetic protons and 
neutrons. 

Experiments on the stress wave problem have been performed at the Altemating Gradient Synchrotron (AGS) at 
Brookhaven with the mercury target of the intemational ASTE (AGS Spallation Target Experiment) collaboration. A recently 
developed laser interferometric technique for measuring pressure waves in liquid meta! targets provided reproducible results. 

The comparison of experiments with results from numerical calculations (employing finite elements) of the expected stress 
and pressure waves within the ASTE target subject to high power proton pulses is satisfactory only for the time interval 
between power input and arrival of the pressure wave front at the target container wall. For a quantitative description of the 
pressure wave at later times a more sophisticated modeling of the pressure sensor is needed and being developed. 

Numerical calculations show that the time dependence ofthe pressure wave within a mercury target for a given total energy 
depOSition strongly depends of the proton beam profile. This way may offer a means of mitigating the impact of pressure 
waves on the target structure. 
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Radiation damage and foreign atom production are investigated with proton accelerators. Life time estimates of components 
are made by analyzing long term irradiated targets and proton beam windows of already operating medium power spallation 
sources (LANSCE, Los Alamos and ISIS, Rutherford Appleton Lab). The stress wave problem is studied with experiments on 
pulsed high power proton accelerators. 

The mechanical tests and micro-structural investigations of sampies cut from components of existing spallation sources are 
nearly fmished. The results show a remarkable strengthening and embrittlement with all three investigated materials c1asses 
(austenitic and martensitic steels as well as nickel-based aIloys). The residual ductility observed with specimens subject to the 
highest available dose of 10 dpa (corresponding to ab out 2 months of operation of ESS) is, however, sufficient for being em­
ployed as structural materials ofESS targets. 

Spallation nuclides have been identified applying capillary electrophoresis combined with ICP mass spectroscopy to separate 
the rare earth elements. All 14lanthanides from an 800 MeV irradiated tantalum target from ISIS have been analyzed. The 
results were in good agreement with theoretically predicted distributions as weIl as with data from HPLC-ICP mass 
spectroscopy. 

Cold moderators have gained increasing importance in the past. Quality and quantity of neutrons produced with a pulsed 
source can be particularly improved, if cold moderators can deliver and sustain short pulses over a broad energy range. The 
ideal slowing down medium for that purpose is methane because of its high proton density and many low lying rotational 
vibration modes. Unfortunately, in the radiation field of a target, highly active radicals are formed in methane, in particular 
CH3 - and H+. In liquid methane (lOO-K-moderator) this gives rise to the formation ofhigher alkane homologues, which are 
eventually clogging the piping. In its solid state (20-K-moderator), in addition to radio lysis, crystal defects like interstitials are 
generated. The stored energy together with recombination ofradicals can lead to spontaneous energy release (Wigner effect), 
which in turn may destroy the moderator vessels. 

Within the present R&D phase several paths for developing radiation resistant or at least better manageable cold 
moderators are being followed. One way is the production of small methane pebbles (2 to 3 mrn diameter), which as a bed are 
cooled by flowing liquid hydrogen. A second possibility is the inc1usion of methane in porous substances (e.g. zeolites) or 
clathrates (e.g. from water ice), both again as small pebbles. Radiation damage and Wigner effect will thus be restricted to 
small particles. A timely and regular exchange ofthe pebble beds would prevent the destruction ofthe vessel and sustain the 
neutronic quality ofthe moderator. A third way would be the utilization of different hydrocarbons (with many freely rotating 
methyl groups), which do not exhibit the unfavorable radiolysis behavior ofmethane. 

Irradiation behavior of moderator media are being performed at reactors (CARE in England and IBR-2 in Russia). The 
neutronic properties (intensities and pulse shapes) ofthe different variants will be studied in a to scale mock-up ofthe ESS 
target-moderator-reflector module. This test facility is under construction at the cooler synchrotron (COSY) ofthe Institut für 
Kernphysik ofForschungszentrum Jülich. The experiments will be performed under the auspices ofthe international 
collaboration JESSICA (Jülich Experimental Spallation target Set-up In COSY Area). 

H. Ullmaier and H. Conrad 

Collaboration 

Internal (Forschungszentrum Jülich) 
IKP, ZAT, ZEL, ZFK-HZ 

External (international) 
BNL (Upton, USA) , JINR (Dubna, Russland),KEK (Tsukuba, Japan), Kurchatov Inst. (Moskau, Russland), JAERI 
(Tokai, Japan), LANL (Los Alamos, USA), ORNL (Oak Ridge, USA), PSI (Villigen, CH), RAL (Chilton, UK), 
RISO (Roskilde, DK), Universita di Ancona (Ancona, IT) 
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Scielltific Staff 

Dr. 1. Chen 
Dr. H. Conrad (Institute for 
Scattering Methods) 
Dr. P. Jung 

D1'. W. Kesternich 
Dr. G. Küppers (ZCH) 
Dr. H. Tietze-Jaensch 

Prof. H. Ullmaier (Head of 
Project "European spallation 
Source ESS" at FZJ) 

Tec/mical Staff 

J. Deutz (until end of99) 
A. Fournier 

H. Klein 

W. Schmitz 

Guests 

1. Abasolo-Hernandez 
C. Byloos (Institute for 
Scattering Methods) 
F. Carsughi 

A. Garcia-Borquez 
C. Liu 

A. Ryazanov 
E. Shabalin 

Mechanieal tests and TEM on irradiated spallation materials 
European Spallation Source: Target and Moderators 

Radiation damage and hydrogen effects in metals and ceramies, 
thenna! desorption spectroscopy 
Radiation effects in metals and insulators, TEM 
Chemical analysis of spallation products 
Co-ordinator of international ESS-experiment "JESSICA" 
Instruments for pulsed neutron sources 
Meehanieal properties of irradiated metals, 

Preparation of ceramic TEM speeinlens 
Seeretary, Projeet Assistant ESS 

Instrumentation and data proeessing, TEM, irradiation experiments 

SEM, irradiation experiments, speeimen preparation 
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(llNR, Dubna) Radiation damage in solid methane and iee 
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The Influence of Helium on Mechanical Properties and Microstructure of Beryllium 

W. Kesternich 
Special Group "Materials under heavy irradiation loads" 

Beryllium is a promising candidate material for plasma-facing components in future fusion reactors for 
several reasons. A dis advantage is the high helium production rate by (n, a) processes in this low-Z material. 
We have investigated He-induced changes of the meehanical properties of Be in a fusion-relevant range of 
He eoneentrations and temperatures. Severe hardening and losses in ductility have been found, connected 
with changes in fracture modes. TEM investigations of the microstructure are under way to uncover the 
underlying meehanisms. 

F&E-Nr.: 23.80.5 

The poisoning of a fusion plasma by impurities sputtered off 
the first wall decreases with decreasing atomic number Z of 
the plasma facing materials. Therefore, beryllium (Z=4) i8 
one of tbe favourite plasma facing material. On the other 
hand, the production ofhelium by (n, a)-processes strongly 
increases with decreasing Z and experience from other 
materials shows that even small concentrations of He ean 
lead to severe embrittlement. A knowledge of He-effects in 
Be Is therefore of great importance. 
We have investigated the influence of helium on the tensile 
properties and the mierostrueture of Be for a wide range of 
temperatures (RT-600°C) and He-concentrations (30-800 
apprn). The highest investigated He-concentration of 800 
appm corresponds to the produetion in a typical fusion 
reactor after approximately 6 months full power operation. 
The (n, a)-production ofHe was simulated by homogeneous 
a-particle implantation at a eyc1otron. 
Fig. 1 shows the yield stress, the ultimate tensile strength 
and the total strain to failure as a function of the He­
concentration for specimens irradiated and tested at 600°C. 
Helium causes a strong hardening (increase of yield stress 
by a factor of 3 at 800 appm) with a simultaneous reduction 
in ductility (from an initial strain to failure of70% to 10%). 
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Fig.l: Ultirnate tensile strength and yield stress(upper 
diagram) and strain to fraeture(1ower diagram) as a 
function of the helium concentraticn of beryllium, 
implanted and tested at 600°C. 

At lower temperatures the effeet is even more pronounced, 
e.g. at room temperature the ductility drops from an initial 
value of 9% to 0.4% at only 220 appm He. Annealing of 
RT-implanted specimens at 900°C (eorresponding to 0,75 
cf the melting temperature) strongly reduces the effect of 
helium on hardening and embrittlement. 
For a given He-eoncentration, the strain to faHure shows a 
maximum at an implantation/test temperature of 300°C for . 
the non-implanted specimen which shifts to 250°C after He­
implantation. The strength of the material decreases 
monotonically with inereasing temperature in an cases. 
If the implantation temperature was higher than the test 
temperature, He-induced strengthening and embrittlement 
are less pronounced, the influenee being the smaller the 
large the difference between implantation and test 
temperature becomes. 
The case test temperature higher than implantation 
temperature has no practical impcrtance and was not 
investigated. 
Transmission electron microseopy (TEM) observation of the 
development of the fme-scale mierostructure (disloeation 
loops, small bubbles, ete.) Is under way. Scanning electron 
microscopy (SEM») showing larger features on fraeture 
surfaces has been completedand revealed duetile, c1eavage 
and inter granular failures and mixtures of these basic 
fracture modes. 



Scanning electron micrograph showing cleavage 
fracture of a specimen implanted to 220 appm He 
and tested at 100oe. 

Fig.3: Scanning electron micrograph showing 
intergranular failure induced by large He bubbles 
in the grain boundaries, The specimens were 
implanted at 1000 e to 220 appm He and then 
tempered at 900 oe, 

Fig, 2 shows the example of a transgranular cleavage 
fracture with a dense sequence of c1eavage steps, An 
analysis of the side surfaces of the tested specimens shows 
glide processes within the grains and in grain boundaries 
for a wide range of experimental conditions. The influence 
of the glide systems on the formation of microcracks and 
fracture initiation has been studied, 
At high temperatures large bubbles in tbe matrix and the 
grain boundaries appear. Fig. 3 shows facetted bubbles in 
two grain boundaries and at their intersecting line. Tbe 
influence of the bubble distribution on the fracture 
behaviour has been investigated, 
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Radiation - Induced Changes of Mechanical Properties of Target Structural Materials 

J. Chen, F. Carsughi and H. Ullmaier 
"Special Group under heavy irradiation loads " 

Specimen obtained from spent components of operating medium-power spallation soure es are a valuable 
source of information for lifetime predictions of target structural materials in high-power sources such as 
ESS. In the Hot Cells of the FZJ we are investigating 3 types of candidate materials (austenitic and 
martensitic steels, Ni-based alloy) obtained from LANSCE (Los Alamos) and ISIS (Rutherford-Appleton 
Lab.). As an example of the results, the article gives tensile data for AISI 304 Land DIN 1.4926 steel, 
showing severe embrittlement effeets. 

