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Flashback to 2010

The Annual Report of the IFW intends to give an impression of what we consider an overall

successfu l year of the institute’s research activities. It addresses our cooperation partners

worldwid e, friends and all those who are interested in the institute’s life and progress within

the international materials science community. It presents a cross section of our scientific

activitie s in the past year, highlighting main results in the first part and giving a somewhat

more systematic overview of results obtained in our five Research Areas in its second part.

It finally informs on the materialized and personalized output and activities, and on how the

IFW is organized. 

The very first pages of the Annual Report we want to use for a flashback to the institute’s life

in 2010: highlights, events and important developments beyond scientific results.

In 2010 we hoped to start the construction of the new annex building which will alleviate the

severe shortage of office space in our institute. With large efforts we achieved at least the

decisive mile stone in that direction: the grant of the building permission in October 2010. Now,

we are looking forward to the start of construction and the appearance of the first excavators

in spring 2011. Some other infrastructure projects came to a successful completion in 2010: The

Helium liquefaction facility that makes the supply of liquid Helium independent from external

influences was inaugurated and successfully put into operation in January 2010. In Septem-

ber 2010, we established a room of silence – named Silentium – which is a place for contem-

plation, meditation and prayer for all members of the IFW regardless of their confession and

nationality. 

A further successful infrastructure project was the creation of the IFW Chemnitz research site

which is going to strengthen the cooperation with the Chemnitz University of Technology, where

Prof. Dr. Oliver G. Schmidt holds a chair. We rent a 260 square meter laboratory area in a start-

up building of the Chemnitz “Smart Systems Campus” and have equipped it for the development

of 3D rolled-up nanomembranes. Since the official inauguration ceremony in October 2010, the

cooperation with the Chemnitz University of Technology received a fresh impetus by a number

The State Minister of Science and Fine Arts, Prof. Sabine
von Schorlemer, visited the IFW on the occasion of the
Annual reception on March 1, 2010

Participants of the “Junior Doctor” event in the IFW Inauguration ceremony of the IFW Research
Site Chemnitz
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of joint projects such as the “Center of Excellence for Nanosystem Integration” granted by the

German Government and the International Graduate College “Materials and Concepts for Ad-

vanced Interconnects and Nanosystems“ with the TU Chemnitz and Fudan University Shanghai. 

In a similar way the relation between the IFW and the TU Bergakademie Freiberg has been

reinforce d. In March 2010, an agreement of cooperation between both institutions was

signed on the basis of which two group leaders of the IFW were appointed as guest professors

in December. Important links to the TU Bergakademie Freiberg are joint projects such as the

Excellence cluster “Functional structure design of new high performance materials via atom-

ic design and defect engineering” and the new DFG Research Group on “Molecular Spintronics“

with all four Saxon universities (TU Dresden, TU Chemnitz, Leipzig University and TU Berg -

akademie Freiberg).

Despite the expanded regional networking with the Saxon universities, our main partner in

this respect remains the neighboring TU Dresden. In 2010, this close relationship was charac-

terized by large joint efforts to succeed in the second round of the German Universities Excel-

lence Initiative of the German Federal Ministry of Education and Research and the German

Researc h Foundation. The IFW has been strongly involved in the creation of the DRESDEN con-

cept, DRESDEN standing for “Dresden Research and Education Synergies for the Development

of Excellence and Novelty”. Together with all partners in the DRESDEN concept, we believe in

the abilities of this network to succeed also in the third line of funding – namely the insti-

tutional strategies required to promote top-level university research, the so-called future

concepts. 

The training of students and young scientists remains a very important concern of the IFW work.

PhD and diploma students are involved in nearly all scientific projects and in the resulting

publication s. The number of PhD students working at the Institute has increased in the last two

years to about 150 on average. Also the number of diploma and master students working for

their theses at the IFW has increased significantly during the last years resulting in the record

number of 52 diploma or master theses in 2010 which is more than twice as many as in 2009.

Bottling of the first Helium liquefied
in our own facility

Getting certified as family friendly
institution

Sketch of the new room of silence –
the Silentium
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As a Leibniz Institute the IFW is budgeted by the federal government and the German federal

states in equal parts. However, an important index of quality is the amount of third party

projec t funding, which, in 2010, amounts to 13.4 Mio. Euro – a level at the forefront of the

Leibni z Association. Most of this project funding was acquired in a highly competitive mode from

the DFG and the EU. In particular the grants of three Emmy Noether Research Groups by the DFG

show the competitive capability of the IFW. Further successes in this respect are the start of the

new DFG Priority Programs on Fe-pnictides and of the EU network on biocompatible Ti-based

structures for orthopaedics, both coordinated by the IFW. As in the previous years the IFW is

very successful in initiating EU