F&E-Nr: 23.60.0 

The lifetime of the ESS target strueture (proton beam 
window, return hull, Hg-container) will be detennined by 
radiation damage (atomic displacement ("dpa"). H- and He­
production) due to high energy protons and neutrons [1]. 
Because of the different radiation conditions, data from 
fission and fusion materials research cannot be directly 
transferred to the spallation case. At present, the only supply 
of information are specimens obtained from spent target 
components of already operating medium-power sourees 
such as ISIS (UK) and LANSCE (USA). The ESS-target 
group was able to colleet all available high dose eomponents 
of these sourees in the Hot Cells of the FZ-Jülich and 
specimen preparation and first mechanical test were started 
in 1997. The results obtained up to now [2-4] can be 
summarized as follows: 
The irradiation causes a hardeninglstrengthening connected 
with a decrease in ductility (the so~caned low-temperature 
embrittlement) in all 3 investigated types of materials: an 
austenitie stainless steel (AISI 304 L), see Fig. la», a 
martensitic/ferritie steel (DIN 1.4926 (see Fig. Ib» and a 
high-strength Ni-based alloy (Inconel 718). The fracture 
mode however, different: whereas the fracture remains 
transgranular for 1.4926, it changes from ductile 
transgranular in the initial material (see Fig. 2a) to brittle 
intergranular in 304 L (see Fig. 2b) and Inconel 718. At 
present detailed transmission-electron-microscope (TEM) 
investigations are under way to correlate the mechanical 
behaviour with the irradiation-induced changes of the 
microstructure. 
The maximum doses available up to now are lirnited to 
about 10 dpa which corresponds to a full power operation 
time of about 2 months for ESS conditions. The observed 
ductilities at this dose level are small (>1%) but acceptable, 
especially if the fracture toughnesses of >50 MPamV, 
measured in similar specimens is taken into account. 
Higher dose levels are expeeted from the international 
irradiation programme STIP in the SINQ target. First 
specimens should arrive middle of 2000 in Jülich for 
mechanical tests in the hot cells. 
Cornp1ementary information, especially on the basic 
radiation damage mechanisms is obtained by simulation 
irradiations with light ions from the Jülich Kompakt­
Zyklotron (see also FE 23.80.5). A preliminary analysis of 
the data suggests that the observed changes of properties are 
mainly due to displacement effects whereas the 
simultaneously produced helium plays only a minor role for 
concentrations below several 0.1 at %. 
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20°C VS. Displacement dose after 800 MeV proton 
irradiation for (a) austenitic steel AISI 304 Land 
(b) martensitic steel DIN 1.4926. 



Fig.2: Scanning electron micrographs of fracture surfaces 
of 304 L steel after tensile testing for (a) 
unirradiated reference material and (h) specimen 
after irradiation to 8 dpa. The change in fracture 
mode from ductile-transgranular to brittle­
intergranular is obvious. 
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FEM calculations of the pressure waves in the ASTE mercury spallation target 

Carla Byloos 

Time dependent finite elements calculations of the pressure waves in a liquid mercury spallation target have been performed. 
Comparison with experiment show that a very detailed modeling of the pressure sensor Is necessary in order to obtain a quantita­
tive agreement over the entire time interval of the measurement. It had been found that adequate proton beam profiles can miti­
gate the pressure impact on the target container. 

The ESS (European Spallation Source) project is 
now in the fmal Research & Development phase de­
manding precise and reliable answers. The geometry of 
the target system, even the simplified form ofthe inter­
national ASTE (Alternating gradient synchroton 
Spallation Target Experiment) collaboration target, is 
too complicated to permit a pure analytical approach of 
the stress and pressure waves problem. In these cases 
one uses the calculation capacity of computers to di­
vide the system in a (usually great) number of little 
pieces in which the equilibrium equations can be 
simply solved, in other words, the finite elements 
method (FEM) and in our case the fmite element 
program ABAQUS. 

The ASTE target is constituted of a cylindrical, 
2.5 mm thick steel huH with a hemispherical beam win­
dow and at the opposite side with a thick flange. Fig­
ure 1 shows the FEM model of a quarter of the ASTE 
target. Inside the huH is liquid mercury. 

Fig. 1: The FEM model of a quarter of the ASTE mercury target 

The aim of the Jülich part of the ASTE experiment 
eampaigns was (and is) to measure the magnitude of 
the pressure waves in the liquid mereury induced by 
the temperature rise due to the beam energy deposition 
and of the stress waves propagating in the steel huH in 
turn due to the direct rapid be am energy deposition. 
For this scope flanges of ca. 5 cm diameter along the 
circurnference of the eylindrieal hull at 15 cm from the 
apex of the cylindrical window permitting access into 
the container, were equipped with a mechanical 
pressure sensor. The sensor is a thin (0.3 ·0.4 mm) 
circular steel membrane Uoined to a proper flange) 
whose displacements from the equilibrium position are 
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measured with laser interferometry and converted into 
pressure values with the help of a static calibration of 
the sensor. 
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Fig. 2: Calculated time-dependent pressure in mercury at the loea­
tion of the pressure sensor for a single pulse with a deposited energy 
of 10 kJ and a proton beam radius of2 cm. 

Fig.3: Calculated time-dependent press ure in mercury at the loca­
Hon of the press ure sensor for a single pulse with a deposited energy 
of 10 kJ and a proton beam radius of 4 cm. 

Tbe pressure sensor was modeled and meshed and 
FEM staHe calculations were performed to confirm the 
experimental calibration and this i3 in fact the case. Its 
eigenfrequencies were calculated to recognize them if 
accidentally mea3ured. 

In a first step a simplified geometry was modeled 
for the FEM ealculations on the ASTE target and the 
flanges for the pressure sensors were not taken into ac­
count. For different radii of the circular beam cross 
section and also for different deposited energies, the 
pressure values for times up to 400 IlS after the proton 
pulse were determined at points in the mercury corre­
sponding to the experimentaIones. One can see in 
fig.2 and Fig. 3 that the pressure i3 zero for the time 
the pressure wave front needs to travel at the velocity 



(for mercury ca. 1400 mls) from the zone in which it is 
originated (corresponding to the beam profile contour) 
to the sampling zone. 

The agreement between calculations and experiment 
(not shown) is good only for the first 100 I-ts in which 
the value and the shape of the first peak in compression 
(negative values in figs.2 and 3) resembles the meas­
ured one. The bigger the beam radius the smoother and 
smaller are the peaks where the mercury is under tensile 
stresses. Later the oscillations differ completeJy from 
experiment This could have many causes, starting from 
the great simplicity of the geometry and the boundary 
conditions between the nodes in the two different mate­
rials till the fact that the experimental beam profile has 
a quite different shape from the one we used. Last but 
not least: the values of the pressure are taken in the 
mercury and do not take into account the dynamical be­
havior ofthe sensor interfering with the pressure waves. 

Fig. 4: Detail of the mesh used for modeling the pressure sensor 10-
cation of one quarter of the ASTE target 

For this reason a new, less simplified geometry was 
modeled and meshed. The very small time interval of 
the beam pulse would require, to have accurate an­
swers, a very large number of elements (so a very fine 
mesh O.lx 0.1 rum in the mercury and O.3xO.3 rum in 
the steel). This would mean, considering the target di­
mensions, to have millions of elements - a long, hard 
task also for fast computers. Nevertheless, one can have 
enough accurate results even with coarse meshes, pro­
viding fmes ones in the zones of interest and using the 
symmetry property of the system geometry to model 
only parts of it. In this case a quarter of the ASTE tar­
get including the sensor flange and the pressure sensor 
and the rear flange is modeled. In Fig. 4 a detail of the 
mesh for the measurement flange and the upper part of 
the sensor is shown. For a complete view see Fig. 1, 
where a quarter ofthe model target is shown (assuming 
that 4 instead 2 measurements sites exist). Even in this 
approximate form the number of the elements is ca. 
300000. The calculations are in progress. 
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Nanomaterialien 
KOlloquiumsvortrag vor der Fakultät Physik, RWTH Aachen 
13.12.1999 
3.20.0 

IFF-99-21-006 
Blügel S. 
Von der Quantentheorie der Elektronen zu neuen 
Nanomaterialien 
Kolloquiumsvortrag vor der Fakultät Physik, Universität 
Bremen 
15.06.1999 
3.20.0 

IFF-99-21-007 
Blügel8. 
Von der Quantentheorie der Elektronen zu neuen 
Nanomaterialien 
Kolloquiumsvortrag vor der Fakultät PhYSik, Universität 
Düsseldori 
04.11.1999 
3.20.0 

I FF-99-21-008 
8lügelS. 
Von der Quantentheorie der Elektronen zu neuen 
Nanomaterialien 
Seminar TU-Clausthal-Zellerfeld 
03.05.1999 
3.20.0 

IFF-99-21-009 
Brener E. 
Instabilities in cracks 
University Grenoble, Frankreich, 01.04.1999 
23.15.0 

IFF-99-21-010 
Brener E. 
Instabilities in cracks 
Universität Montpellier, Frankreich, 20.09.1999 
23.15.0 
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IFF-99-21-011 
Brener E. 
Pattern formation in diffusional growth 
Universität Kiel, 29.10.1999 
23.15.0 

IFF-99-21-012 
Brückel Th. 
Investigation of Spinstructures with Synchrotron Radiation 
Bad Honnef, Physikzentrum, 211. WE-Heraeus-Seminar, 04. -
06.01.1999 
23.89.1 

IFF-99-21-013 
Brückel Th. 
Komplementarität von Neutronen- und Synchrotron­
Röntgenstreuung in der Festkörperforschung 
Dresden, Technische Universität, Fakultät Mathematik und 
Naturwissenschaften, Physikalisches Kolloquium, 12.01.1999 
23.89.1 

IFF-99-21-014 
Brückel Th. 
Komplementäre Anwendung von Neutronen- und 
Synchrotronröntgenstreuung bei Untersuchungen des 
Festkörpermagnetismus 
Aachen, RWTH, Physikalisches Kolloquium, 26.04.1999 
23.89.1 

IFF-99-21-015 
Brückel Th. 
Magnetic Scatlering: Synchrotron X-rays versus Neutrons 
Berlin, HMI, Workshop on "Magnetism with Synchrotron 
Radiation and Neutrons, 22.11.1999 
23.89.1 

IFF-99-21-016 
Bürgler D.E. 
Control of magnetic interlayer coupling on the nanometer 
scale: Morphology and fermiology 
UMBRELLA Symposium, TH Aachen 
08.11.1999 
3.42.0 

IFF-99-21-017 
Bürgler D.E. 
Magnetische Zwischenschichtkopplung: Effekte der 
Grenzflächen und Fermioberflächen 
RWTHAachen 
13.12.1999 
3.42.0 

IFF-99-21-018 
CaliebeW. 
Scattering Methods to Study Magnetism in EuO 
Brookhaven, USA, NSLS, Seminar, 11.01.1999 
23.20.0, 23.89.1 

IFF-99-21-019 
Conrad H. 
Die Europäische Spallationsquelle ESS - eine 
Neutronenquelle für das 21. Jahrhundert 
Potsdam, Deutsche Neutronenslreutagung, 26.05.1999 
23.60.0 

IFF-99-21-020 
Conrad H. 
Experimental and computational studies of pressure waves in 
the ASTE mercury target 
Oak Ridge, USA, International Workshop on Mercury Target 
Development for Pulsed Spallation Neutron Sources, 08. -
12.11.1999 
23.60.0 

I FF-99-21-021 
Conrad H. 



Moderator Development for ESS 
Oak Ridge, USA, International Workshop on Mercury Target 
Development for Pulsed Spallation Neutron Sourees, 
10.11.1999 
23.60.0 

IFF-99-21-022 
Conrad H. 
Pressure waves in the ASTE mercury target 
Ancona, Italy, 6th General ESS Meeting, 23.09.1999 
23.60.0 

IFF-99-21-023 
Conrad H. 
Stress and Pressure Waves In Solid and Liquid Metat Targets 
Induced by High Power Pulsed Electron and Proton Beams 
Santa Fe, USA, 3rd International Conference on Spallation 
Materials Technology, 03.05.1999 
23.60.0 

I FF-99-21-024 
Conrad H.; Ullmaier H. 
Overview of the ESS Target Research and Development 
Oak Ridge, USA, International Workshop on Mercury Target 
Development for Pulsed Spallation Neutron Sourees, 
08.11.1999 
23.60.0 

IFF-99-21-025 
Dederichs P.H. 
Ab-Inltio Study of Magnetic Adatoms and Small Clusters on 
Surfaces 
Int. Conference on Clusters and Nanostructure Interfaces, 
Richmond, VA, USA, 27.10.1999 
23.20.0 

IFF-99-21-026 
Dederichs P.H. 
Conceptional Improvementrs of the KKR Method for Electronic 
Structure Calculations 
Seminar, Oak Ridge National Laboratory, USA, 19.03.1999 
23.20.0 

IFF-99-21-027 
Dederichs P.H. 
Elektronische und magnetische Eigenschaften von 
Adsorbatatomen auf Oberflächen 
Kolloquium, Hahn Meltner Institut, Berlin, 01.02.1999 
23.20.0 

IFF-99-21-028 
Dederichs P.H. 
Forces and Lattice Relaxations in DiMe Alloys 
APS-March Meeting, Atlanta, USA, 22.03.1999 
23.20.0 

IFF-99-21-029 
Dederichs P.H. 
Komplexe Bandstruktur und Tunneln in 
FerromagneUlsolator/Ferromagnet Schichten 
Universität Halle, 04.11.1999 
23.20.0 

IFF-99-21-030 
Dederichs P.H. 
Magnetic Adatoms and Small Clusters on Surfaces 
Kolloquium Physics Department, Moscow State University, 
Moskau,19.01.1999 
23.20.0 

IFF-99-21-031 
Dederichs P.H. 
Magnetic Adatoms and Small Clusters on Surfaces 
Symposium on MUltilayers and Nanostructures, Univ. 
Bielefeld,17.04.1999 
23.20.0 
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IFF-99-21-032 
Dederlchs P.H. 
Magnetismus von Adatomen und kleinen Clustern auf 
Oberflächen 
Physikalisches Kolloquium, Univ. Gesamthochschule 
Dulsburg, 26.04.1999 
23.20.0 

IFF-99-21-033 
Dederlchs P.H. 
Proposal for a RT-Network "Computational 
Magnetoelectronics" 
TMR-Workshop "5th Framework", Orsay, Paris, 30.04.1999 
23.20.0 

lFF-99-21-034 
Dürr H. 
Soft X-ray magnelic speclroscopy 
SR Salellile 10 the 181h IUCr General Assembly and Congress 
Daresbury Lab., Warrington 
03.08.1999 
3.20.0 

IFF-99-21-035 
Eberhardt W. 
Coherent soft x-ray scattering from random surfaces 
Evaluation Session, MPT-Projekte im Rahmen der deutsch­
kanadischen WTZ 
Laser-Lab. Göttingen 
27.01.1999 
3.20.0 

IFF-99-21-036 
Eberhardt W. 
F-Sek Dynamik von Festkörpern und Clustern 
ETH Zürich 
21.01.1999 
3.20.0 

IFF-99-21-037 
Eberhardt W. 
F-sek Dynamik von Festkörpern und Clustern 
Festkörperphysik-Kolloquium, FU BerUn 
12.11.1999 
3.20.0 

IFF-99-21-038 
Eberhardt W. 
Femtosecond electronic relaxation processes in clusters and 
solids 
Ringberg Symposium" Ultrafast Surface Dynamics" 
30.03.1999 
3.20.0 

IFF-99-21-039 
Eberhardt W. 
IBM Research Almaden 
F-sec dynamics of magnetic thln films and photoconductor 
systems 
19.02.1999 
3.20.0 

IFF-99-21-040 
Eberhardt W. 
MAX-Iab Lund 
Opportunities for experiments using thetTime structure and 
Coherence of the VUV 
25.09.1999 
3.20.0 

IFF-99-21-041 
Eberhardt W. 
Opportunities for Experiments Using the Time Structure and 
Coherence of Ihe VUV, FEL at DESY 
21st International Free Electron Laser Conference and 6th 
FELApplication Workshop, Hamburg 
27.08.1999 



3.20.0 

IFF-99-21-042 
Eberhardl W. 
Soattering experiments with ooherent soft X-ray photons 
VUV FEL User Workshop, Hamburg 
12.03.1999 
3.20.0 

IFF-99-21-043 
Eberhardt W. 
Soft X-ray emission and scattering from solids 
17.09.1999 
tanford Univesity 
23.20.0 

IFF-99-21-044 
Eberhardt W. 
Soft X-ray emission and scattering from solids 
Seminarvortrag im MPI Stutlgart 
07.05.1999 
3.20.0 

IFF-99-21-045 
Eber! Ph. 
Defects on semiconductors surfaces. 
Seminar at the Physics Department. Prof. Dr. F. Himpsel, 
University ofWisconsin, Madison, Wisconsin, U.S.A., October 
29, 1999 
23.55.0 

IFF-99-21-046 
Ehrhart P. 
Deposition of electroceramic thin films by MOCVD 
16th Umbrella Symposium, Aachen, 08.-12.11.1999 
23.42.0 

IFF-99-21-047 
Eisebitt S. 
Resonant inelastic soft x-ray scattering: Investigating 
electronic structure 
2nd International SLS Workshop on Synchrotron Radiation 
Brunnen, CH 
27.10.1999 
3.20.0 

IFF-99-21-048 
Eisebitt S. 
Soft x-ray emission on solids 
SSG Lecture Series at the Advanced Light Source, Berkeley, 
USA 
18.11.1999 
3.20.0 

IFF-99-21-049 
EisebiltS. 
Weichröntgen-Emissions-Spektroskopie an nanostrukturierten 
Halbleitern 
Universität Bonn 
15.01.1999 
3.20.0 

IFF-99-21-050 
Eisenriegler E. 
Colloids in polymer solution 
Klausurtagung des SFB 513 "Nanostrukturen an 
Grenzflächen", 14.10.1999. Tschagguns. Austria 
23.30.0 

IFF-99-21-051 
Eisenriegler E. 
Polymers interacting with colloids 
International Conference on Liquid Matter. 03-07.07.1999. 
Granada 
23.30.0 

IFF-99-21-052 
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Goerigk G. 
Materialforschung mit Anomaler Dispersion 
Geesthacht. GKSS, Informationsveranstaltung zur 
Synchrotronstrahlung mit Ausblick auf TESLA. 08.09.1999 
23.89.1 

IFF-99-21-053 
Goerigk G. 
Materialuntersuchungen mit anomaler Röntgen­
Kleinwinkelstreuung 
Karlsruhe. Universität. Polymer-Institut, 18.11.1999 
23.89.1 

IFF-99-21-054 
Gompper, G. 
Soft Matter: Amphiphile, Membranen. Mikroemulsionen 
Institut tor Computeranwendungen 1, Universität Stuttgart., 
13.12.1999 

IFF-99-21-055 
Gompper, G. 
Statistische Physik von Membranen und Vesikeln: Schmelzen, 
Ondulationen, Topologie-Fluktuationen", 
RWTH Aachen, 21.06.1999 

IFF-99-21-056 
Grünberg P. 
Layered magnetic structures in research and application 
Argonne National Labs, USA 
29.03.1999 
3.42.0 

IFF-99-21-057 
GrOnberg P. 
Magnetische Multilagen in Forschung und Anwendung 
Physikalisches Kolloquium, Universität DOsseidorf 
04.02.1999 
3.42.0 

IFF-99-21-058 
GrOnberg P. 
Magnetische Multilagen in Forschung und Anwendung 
Workshop on Multilayers and Nanostructures, Universität 
Bielafeld 
09.06.1999 
3.42.0 

IFF-99-21-059 
GrOnberg P. 
Magnetische Schichtstrukturen in Forschung und Anwendung 
Fraunhofer Institut Duisburg 
09.06.1999 
3.42.0 

IFF-99-21-060 
GrOnberg P. 
Magnetische Schichtstrukturen in Forschung und Anwendung 
IBM Mainz 
26.04.1999 
3.42.0 

IFF-99-21-061 
Grünberg P. 
Magnetische Schichtstrukturen in Forschung und Anwendung 
Stiftung Cäsar. Bonn 
19.10.1999 
3.42.0 

IFF-99-21-062 
GrOnberg P. 
Magnetische Schichtsysteme in Forschung und Anwendung 
FZ Kolloquium 
22.01.1999 
3.42.0 

IFF-99-21-063 
GrOnberg P. 



Magnetoelectronies in research and application 
UMBRELLA Symposium, TH Aachen 
09.11.1999 
3.42.0 

IFF-99-21-064 
GrOnberg P. 
Magnetoelektronik in Forschung und Anwendung 
Max-von-Laue-Kolloquium, Berlin 
25.12.1999 
3.42.0 

IFF-99-21-065 
GrOnberg P. 
Magnetoelektronik in Forschung und Anwendung 
Physikalisches Kolloquium, Gesamthochschule Essen 
20.10.1999 

IFF-99-21-066 
GrOnberg P. 
Magnetoelektronik in Forschung und Anwendung 
Physikalisches Kolloquium, Ruhr Universität Bochum 
08.11.1999 
3.42.0 

IFF-99-21-067 
GrUnberg P. 
Magnetoelektronik in Forschung und Anwendung 
Physikalisches Kolloquium, Universität Mainz 
26.10.1999 
3.20.0 

IFF-99-21-068 
GrUnberg P. 
The GMR effect in research and application 
225. WE-Heraeus Seminar, Bad Honnef 
13.08.1999 
3.20.0 

IFF-99-21-069 
Grünberg P. 
The history of layered magnetic structures 
American Physical Society, 
Centennial Meeting, Atlanta, Georgia 
22.03.1999 
3.42.0 

IFF-99-21-070 
GrOnberg P. 
Zwischenschicht-Auslauschkopplung in Forschung und 
Anwendung 
15. Sitzung des Arbeitskreises "Magnetische Schichten tor 
technische Anwendungen" 
Institut fOr Mikros!rukturtechnologie und Optoelektronik, 
Wetzlar 
18.06.1999 
3.20.0 

IFF-99-21-071 
HarrisJ. 
The Seven Pillars of Wisdom: How shall we construct the 
house? 
Materials Modelling Laboratory Workshop, 03.09.1999, 
University of Oxford 
23.20.0 

IFF-99-21-072 
Hartner W.1; Schindler G.1; Weimeich V.1 ; Ahlstedt M.1; 
Schroeder H.; Waser R.; Dehm C.1; Mazure C.1 
1Siemens AG, München, Germany 
Influence of dry etching using argon on structural and 
electrical properties of crystalline and non-crystalline 
SrBi2Ta209 thin films 
11th Int. Symp. On Integrated Ferroelectries (IS!F), 1999, 
Colorado Springs (USA), 07.-10.03.1999 
23.42.0 
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IFF-99-21-073 
Heinze S.; Abt R; BIOgei S. 
Interpretation von STM-Bildern von 
Übergangsmetallstrukturen auf der Basis der 
Elektronentheorie 
Seminarvortrag am Institut für Oberflächenphysik und 
Atomstoßprozesse, Humboldt Universität Berlin 
03.05.1999 
3.20.0 

IFF-99-21-074 
Hoffmann S. 
Leakage current and resistance degradation of doped 
(Ba,Sr)Ti03 thin films 
School of Conduction and Breakdown, Chateaux d'Oex, 
28.02,-02.03.1999 
23.42.0 

IFF-99-21-075 
Hoffmann S.; Grossmann M.1; Waser R 
1 IWE, RWTH Aachen, Germany 
Leakage current and resistance degradation behavior of 
doped (Ba1-xSr:x)TiQ3 thin films for DRAM applications 
11 th Int Symp. Integrated Ferroeleclries, Colorado Springs, 
Colorado, USA, 07.03,-10,03.1999 
23.42.0 

IFF-99-21-076 
Hoffmann S.; Waser R 
High permittivity dielectries: from bulk ceramies to thin films 
41th Electronlc Materials Conference (EMC), Santa Barbara, 
California, 30.06.-02.07.1999 
23.42,0 

IFF-99-21-077 
Jones R 
Dichtefunktional mit Molekulardynamik - Neue Anwendungen, 
neue Perspektiven 
Graduierter Kolleg der Universität Regensburg, 22.07.1999 
23.20.0 

IFF-99-21-078 
Jones R 
Structure, energies, and reacUons in model polycarbonates 
Tagung Arbeitsgruppe Parrinello, 19.01.1999, Schloss 
Ringberg 
23.20.0 

IFF-99-21-079 
Jung P. 
Helium in Nuclear Material 
Vortrag am National Institute of Metals, 18.2.1999, Tsukuba, 
Japan 
23.80.5 

IFF-99-21-080 
Kahle S. 
Suszeptibilitätsuntersuchungen in der Crossover Region des 
dynamischen Glasübergangs von Benzoin isobutylether - eine 
Kooperativitätsanalyse 
Soft Condensed Matter Seminar des SFB in Halle am 
14.01.99 
23.15.0 

IFF-99-21-081 
Kahle S. 
Vergleich zwischen inkohärenter Neutronenstreuung und 
dielektrischer Spektroskopie am Polyvinylacetat 
Glasübergangstreffen in Rostock am 13.12.99 
23.30.0 

IFF-99-21-082 
Kehr, K. 
Toy Model for Molecular Motors 
Theoretische Physik, Ludwig-Maximilian-Universitaet, 
München 
5.3.1999 



IFF-99-21-083 
Klingeier R. 
Mass spectra of metal-doped carbon and fullerene clusters 
Mx@Cn<120 (M Sc, Y, La, Ca, Ce; 
x:: 1,2) 
A German-French Seminar, Nanotubes and Fullerenes -
Recent Advances and Future Trends 
IFW Dresden 
25.09.1999 
3.20.0 

IFF-99-21-084 
Kurz Ph.; BlOgel S. 
Nichtkolinearer Magnetismus in der FLAPW-Methode 
Seminarvortrag am Zentrum fUer Mikrostrukturforschung, 
Universität Hamburg 
04.02.1999 
3.20.0 

IFF-99-21-085 
Köbler U. 
Die Austauschwechselwirkungen 4. Ordnung in reinen 
Spinsystemen 
Dresden, Technische Universität, 07.12.1999 
23.15.0 

IFF-99-21-086 
Köbler U. 
Die Bedeutung der Austauschwechselwirkungen 4. Ordnung 
in Materialien mit reinem Spinmagnetismus 
Aachen, RWTH, 18.06.1999 
23.15.0 

IFF-99-21-087 
Köbler U. 
Kritisches magnetisches Verhalten tur halb- und ganzzahlige 
Spinquantenzahl 
Dresden, Technische Universität, 06.12.1999 
23.15.0 

IFF-99-21-088 
Lentzen M.; Thust A.; Chen J.H.; Urban K. 
Auf dem Weg zur Sub-Angström-Mikroskopie: 
Materialwissenschaftliche Anwendung aberrationskorrigierter 
Elektronenmikroskopie 
WE-Heraeus-Ferienkurs Ober "Moderne Fernfeld- und 
Nahfeld-Mirkoskopien, 20.09.-01.10.1999, Chemnitz 
23.42.0 

IFF-99-21-089 
Lentzen M.; Thust A; Chen J.H.; Urban K. 
Contrast transfer of a Cs-corrected microscope 
International Workshop on "Prospects and Future Needs of 
High-Resolution Eleetron Microscopy, Schloß Ringberg, 21.-
24.07.1999 
23.42.0 

IFF-99-21-090 
LiebschA, 
Linear and nonlinear time dependent response of metal 
surfaces 
Workshop on Time Dependent Density Funclional Theory, 
15.04.1999, Institute ofTheoretical Physics, Santa Barbara, 
USA 
23.20.0 

IFF-99-21-091 
LiebschA. 
Electronic Excitations at Metals Surfaces 
07.09.1999, Academy of Sciences, Prag 
3.20.0 

I FF-99-21-092 
Liebsch A 
Elektronische Anregungen an Metalloberflächen: von der 
Reibung zur nichtlinearen Optik 
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04.05.1999, RWTH Aachen 
3.20.0 

IFF-99-21-093 
Liebsch A 
Elektronische Anregungen an Metal/oberflächen: von der 
Reibung zur nichtlinearen Optik 
09.12.1999, Universität Würzburg 
3.20.0 

IFF-99-21-094 
Liebsch A 
Elektronische Anregungen an Metalloberf!ächen: von der 
Reibung zur nichtlinearen Optik 
19.05.1999, TU München 
3.20.0 

IFF-99-21-095 
Liebsch A.; Liechtenstein Ai 
1 University of Nijmegen 
Photoemission quasi-particle spectra of Sr2Ru04 
Symposium on Surface Physics, 28.06-02.07.1999, Trest, 
Czech Repubic 
23.20.0 

IFF-99-21-096 
Lustfeld H. 
Reaktionsgleichungen in der Atmosphärenehemie und 
Groebner Basen 
19.01,1999, Universität Passau 
3.15.0 

IFF-99-21-097 
Luysberg M. 
Influence of Defects in non-stoiehiometric GaAs on the 
electrical and optical properties 
Paul-Drude-Institut Berlin, Januar 1999 
Eigenschaften von p-dotiertem Low-Temperature GaAs 
Universität Karlsruhe, Januar 1999 
23.42.0 

IFF-99-21-098 
Luysberg M. 
Wachstum von GaAs bei niedrigen 
Temperaturen:Konsequenzen fuer die strukturellen und 
elektrischen Eigenschaften 
Universität Bremen, März 1999 
23.42.0 

IFF-99-21-099 
Monkenbusch M.; Richter D.; Montes H.1 
1ESPCI, Physic-Chimie Structura!e et Macromoleculaire, 
Paris, France 
Neutron Spin Echo Speclroscopy on large scale molions in 
dense polymer systems - recent advances 
3rd International Symposium (IUPAC) in Saint-Petersburg vom 
07.06,-10.06.99 
23.30.0 

IFF-99-21-100 
Monkenbusch M.; Schneiders 0.; Richter 0.; Willner L.; Leube 
W.; Fetters LJ.1; Huang J.S.1; Lin M.1 
1EXXON, Research and Engineering Company, Annandale, 
USA 
Aggregation Behaviour of PE-PEP Copolymers and 
Winterization of Diesel Fuels 
2nd European Conference on Neutron Scattering in Budapest 
vom 01.09.-04.09.99 
23.30.0 

IFF-99-21-101 
Montes H.1; Monkenbusch M.; Willner L.; Rathgeber S.2; 
Fetters LJ.3; Richter D. 
1ESPCI, Physic-Chimie Structurale et Macromoleculaire, 
Paris, France 
2EXXON, Research and Engineering Company, Annandale, 
USA 



Neutronenspinechospektroskopie: Dynamik von Einzelketten 
und Konzentrationsfluktuationen in BlockKopolymeren 
Deutsche Neutronenstreutagung in Potsdam vom 25.05.-
27.05.99 
23.30.0 

IFF-99-21-102 
MOller-Krumbhaar H. 
Morphology diagram of diffusional growth 
Seminar, DLR Porz, 27.10.1999 
23.15.0 

IFF-99-21-103 
MOller-Krumbhaar H. 
Strukturbildung an bewegten Phasengrenzflächen 
Mathematisches Kolloquium, Universität Freiburg, 16.02.1999 
23.15.0 

IFF-99-21-104 
Müller-Krumbhaar H. 
Strukturbildung bei diffusionsbedingtem Wachstum 
Physik-Workshop, Universität Kiel, Sehlendorf, 21.09.1999 
23.15.0 

IFF-99-21-105 
MOller-Krumbhaar H. 
Wie wächst ein Keim? 
Kolloquium, Institut fOr Physik, Universität Göttingen, 25.10.99 
23.15.0 

IFF-99-21-106 
MOller-Krumbhaar H. 
Wie wächst ein Keim? 
Kolloquium, Physikalische Chemie, TU Hannover, 17.03.1999 
23.15.0 

IFF-99-21-107 
Neeb M. 
Photoelectron spectroscopy on mass-selected clusters using 
VUV-Iasers 
VUV FEL User Workshop, Hamburg 
11.03.199 
3.20.0 

IFF-99-21-108 
Persson B. 
Briltle Fracture 
International Meeting on the Dynamics of Fracture, 25-
27.10.1999, Austin, USA 
23.20.0 

IFF-99-21-109 
Persson B. 
Dynamical processes at surfaces 
XIV International School Seminar "Spectroscopy of Molecules 
and Crystals", 7-12.06.1999, Odessa, Ukraine 
23.20.0 

IFF-99-21-110 
Persson B. 
Sliding Friction 
Annual Meeting on Condensed Malter Physics of the Brazilian 
Physical Society, 11-15.05.1999, Sao Lourenco, Brazil 
23.20.0 

IFF-99-21-111 
Persson B. 
Sliding Friction 
GAMM, 12-16.04.1999, Metz, France 
23.20.0 

IFF-99-21-112 
Persson B. 
Sliding Friction 
Gordon Research Conference on "Dynamics at Surfaces", 08-
13.08.1999, Andover, USA 
23.20.0 
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IFF-99-21-113 
Persson B. 
Sliding Friction 
International Meeting on Wetting, 15-18.06.1999, Trieste, Italy 
23.20.0 

IFF-99-21-114 
Prager M 
Molecular excitations, intermolecular interactions and ab-initio 
calculations 
Janik-Friends-Meeting, Zakopane am 15.07.99 
23.15.0 

IFF-99-21-115 
Prager M. 
A concerted study of methyl-bridged compounds: 
trimethylaluminum 
QAMTS'99 in Krakau am 29.09.99 
23.15.0 

IFF-99-21-116 
PragerM. 
Das Rückstreuspektrometer mit Phasenraumtransformation 
für den FRM-2 
Technische Universität München am 23.07.99 
23.89.1 

IFF-99-21-117 
Prager M. 
Deulerierung-induzierte PhasenObergänge in Ammonium­
Hexachloropalladale 
Seminar am Institut für Kristallographie, Universtiät Tübingen 
am 07.06.99 
23.15.0 
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2nd European Conference on Neutron Scattering, Budapest 
am 01.9.99 
23.30.0 

IFF-99-22-012 
BOrgier D.E.; GrOnberg P. 
ln-plane momentum Conservation in Fe/Cr/Au/Fe(001) layered 
Structures 
44th Annual Conference on Magnetism and Magnetic 
Materials, San Jose, CA 
16.11.99 
3.42.0 

IFF-99-22-013 
ChenJ. 
Mechanical Properties and Microstructure of LANSCE­
irradiated 304L 
Third International Workshop on Spallation Materials 
Technology, Apr. 29-May 4,1999, Santa Fe, New Mexico 
23.60.0 

lFF-99-22-014 
Chen J .• Carsughi F.; Derz H.; Dai Y.1; Sommer W.T.2; 
Broome T.3; Pott G.; Bauer G.1; Ullmaier H. 
1 Paul-Scherrer-Institut, Schweiz 
2LANL, USA 
3Rutherford Appleton Lab., Großbrittannien 
Mechanical Properties and Microstructure of 800 MeV p­
irradiated 304L and Tantalum 
6th ESS General Meeting and Connected Workshops, Sep. 
20-23, 1999, Portonovo/Ancona, Italy 
23.60.0 

IFF-99-22-015 
Crossover from 3d-lsing 10 Isotropie Lifshitz Critical Behavior 
APS Centennial Meeting in Atlanta, USA am 26.03.99 
23.30.0 

IFF-99-22-016 
Dallmeyer, A. 
Eleetronic states and magnetism of 1-D monatomic wires 
DPG-FrUhjahrstagung in MOnster 1999 
22.03.1999 
3.20.0 

I FF-99-22-017 
Damson B.1; Weller M.1; Feuerbacher M.; Grushko B. and 
Urban K. 
1 Max-Planck-Institut für Metallforschung, Seestraße 92, 
70174 Stuttgart, 
Germany 
Mechanical speetroscopy of d-AINiCo and i-AIPdMn 
ICQ7 Stuttgart 1999, in press 
23.55.0 

IFF-99-22-018 
DivinY. 
First Applications of Hilbert-Transform Spectroscopy 
Beirat IFF, April 22, 1999, Forschungszentrum JUlich 
23.42.0 



IFF-99-22-019 
DivinY. 
Far-Infrared Hilbert-Transform Spectroscopy 
PGI Tag "Supraleitung", 11.11.99, Forschungszentrum Jülich. 
23.42.0 

IFF-99-22-020 
Divin Y.; Poppe U.; Jia C.L.; Seo J.W.1; Glyantsev V.1 
1 IBM RüschlikonlCH 
2 Conductus Inc., Sunny VaillUSA 
Epitaxial (101) YBa2Cu307 thin-films on (103) NdGa03 
substrates 
EUCAS'99, September 14-17,1999, Barcelona, Spain. 
23.42.0 

IFF-99-22-021 
Döblinger M.1.; Wittmann R 1.; Gerthsen 0.1 and Grushko 
B. 
1 Laboratorium für Elektronenmikroskopie, Universität 
Karlsruhe 
Structural relationship and mutual transformation of 
approximants of the decagonal AI-Co-Ni phase. 
ICO-7 Stuttgart 1999 
23.55.0 

IFF-99-22-022 
Ebert Ph.; Chao K.-J.2; Niu Q.2 and Shih C. K.2 
2 Oept. of Physics, University of Texas, Aus!in 
Dislocations, phason defects, and domain walls in a one­
dimensional quasiperiodic superstructure of a metallic thin 
film. 
American Vacuum Society 46th International Symposium. 
Sealtle, WaShington, October 25-29, 1999. 
23.55.0 

IFF-99-22-023 
Ebert Ph.; Kluge F.; Grushko B.; Urban K. 
Investigation of cleavage surfaces of decagonal AI-Ni-Co 
quasicrystals 
IC07 Stuttgart 1999 
23.55.0 

IFF-99-22-024 
Ebert Ph.; Zhang Tianjia02,1; Kluge F.; Simon M.; Zhang 
Zhenyu1,2; Urban K. 
1 Oak Ridge National Laboratory, Oak Ridge 
2 Oept. of Physics. University ofTexas, Austin 
The importance of many-body effects in the clustering of 
charged Zn dopant atoms in GaAs 
Materials Research Society Fall Meeting, Boslon, 
Massachuselts, November 29 - December 3,1999. 
23.55.0 

IFF-99-22-025 
Ebert Ph.; Zhang Tianjia02,3; Kluge F.; Simon M.; Zhang 
Zhenyu3,2; Urban K. 
2 Department of Physics, University of Tennessee, Knoxville, 
TN 37996 
3 Solid State Division, Oak Ridge National Laboratory, Oak 
Ridge, TN 37831-6032 
The importance of many-body effects in the cluslering of 
charged Zn dopant atoms in GaAs 
American Vacuum Society 46th International Symposium, 
Sealtle, Washington, October 25-29,1999. 
23.55.0 

IFF-99-22-026 
Eisebitt S. 
Weichröntgenspektroskopie an nanostrukturierten Halbleitern 
Sondierungsgespräch: Halbleitergrenzflächen in nächsten 
Jahrhundert 
DESY/HASYLAB Hamburg 
04.10.99 
3.20.0 

IFF-99-22-027 
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Faley M.; Soltner H.; Poppe U.; Urban K.; Paulson D.N.1; 
Starr T.N.1 and Fagaly R L.1 
1 TRISTAN Technologies Inc., San Diego/USA 
HTS dc-SOUIO with gradiometric multilayer flux transformer 
Submitted to EUCAS'99, 1999, Barcelona, in press 
23.42.0 

IFF-99-22-028 
Faley M.; Soltner H.; Poppe U.; Urban K.; Paulson D.N.i; 
Starr T.N.1; Fagaly RL.1 
1 TRISTAN Technologies Inc., San Diego/USA 
HTS dC-SQUID with gradiometric multilayer flux transformer 
Submitted 10 EUCAS'99, Sept. 14-17, 1999, Barcelona, Spain 
23.42.0 

IFF-99-22-029 
Faley M.I.; Poppe U.; Urban K.; Paulson D.N.i; Starr T.1 and 
Fagaly R L1 
1 TRISTAN Technologies Inc., San Diego/USA 
HTS dc-SQUID with gradiometric multilayer flux Transformer, 
10 be pubished in the Proceedings of EUCAS'99, September 
14-17, 1999, Barcelona, Spain. 
23.42.0 

IFF-99-22-030 
Faley M.I.; Pop pe U.; Urban K.; Zimmermann E.; Glaas w.; 
Halling H.; Biek M.; Krause H.-J.; Paulson D.N.1; Starr T.1; 
Fagaly R.L.1 
1 TRISTAN Technologies Inc., San DiegoIUSA 
Hochtemperalursupraleiter DC-SOUID Sensoren für den 
Betrieb in magnetischen Feldern, 
DPG-Frühjahrstagung, Münster, 23.3.99 
23.42.0 

IFF-99-22-031 
Feuerbacher M.; Klein H.; Schall P.; Bartsch M.1; 
Messerschmidt U.1 and Urban K. 
1 Max-Planck-Institut für Mikrostrukturphysik, Weinberg 2, 
06120 Halle/Saale, 
Germany 
Plasticity of Ouasicrystals 
Mat. Res. Soc. Symp. Proc. Vol. 553, 307-318 (1999) 
23.55.0 

IFF-99-22-032 
GoerigkG. 
Kleinwinkelstreuung bei JUSIFA 
Hamburg, HASYLAB, Diskussionstreffen zur Röntgen­
Kleinwinkelstreuung, 07.06.1999 
23.89.1 

IFF-99-22-033 
Goerigk G.; Williamson D. L.1 
1 Colorado School of Mines, Department of Physics, USA 
Nanostructural Characterization of Amorphous SiGe:H Alloys 
by Anomalous Small-Angle X-Ray Scattering Studies 
Brookhaven, USA, NSLS, SAS99, Xlth International 
Conference on Small-Angle Scattering, 17. 20.05.1999 
23.89.1 

IFF-99-22-034 
Grushko B. 
Composition and precipitation behavior of icosahedral AI-Pd­
Mn quasicrystals. 
ICO-7 Sluttgart 1999 
23.55.0 

IFF-99-22-035 
Gutheim F.; Steinbrecher J.; Brener E.; Müller-Krumbhaar H. 
Fraktales Wachstum epitaktischer Adsorbatcluster mit 
elastischer Wechselwirkung 
DPG Frühjahrstagung, Münster, 22.03.- 26.03.1999 
23.15.0 

IFF-99-22-036 
Gwodzsch J.1; Grushko B.; Surowiec M.1, 



1 Institute of Physics and Chemistry of Metals, University of 
Silesia, Katowice, Po land 
Mosaic strueture of single quasierystals. 
I CQ-7 Stultgart 1999 
23.55.0 

IFF-99-22-037 
Harris J. 
Computational Methods in Materials Science 
Seminar, 16.04.1999, National Research Couneil of Canada, 
Ottawa, Canada 
23.20.0 

IFF-99-22-038 
Harris J. 
Computational Methods in Materials Seienee: Advances and 
Limitations 
Seminar, 08.07.1999, National Center of High-Speed 
Computing, Shinsu, Taiwan 
23.20.0 

IFF-99-22-039 
Harris J. 
Dichte-Funktional-Theorie: Aspekte zur Anwendung 
Seminar, 15.12.1999, Ringvorlesung Reehenverfahren in der 
Quantenchemie, FB Chemie, TU Darmstadt 
23.20.0 

IFF-99-22-040 
Haubold H.-G.; Vad Th.; Hiller P.; Jungbluth H. 
ASAXS in situ studies of adsorbates on carbon supported 
electrocatalysts 
Brookhaven, USA, National Synchrotron Light Source 
Laboratory, SAS99, Xlth International Conference on Smali­
Angle Scattering, 20.05.1999 
23.89.1 

IFF-99-22-041 
Heggen M.; Schall P.; Feuerbacher M.; Klein H.; Fisher tRi; 
Canfield P.C.1 and Urban K. 
1 Ames Laboratory and Department of Physics and 
Astronomy, lowa Siale 
University, Ames, JA 50011, USA 
Plastic behaviour of icosahedral Zn-Mg-Dy single-quasicrystal 
ICQ7 Stuttgart 1999, in press 
23.55.0 

IFF-99-22-042 
Heinze S.; BlOgel S. 
Theoretical analysis of STM and STS of thin magnetic films 
211. Heraeus Seminar (Magnetic Nanoslructures), Bad 
Honnef 
04.01.1999 
3.20.0 

IFF-99-22-043 
Heinze S.; BlOgel S. 
Theoretical analysis of STM of ultra-thin magnetic films 
European Research Conference on Computational Physics for 
Nanotechnology, 
Castelvecchio Pascoli, Italy 
19.09.99 
3.20.0 

IFF-99-22-044 
Heinze S.; BlOgel S.; Weinert M.1 
1 Brookhaven National Laboratory, Upton, USA 
Einfluss des elektrischen Feldes auf STM-Bilder von 
Metalloberflächen 
DPG-FrOhjahrstagung, MOnster 
März 1999 
23.20.0 

IFF-99-22-045 
Heinze S.; BIOgei S.; Wiesendanger R1 
1 Universität Hamburg 

233 

What can be learn't by non-spinpolarized STM about surface 
magnetism of Cr and Mn on Fe(001)? 
10th International Conference on MISTS and Related 
Techniques 1999, Seoul, Korea 
Juli 1999 
23.20.0 

IFF-99-22-046 
Jakobs B.1, Sottmann T.1; Strey R1; Allgaier J.; Willner L.; 
Richter D. 
1 Institut f. Physikalische Chemie, Universität Köln 
Amphiphllic block copolymers: Efficiency boosters for 
microemulsions 
23.15.0 

IFF-99-22-047 
Jiang S.-C.1; Yu H.1; Ebert Ph.; Wang X.-D.1; Diener R1; Niu 
Q.1; Shih C. K. 1 
1 Dept. of Physlcs, Universlty ofTexas, Auslin 
Chaotic-lIke wavefunction beating in thin silver films with a 
quasiperiodic superstruclure 
American Vacuum Society 46th International Symposium, 
Seattle, Washington, October 25-29, 1999. 
23.55.0 

IFF-99-22-048 
Jones R 
Density functional studies of organic systems - Structure, 
vibration frequencies, and reac!ions in polycarbonates 
Kolloquium, 19.05.1999, Dept. of Chemistry, Rutgers 
University, Piscataway, USA 
23.20.0 

IFF-99-22-049 
Jones R. 
Density functional studies of organic systems - Structure, 
vibration frequencies, and reactions in polycarbonates 
Kolloquium, 20.05.1999, Dept. of Chemlstry, Princeton 
University, Princeton, USA 
23.20.0 

IFF-99-22-050 
Jones R. 
Density functional studies of polycarbonate systems­
Structure, vibration frequencies, and reacUons 
Kolloquium, 17.05.1999, Dept. of Chemistry, University of 
Pennsylvania, Philadelphia, USA 
23.20.0 

IFF-99-22-051 
Jones R. 
Density functional studies of polycarbonate systems -
Structure, vibration frequencies, and reactions 
Seminar, 26.05.1999, General Electric Research and 
Development Laboratories, Schenectady, USA 
23.20.0 

IFF-99-22-052 
Jones R. 
Geometrie und Spektroskopie von atomaren Clustern -
Möglichkeiten und Grenzen von Dichtefunktionalrechnungen 
Seminar, 02.07.1999, Physikalisches Institut, Universität 
Hamburg 
23.20.0 

IFF-99-22-053 
Jones R. 
Simulations of polycarbonate systems - Density functional 
studles of structure, vibration frequencies, and reactions 
Kolloquium, 08.12.1999, Dept. of Polymer Science and 
Engineering, University of Massachusetts, Amherst, USA 
23.20.0 

IFF-99-22-054 
Jones R 
Struktur und Spektroskopie von Kohlenstoffelustern -
Möglichkeiten und Grenzen der Theorie 



Seminar, 14.06.1999, I. Physikalisches Institut, Universität zu 
Köln 
23.20.0 

IFF-99-22-055 
Jones R. 
Thermal expansion of anisotropie materials - density functional 
study of high quartz systems 
01.12.1999, Materials and Research Society Symposium, 
Boston, USA 
3.20.0 

IFF-99-22-056 
Jung P. 
Effects of irradiation and helium implatation on microstructure 
and physical and mechanical properties 
Monitoring of Underlying Technology in the European Fusion 
Programme, 5.5.1999 
23.80.5 

IFF-99-22-057 
Jung P.; Schliefer F.; Liu C. 
Diffusion and permeation of hydrogen in low activation 
martensitic stainless steel - effect of irradiation 
9th Int. Conf. on Fusion Reactor Materials, 12.10.1999, 
Colorado Springs 
23.80.5 

IFF-99-22-058 
KarlA. 
Der unvollständige Ladungstransfer In endohedral dotiertem 
La@C82 
DPG-Frühjahrstagung in Heidelberg 1999 
17.03.1999 
3.20.0 

IFF-99-22-059 
Kehr, K. 
Muon Spin Relaxation by Random Walks of Electrons 
Workshop "Application of Low-Energy Muons", Paul-Scherrer 
Institute, 
Villigen, Schweiz 
17.2.1999 

IFF-99-22-060 
Kirstein O. 
The use of a phase space transformation chopper system for 
a neutron backscattering spectrometer 
Institut Laue-Langevin, Grenoble, France 04.03 - 05.03.99 
23.89.1 

IFF-99-22-061 
Kirstein 0.; Kozlelewski T.; Prager M.; Richter D. 
The backscatterlng spectrometer for the FRM-II reac!or in 
Munich 
ECNS'99 in Budapest, Ungarn 01.09. - 04.09.99 
23.89.1 

IFF-99-22-062 
Klein H.; Feuerbacher M.; Schall P. and Urban K. 
Plastic Deformation of Approximants: Dislocations VS. Phason 
Lines 
Mat. Res. Soc. Symp. Proc. Vol. 553, 325-330 (1999) 
23.55.0 

IFF-99-22-063 
Klein H.; Feuerbacher M.; Urban K. 
locations in AI-Pd-Mn approximants: an HREM study 
ICQ7 Stultgart 1999, in press 
23.55.0 

IFF-99-22-064 
Klingeier R. 
La20n (n=1-6): Photoelektronenspektroskopie und 
Dichtefunktionalrechnungen 
DPG-Frühjahrstagung in Heldelberg 1999 
18.03.1999 
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3.20.0 

IFF-99-22-065 
Klingeier R.; Bechthold P.S.; Neeb M.; Eberhardt W. 
Mass spectra of metal-doped carbon and fullerene clusters 
Mx@Cn<120 (M = Sc, Y, La, Ca, Ce; 
x = 1,2) 
Arbeitstreffen des SFB 341, Aachen 
07.10.99 
3.20.0 

IFF-99-22-066 
Kluge F.; Eber! Ph.; Grushko B.; Urban K. 
Änderungen der chemischen Zusammensetzung und der 
Struktur von gespaltenen ikosaedrischen AI-Pd-Mn­
Quasikristalloberflächen nach Heizbehandlung. 
Frühjahrstagung des Arbeitskreises Festkörperphysik bei der 
DPG, Münster, Germany, 22.-26 .3.1999. 
23.55.0 

IFF-99-22-067 
Kluge F.; Grushko B.; Eber! Ph. and Urban K. 
Structure and composition changes of cleaved AI-Pd-Mn 
quasicrystal surfaces induced by heat treatments investigated 
by AES, SEM and STM 
ICQ7 Stuttgart 1999 
23.55.0 

IFF-99-22-068 
Kluge M. 
Diffusion in Cu33 Zr67 
Kolloquium "Unterkühlte Metallschmelzen: Phasenselektion 
und Glasbildung", DFG, Bad Honnef, 24.02.-26.02.1999 
23.30.0 

IFF-99-22-069 
Koizumi, S.; Annaka M.1; Borbely S.; Schwahn D. 
1Chiba University, Japan 
Fractal Structure of a Polymer Gel observed by Small-angle 
Neutron Scattering over a Q-range from 10-5 to 0.1 A-1 
2nd European Conference on Neutron Scattering, Budapest 
am 03.09.99 
23.30.0 

IFF-99-22-070 
Kurz Ph.; Bihlmayer G.; Blügel S. 
Non-collinear Magnetism of Monolayers on Ag(111) and 
Cu(111) 
44th Annual Conference on Magnetism and Magnetic 
Materials, San Jose, CA 
17.11.1999 

IFF-99-22-071 
Kurz Ph.; Bihlmayer G.; BIOgei S. 
Non-collinear magnetism of monolayers on Ag(111) and 
Cu(111) 
International Workshop on Interface ansisotropy, spin and 
orbital moment 
Riskgränsen, Schweden 
05.05.1999 
3.20.0 

IFF-99-22-072 
Kurz Ph.; Bihlmayer G.; Blügel S. 
Non-collinear magnetism of monolayers on Ag(111) and 
Cu(111) 
TMR-Workshop Interface Magnetism, Aussois, Frankreich 
28.03.1999 
3.20.0 

IFF-99-22-073 
Kurz Ph.;Bihlmayer G.; Blügel S. 
Nichtkollinearer Magnetismus von magnetischen Monolagen 
auf Ag(111) und Cu(111) 
DPG-Frühjahrstagung, Münster 
März 1999 
23.20.0 



IFF-99-22-074 
Lentzen M.; Urban K. 
Reconstruktion des projizierten Kristallpotentials mittels einer 
Maximum-Ukelihood-Optimierung 
29. Tagung der Deutschen Gesellschaft für 
Elektronenmikroskopie, 05.-10.09.1999, 
Dortmund 
23.42.0 

IFF-99-22-075 
Uebsch A.; Liechtenstein A.i 
1 University of Nijmegen 
Photoemission quasi-particle spectra of Sr2Ru04 
Workshop on Strong Correlations in Solids, 02-06.10.1999, 
Prag 
23.20.0 

IFF-99-22-076 
Lustfeld H. 
Dynamical flows and Poincare maps of simple re peilers 
Seminar, 07.09.1999, Eötvös University, Budapest 
23.15.0 

IFF-99-22-077 
Luysberg M.; Houben L.; Specht P.1 and Weber E.R.1 
1 University of California, Berkeley/USA 
Mechanisms of the formation of structural defecls during low 
temperature growth of GaAs 
Xlth Conference on Microcopy of Semiconducting Materials, 
Oxford,21.-25.3.1999 
23.42.0 

IFF-99-22-078 
Luysberg M.; Specht P.1; Weber E. R.1 
1 University of California, Berkeley/USA 
Limitations to epitaxial growth of low-temperature grown GaAs 
2nd Symposium on non-stoichiometric III-V compounds, 
Erlangen, 4.-6. 10.1999 
23.42.0 

IFF-99-22-079 
Luysberg M.; Specht P.1 ; Weber E.R.1 
1 University of California, Berkeley/USA 
Mechanisms of the formation of structural defects during low 
temperature growth of GaAs 
Xth Conference on Microscopy of Semiconducting Materials, 
Oxford 1999 
23.42.0 

IFF-99-22-080 
Lüttgens G. 
Photoelektronenspektroskopie an kleinen massenselektierten 
Germanium-
Oxidelusteranionen 
DPG-Frühjahrstagung in Heidelberg 1999 
16.03.1999 
3.20.0 

IFF-99-22-081 
Messerschmidt U.1; Bartsch M.1; Geyer B.1; Häussler D.1; 
Feuerbacher M. and Urban K. 
1 Max-Planck-Institut für Mikrostrukturphysik, Weinberg 2, 
06120 Halle/Saale, 
Germany 
Microprocesses of the plastic deformation of icosahedral AI­
Pd-Mn single quasicrystals 
ICQ7 Stuttgart 1999, in press 
23.55.0 

IFF-99-22-082 
Messerschmidt U.1; Geyer S.1; Bartsch M.1; Feuerbacher M.; 
Urban K. 
1 Max-Planck-Institut für Mikrostrukturphysik, Weinberg 2, 
06120 Halle/Saale, 
Germany 
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The Activation Parameters and the Mechanisms of Plastic 
Deformation of AI-Pd-Mn Single Quasicrystals 
Mal. Res. Soc. Symp. Proc. Vol. 553, 319-324 (1999) 
23.55.0 

IFF-99-22-083 
Müller-Krumbhaar H. 
Strukturbildung bei Benetzung 
DFG-Seminar, Bad Honnef, 18.10.1999 
23.15.0 

IFF-99-22-084 
Neeb M. 
Photoelectron speclra of metal cluster anions reacted with 
Benzene 
Clustertreffen, Sassnitz, Rügen 
28.09.99 
3.20.0 

IFF -99-22-085 
Neeb M. 
Zeitaufgelöste 2-Photonen-Photoelektronenspektroskopie an 
massenselektierten Metallelusteranionen 
DFG-Antragskolloquium, Schwerpunktprogramm 
"Femtosekunden-Spektroskopie elementarer Anregungen in 
Atomen, Molekülen und Clustern, Bad Honnef 
15.11.1999 

IFF-99-22-086 
Nie X.; BIOgei S. 
Investigation of chemlcal Trends of the Magnetocrystalline 
Anisotropy tor Magnetic Monolayers 
44th Annual Conference on Magnetism and Magnetic 
Materials, San Jose, CA 
17.11.1999 

IFF-99-22-087 
Persson S. 
Brittle Fracture 
APS Meeting, 21-25.3.1999, Atlanta, USA 
23.20.0 

IFF-99-22-088 
Persson B. 
Layering transition in molecular thin lubrication films 
APS Meeting, 21-25.3.1999, Atlanta, USA 
23.20.0 

IFF-99-22-089 
Pontius N. 
Mehrphotonen-Photoemission aus kleinen 
Übergangsmetallelustern mit Femtosekundenlaserpulsen 
DPG-Frühjahrstagung in Heidelberg 1999 
16.03.1999 
3.20.0 

IFF-99-22-090 
PragerM. 
The layout of the backscattering spectrometer for the FRM-2 
National Institute of Standards and Technology, Washington 
am 16.04.99 
23.89.1 

IFF-99-22-091 
Prager M.; Kirstein 0.; Kozielewski T.; Richter D. 
The backscattering spectrometer for the FRM-II reaelor in 
Munich . 
NOP 99, Villigen, Schweiz 25.11. - 27.11.99 
23.89.1 

IFF-99-22-092 
Rotenberg E. 1, Theis W.2, Barman S.R.3, Paggel J.JA, Horn 
K.5, Ebert Ph. Urban K. 
1 Advanced Light Source, Lawrence Berkely Lab, Berkeley CA 
2 FB Physik, Freie Universität Berlin, Berlin 
3 IUC-DAEF. Indore, Indien 
4 FB Physik, Philipps-Universität Marburg 



5 Fritz-Haber-Institut der MPG, Berlin 
Band-like valence states In I-AIPdMn Quasicrystals? 
American Physical Society Centennial Meeting, Atlanla, 
Georgia, March 20-26, 1999. 
23.55.0 

IFF-99-22-093 
Rotenberg E.1, Theis W.2, Barman S.R.3, Paggel J.JA, Horn 
K.5, Ebert Ph., and Urban K.6 
1 Advanced Light Source, Lawrence Berkely Lab, Berkeley CA 
2 FB Physik, Freie Universität Berlln, Berlin 
3 IUC-DAEF. Indore, Indien 
4 FB Physik, Philipps-Universität Marburg 
5 Fritz-Haber-Institut der MPG, Berlin 
Elektronische Struktur von i-AIPdMn-Quasikristalien. 
FrOhjahrstagung des Arbeitskreises Festkörperphysik bei der 
DPG, Münster, Germany, 22.-26.3.1999. 
23.55.0 

IFF-99-22-094 
Rotenberg E.1; Theis W2.; Barman S.R3.; Paggel J.J4.; Horn 
K.5; Ebert Ph.6 and Urban K.6 
1 Advanced Light Source, Lawrence Berkely Lab, Berkeley CA 
2FB Physik, Freie Universität Berlin, Berlin 
3 IUC-DAEF. Indore, Indien 
4 FB Physik, Philipps-Unlversität Marburg 
5 Fritz-Haber-Institut der MPG, Berlln 
6 Institut fUr Festkörperforschung, Forschungszentrum'Jülich 
Photoemission study of dispersive states in i-AI-Pd-Mn. 
7th International Conference on Quasicrystals (ICQ7), 
Stuttgart. Germany. Sept. 20-24, 1999. 
23.55.0 

IFF-99-22-095 
Rotenberg E.1; Theis W2.; Barman S.R3.; Paggel J.J4.; Horn 
K.5; Ebert Ph.; Urban K. 
1 Advanced Light Source, Lawrence Berkely Lab, Berkeley CA 
2 FB Physik, Freie Universität Berlln, Berlin 
3 IUC-DAEF. Indore, Indien 
4 FB Physik, Philipps-Universität Marburg 
5 Fritz-Haber-Institut der MPG, Berlin 
Photoemission study of dispersive states in j-AIPdMn 
ICQ7 Stuttgart 1999, in press 
23.55.0 

IFF-99-22-096 
Rottländer P.; Kohlstedt H.; Girgis E.; de Gronckel H.; 
Schelten, J.; Grünberg P. 
Ferromagnetische Tunnelkontakte mit UV-unterstOtzter 
Oxidation der Barriere 
DPG-FrOhjahrstagung in Münster 1999 
24.03.1999 
3.20.0 

IFF-99-22-097 
RottU~nder P.; Kohlstedt H.; GrOnberg P. 
Barrier Formation by Ultraviolet light assisted Oxidation for 
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Scientific Advisory Board 2000 

The 2000 meeting ofthe Scientific Advisory Board will take place on the 13 th/14th April. Currently, the board 

consists of the following members: 

Dr. C. Carlile, ISIS Rutherford Laboratory, UK 

Prof. R. Dronskowski, R WTH Aachen 

Prof. H. Eschrig, IFW Dresden, Vice chairman 

Prof. W.M. Finnis, Queen's University ofBelfast, UK 

Prof. U. Gösele, MPI Halle/Saale 

Prof. S. Hess, TU Berlin 

Dr. J. Joosten, DSM Research, Geleen, NL 

Prof. H. Lütb, Forschungszentrum Jülich, ISI 

Prof. H. Micklitz, Universität zu Köln 

Prof. W. Press, Universität Kiel 

Dr. J. Rieger, BASF, Ludwigshafen 

Prof. J. Schnakenberg, RWTH Aachen, Chairman 

Prof. L. Singheiser, Forschungszentrum Jülich, IWV2 

Prof. U.W. Suter, ETH Zürich, Switzerland 

Dr. H. Thomann, Siemens AG München 

Prof. E. Umbach, Universität Würzburg 

Prof. P. Wyder, Centre National de Ia Recherche Scientifique (MPI), Grenoble, France 
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IFF-Scientists Teaching at Universities 

Lecturer: University: 

Dr. A. Baumgärtner Duisburg 

Dr. P.S. Bechthold Köln 

Dr. S. Blügel Aachen 

Prof. Th. Brückel Aachen 

Prof. U. Buchenau Düsseldorf 

Prof. P. Dederichs Aachen 

Prof. W. Eberhardt Köln 

Dr. P. Ehrhart Aachen 

Prof. G. Eilenberger Köln 

Prof. E. Eisenriegler Düsseldorf 

Prof. P. Grünberg Köln 

Prof. K. Kehr Köln 

Dr. N. Klein Aachen 

Dr. H. Lustfeld Duisburg 

Prof. H. Müller-Krumbhaar Aachen 

Prof. D. Richter Münster 

Prof. T. Schober Aachen 

Dr. H. Schroeder Aachen 

Prof.K. Schroeder Aachen 

Dr. G. Schütz Bonn 

Dr. W. Schweika Aachen 

Prof. K. Sturm Düsseldorf 

Prof. H. Ullmaier Aachen 

Prof. K. Urban Aachen 

Prof. R. Waser Aachen 

Prof. H. Wenzl Aachen 

Dr. R. Zorn Münster 
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IFF Scientists on leave 1999 

Dr. 1. Cabria Alvaro University Munieh, Germany 

Dr. W. Caliebe HASYLAB at DESY, Hamburg, Germany 

Dr. G. Goerigk HASYLAB at DESY, Hamburg, Germany 

Dr. D. Hupfeid APS Argonne, USA 

Dr. R. Lässer Forschungszentrum Karlsruhe, Germany 

Dr.M.Ohl ILL Grenoble, France 

Dr. W. Schmidt ILL Grenoble, France 

Dr. A. Scholl Lawrence Berkeley Laboratory, USA 

Dr. G. Schütz University Essen, Germany 

Dr. O. Seeck HASYLAB at DESY, Hamburg, Germany 

Dr. J. Stellbrink University of Edinburgh, UK 
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(G: Guests; GS: Graduate students) 

Abbas, B. 

Alaga-Bogdanovic, M. 

Alefeld, B. 

Allgaier, J. 

Ambaye, H. 

Antons, A. 

Arbe,A. 

Arons,R.R. 

Babik, W. 

Baldus, O. 

Baumgarten, L. 

Baumgärtner, ,A. 

Bechthold, P.S. 

Bellini, V. 

Bene, J. 

Berger, R. 

Biermann, S. 

Bihlmayer, G. 

Blügel, S. 

Bohn, H.G. 

Borbely, S. 

Botti, A. 

Brener, E. 

Bringer, A. 

Brückel, Th. 

Buehenau, U. 

Burkhardt, T. 

Bürgter, D. 

Byloss, C. 

Caliebe, W. 

Carbone, C. 

Chen,J. 

Chen, J. 

Chirotov, V. 

Clarke, S. 

Colmenero, J. 

Conrad, H. 

Cramm, S. 

(Neutron Seattering, GS) 

(Theory III,GS) 

(Scattering Methods) 

(Neutron Scattering) 

(Theory H, GS) 

(Theory III, GS) 

(Neutron Scattering, G) 

(Eleetroeeramic Materials) 

(Scattering Methods, GS) 

(Electroeeramic Materials, GS) 

(Electronic Properties) 

(Theory II) 

(Eleetronie Properties) 

(Theory III, GS) 

(Theory I, G) 

(Theory III, GS) 

(Theory I, GS) 

(Electronic Properties) 

(Electronie Properties) 

(Eleetroeeram ie Materials) 

(Neutron Seatteimg, G) 

(Neutron Seattering, GS) 

(Theory IlI) 

(Theory I) 

(Seattering Methods) 

(Neutron Seattering) 

(Theory II, G) 

(Electronic Properties) 

(Scattering Methods, G) 

(Scattering Methods) 

(Electronic Properties) 

(Microstructure Research, G) 

(Special Group) 

(Mierostructure Research, GS) 

(Electronic Properties) 

(Neutron Scattering, G) 

(Scattering Methods) 

(Electronic Properties) 
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Dallmeyer, A. (Electronic Properties; GS) 

Dederichs, P.H. (Theory III) 

Dhont,1. (Soft Matter) 

Divin, Y. (Microstructure Research) 

Dürr, H. (Electronic Properties) 

Eberhardt, W. (Electronic Properties) 

Ebert, Ph. (Microstructure Research) 

Ehrhart, P. (Electroceramic Materials) 

Eilenberger, G. (Theory I) 

Eisebitt, S. (Electronic Properties) 

Eisenriegler, E. (Theory I) 

Endo, H. (Neutron Scattering, GS) 

Evers, W. (Microstructure Research) 

Faley, M. (Microstructure Research) 

Fetters, L.-J. (Neutron Scattering, G) 

Feuerbacher, M. (Microstructure Research) 

Fitsilis, F. (Electroceramic Materials, GS) 

Ganster, R (Electroceramic Materials) 

Goerigk, G. (Scattering Methods) 

Goldstein, R. (Scattering Methods, GS) 

Gompper, G. (Theory II) 

Graf, K.-H. (Microstructure Research) 

Grimm,H. (Neutron Scattering) 

Grünberg, p, (Electronic Properties) 

Grushko, B. (Microstructure Research) 

Gutheim, F. (Theory III, GS) 

Harris, J. (Theory I) 

Hartmann, M. (Theory III, GS) 

Haubold, H.-G. (Scattering Methods) 

Hauck, J. (Soft Matter) 

He, ZhLY. (Special Group, GS) 

Heinrich, M. (Neutron Scattering) 

Hoffmann, S. (Electroceramic Materials) 

Hoffmann, S. (Neutron Scattering, GS) 

Höhter, H. (Theory III, GS) 

Hupfeid, D. (Scattering Methods) 

Jstomin, K. (Scattering Methods, GS) 

Jahnen, B. (Microstructure Research, GS) 

Ha, C.L. (Microstructure Research) 

Jones, RO. (Theory I) 

Jung, P. (Special Group) 
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Kahle, St. (Neutron Scattering) 

Kann,G. (Electronic Properties, GS) 

Karl, A. (Electronic Properties, GS) 

Kaya, H. (Neutron Scattering, GS) 

Kehr, K. (Theory II) 

Kentzinger, E. (Scattering Methods) 

Kessler, B. (Electronic Properties) 

Kestemich, W. (Special Group) 

Kienle, D. (Theory III, GS) 

Kirstein, O. (Neutron Scattering) 

Klingeler, R. (Electronic Properties, GS) 

Kluge, F. (Microstructure Research, GS) 

Kluge,M. (Theory 1II, GS) 

Köbler, U. (Scattering Methods) 

Kohlstedt, H.H. (Electroceramic Materials) 

Koizumi, S. (Neutron Scatteimg, G) 

Koza, Z. (Theory 1I, G) 

Krasser, W. (Electroceramic Materials) 

Kreitschmann, M. (Neutron Scattering) 

Krenzlin, M. (Theory 1I, GS) 

Kromen, Wi. (Theory III, GS) 

Kuanr, B. (Electronic Properties, G) 

Kurz, P. (Electronic Properties, GS) 

Lei, eh. (Microstructure Research, GS) 

Lentzen, M. (Microstructure Research, GS) 

Leube, W. (Neutron Scattering) 

Lichtenstein, A. (Theory I, G) 

Liebsch, A. (Theory I) 

Lin, J.-H. (Theory II, GS) 

Link, S. (Electronic Properties, GS) 

Liu, C. (Special Group, G) 

Lustfeld, H. (Theory 1) 

Lüttgens, G. (Electronic Properties, GS) 

Luysberg, M. (Microstructure Research) 

Maaßen, R. Theory I, GS) 

Maiti, K. (Electronic Properties, G) 

Malagoli, M. (Electronic Properties, GS) 

Marton, K. (Neutron Scattering, G) 

Merkes, R. (Special Group, GS) 

Meuffels, P. (Electroceramic Materials) 

Mihailescu, M. (Neutron Scattering, GS) 
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Monkenbusch, M. 

Montes, H. 

Morenzin, J. 

Mueller, R. 

Murthy, KP.N. 

MUller-Krumbhaar, H. 

Mussawisade, K. 

Neeb, M. 

Nerger, S. 

Nie, X. 

Noack,M. 

Nonas, B. 

Olligs, D. 

Ohly, Ch. 

Olmstead, M. 

Otterstedt, R. 

Persson, B.N.J. 

Pigorsch, C. 

Pithan, Ch. 

Plakthy, V. 

Pontius, N. 

Poppe, A. 

Poppe, U. 

Prager, M. 

Pyckhout-Hintzen, W. 

Regnery, St. 

Reif, Th. 

Richter, D. 

Rickes, J. 

Ritter, S. 

Rosenfeld, R. 

Rottländer, P. 

RUcker, U. 

Ryazonov, A. 

Rzehak, R. 

Schäfer, P. 

Schall, P. 

Scherer, R. 

Schilling, T. 

Schirmer, A. 

Schliefer, F. 

(Neutron Scattering) 

(Neutron Scattering, G) 

(Electronic Properties) 

(Scattering Methods) 

(Theory H, G) 

(Theory III) 

(Theory H, GS) 

(Electronic Properties) 

(Scattering Methods, GS) (since 01.06.1999) 

(Electronic Properties, G) 

(Materials Development) 

(Theory III, GS) 

(Electronic Properties, GS) 

(E1ectroceramic Materials) 

(Electronic Properties, G) 

(Electroceramic Materials) 

(Theory I) 

(Theory H, G) 

(E1ectroceramic Materials) 

(Scattering Methods, GS) (since 03.11.1999) 

(Electronic Properties, GS) 

(Neutron Scattering, GS) 

(Microstructure Research) 

(Neutron Scattering) 

(Neutron Scattering) 

(Electroceramic Materials) 

(Scattering Methods) 

(Neutron Scattering) 

(E1ectroceramic Materials, GS) 

(Electroceramic Materials) 

(Microstructure Research, GS) 

(Electronic Properties, GS) 

(Scattering Methods) 

(Special Group, G) 

(Theory III, GS) 

(Electroceramic Materials, GS) 

(Microstructure Research, GS) 

(Electronic Properties, GS) 

(Theory 11, GS) 

(Scattering Methods) 

(Special Group, GS) 
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Schmidt, W. (Neutron Scattering) 

Schmitz, R. (Electroceramic Materials, GS) 

Schmitz, S. (Electroceramic Materials, GS) 

Schneider, St. (Electroceramic Materials, GS) 

Schober, H. (Theory II1) 

Schober, T. (Electroceramic Materials) 

Schroeder, H. (Electroceramic Materials) 

Schroeder, K. (Theory III) 

Schütz, G. (Theory II) 

Schwahn, D. (Neutron Scattering) 

Schweika, W. (Scattering Methods) 

Seeck, O. (Scattering Methods) 

Settels, A. (Theory III, GS) 

Sonnenberg, K. (Materials Development) 

Spatschek, R. (Theory III, GS) 

Stellbrink, J. (Neutron Scattering) 

Stockmeyer, R. (Neutron Scattering) 

Straube, E. (Neutron Scattering, G) 

Sturm, K. (Theory I) 

Szot, K. (Electroceramic Materials) 

Thust, A. (Microstructure Research) 

Trinkaus, H. (Theory III) 

Ullmaier, H. (Special Group) 

Urban,K. (Microstructure Research) 

Vad, Th. (Scattering Methods) 

Voigt, J. (Scattering Methods, GS) 

Volokitin, A. (Theory I, G) 

Wang, Y.-G. (Scattering Methods, GS) 

Waser, R. (Electroceramic Materials) 

Willner, L. (Neutron Scattering) 

Wingbermühle, J. (Electronic Properties, GS) 

Winter, M. (Microstructure Research, GS) 

Wirth,1. (Electronic Properties, GS) 

Wischnewski, A. (Neutron Scattering) 

Yan, S.-S. (Electronic Properties, G) 

Y urechko, M. (Microstructure Research, GS) 

Zeiske, Th. (Scattering Methods) 

Zeller, R. (Theory III) 

Zilkens, C. (Electronic Properties, GS) 

Zom,R. (Neutron Scattering) 
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Guest Scientists 

J.A. Abasolo-Hernandez 

Dr. S. Abdullaev 

Dr. M. Arbe 

Prof. T. Asada 

Prof. P. Ballone 

Dr. G. Bihlmayer 

DP A. Baranov 

Dr. J. Bene 

Fr. Dr. C. Blaas 

Dr. S. Borbely 

Prof. O. Braun 

Prof. T. Burkhardt 

DP C. Byloss 

Dr. I. Cabria Alvaro 

Fr. Dr. T. Cai 

Dr. D. Caprion 

Dr. S. Clarke 

Prof. J. Colmenero 

Dr. Y. Dai 

A. Dolzmann 

Dr. V. Drchal 

Dr. H. Emmerich 

Dr. M. Freyss 

Dr. A. Garcia-Borques 

Dr. R. Gareev 

Prof. K. Hirai 

Dr. S1. C. Hwang 

Dr. H. Ishida 

Prof. Z. Jiao 

Prof. E. Kats 

Dr. Z. Kaufinann 

S. Koizumi 

Dr. Z. Koza 

Prof. V.L. Kozub 

Prof. B. Kuanr 

M.Sc. C. Liu 

Fr. Dr. C. Lopez 

Dr. V.A. Luchnikov 

Dr. W. Ma 

Instituto Politecnico Nacional, Mexko 

Bilkent University, Ankara, Turkey 

Universidad Pais Vasco, St. Sebastian, Spain 

Shizouka University, Japan 

University Messina, Italy 

University Vienna, Austria 

Moscow State University, Russia 

Eötvös University Budapest, Hungary 

Technical University Vienna, Austria 

Hungarian Academy of Sciences, Budapest, Hungary 

Institute of Kiew, Ukraina 

Temple University, Philadelphia, USA 

University Ferrara, Italy 

University Santander, Spain 

Ames Laboratory Iowa State University, USA 

University Montpellier II, France 

University ofWales, UK 

University of San Sebastian, Spain 

Paul-Scherrer-Institute, Villigen, Switzerland 

University Passau, Germany 

Czech Academy of Sciences, Prague 

University Magdeburg, Germany 

University Louis Pasteur, Strasbourg" France 

Instituto Politecnico Nacional, Mexko 

Russian Academy of Sciences, Moskau, GUS 

University Nara, Japan 

University of California, Santa Barbara, USA 

University ofTokyo, Japan 

University Zhejiang, China 

Landau Institute for Theoretical Physics,Moskau, GUS 

Eötvös University Budapest, Hungary 

Japan Atomic Energy Resarch Institute, Tokai, Japan 

University WrocIaw, Polen 

loffe Institute, St. Petersburg, GUS 

University of Delhi, Indien 

The 4th Institute, NucIear Power. Institute off China, Chengdu, China 

University Cuernavaca, Mexico 

Novosibirsk State University, GUS 

Nanjing University, China 
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Dr. K. Maiti 

Prof. V. Marchenko 

Prof. H. Matsouka 

Dr. J. Matsui 

Dr. P. Mavropoulos 

Dr. J.A. Maytorena Cordova 

Prof. C. Misbah 

Fr. Dr. H. Montes 

Dr. K. Murthy 

Dr. X. Nie 

Fr. Prof. M. Olmstead 

Dr. N. Papanikolaou 

Prof. K. Papathanassopoulos 

Dr. S. Pemy 

Dr. N. Pertsev 

Pigorsch, C. 

Prof. V. Plakhty 

Dr. V. Popkov 

Prof. V.L. Popov 

J. Santos 

Dr. E. Shabalin 

A. Smimov 

Prof. N. Stefanou 

Prof. E. Straube 

T. Stunn 

Dr. D. Temkin 

Dr. W. Temmerman 

Dr. M. Vijayalakshmi 

Prof. A. Volokitin 

Dr. Y.-G. Wang 

Prof. R. Wang 

Dr. J. Wu 

Dr. S. Yan 

DP J. Zabloudil 

P.Zahn 

IISC Bangalore, India 

Academy of Sciences, Chemogolovka, Russia 

Kyoto University, Japan 

Fukuoka University, Japan 

University Athen, Greece 

University Cuemavaca, Mexico 

Universite Joseph Fourier (CNRS), Grenoble, France 

University Paris, France 

Indira Gandhi Centre for Atomic Reserarch, Kalpakkam, lndia 

Massachusetts lust. ofTechnology, Cambridge, USA 

University ofWashington, Seattle, USA 

University Athens, Greece 

University Patras, Greece 

Thomson CSF-LCR, ENS Cachan, France 

A.F. loffe Institute, St. Petersburg, GUS 

Martin-Luther-University Halle-Wittenberg, Gennany 

St. Petersburg Nuclear Physics Institute, Gatchna, GUS 

Institute Low Temperature Physics, Kharkov, Ukraine 

Russian Academy of Sciences, Tomsk, Russia 

Physik-Department TU München, Garehing, Germany 

Joint Institute for Nuclear Research, Dubna, GUS 

Joint Institute for Nuclear Research, Dubna, GUS 

University Athens, Greece 

University Merseburg, Germany 

University Passau 

I.P. Bardin Inst. Moskau, GUS 

Daresbury Laboratory, Daresbury, GB 

Indira Ghandi Centre, Kalpakham, Indien 

Samara University, Samara, Russia 

Sourtheast University, Nanjing, China 

Department ofPhysics, Wuhan University, China 

Chinese Academy of Sciences, Beijing, China 

Physics Department, Shandong University, Jinan, China 

TU Wien, Austria 

University Dresden, Germany 
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Spring Schools of the IFF 

Beginning in 1970, our institute has organized an annual two-week Spring School on modern topics in solid state 

physics. 

The topics of the Spring SchooIs over the past 11 years were: 

1990 Solid State research for Information Technology 

1991 Physics ofPolymers 

1992 Synchrotron Radiation for investigating Condensed Matter 

1993 Magnetism of Solids and Boundaries 

1994 Complex Systems between Atoms and Solids 

1995 Electroceramics - Basics and Applications 

1996 Scattering Methods for investigating Condensed Matter 

1997 Dynamics and Pattern Formation in Condensed Matter 

1998 Physics ofNanostructures 

1999 Magnetic Layer Structures 

2000 fsec and neV: Dynamics ofCondensed Matter 
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Spring School 2000 on "fs and ne V: Dynamics in Condensed Matter" 

This event was the 31 th spring school offered by the IFF. It took place from 13. - 24. March 2000 and included 

the latest developments in the fields ofspectroscopic investigations ofthe dynamics in condensed matter. 

The following lectures were presented (in chronological order): 

Th. Brückel, W. Eberhardt 

and R. Hölzle 

K. Sturm 

M. Monkenbusch 

W. Schweika 

H. Conrad 

K. Schroeder 

P. Dederichs 

P. Bechthold 

M. Neeb 

S. BlOgel 

N.M. Pyka 

J. Tomkinson 

Ch. Buchal 

T. Schäpers 

G. Gompper 

D. Richter 

F. Sette 

lR. Schneider 

H.lbach 

B. Persson 

G. Grübel 

B. Keimer 

M. Enderle 

W. Wurth 

S. Eisebitt 

G. Meier­

P. Heitjans 

G. Gerber 

R. Rüffer 

Introduction 

Scattering of photons, neutrons and electrons by matter 

Neutron Spectroscopy 

Sources and Properties ofNeutron- and Synchrotron-Radiation 

The European Spallations Neutron Source ESS - Spallation Techniques 

Elementary Excitations: Phonons, Magnons 

Fundamentals of Electron Tbeory 

Ultrashort Laser Pulses: Generation, handling 

Molecular Dynamics of Chemical Reactions on the femtosecond time scale -

"The W orId' s fastest Camera" 

Tbe Quantum Hall Effect 

Lattice Dynamics of High Tc Superconductors 

Chemical Spectroscopy 

Electronic Relaxation in Semiconductors 

Photodetectors 

Ballistic Transport in Semiconductors 

Dynamics of membranes & complex fluids 

Dynamies of Polymers 

Ultrafast Switches and 

Inelastic X-Ray Scattering. A Spectroscopy Method to Study the Atomic 

Dynamics in Condensed Matter 

TESLA-FEL 

Surface-Phonons and localized Vibrations of Adsorbates 

Sliding Friction 

X-Ray Photon Correlation Spectroscopy 

Magnetic Excitations in Correlated Electron-Systems 

Spin-Chains and Spin-Peierls-Systems 

Core Electron Relaxation 

Resonant Inelastic X-Ray Scattering: Measurements with an atomic 

stopwatch 

Raman- and Brillouin-Scattering 

NMR and beta-NMR 

Wavepacket Dynamics 

Nuclear inelastic scattering 
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U. Buchenau 

G. Eckold 

R.Zom 

D. Bürgler 

P. Grunberg 

M. Aeschlimann 

H.Dürr 

U. Höfer 

B. Hillebrands 

Relaxations in Glasses 

Chemical Reactions Timeresolved Scattering Experiments 

lonic Transport in Electrolytes 

Magnetoelectronics I 

Magnetoelectronics II 

Electron Relaxation in Metals 

fsec-magnetism 

Time Resolved Spectroscopy of Image Potential States 

Dynamics of Magnetisation Processes 
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o 

Topography of polished (100)-surfaces of 
various single crystals of SrTi03, obtained 
by AFM after thermal treatment at 
ambient pressure. All surfaces exhibit 
the same characteristics changes 
compared to the original surface prior to 
heat treatment, namely the formation of 
the step-like terraces and the 
appearance of the droplet-like features 
on top of the surface. 
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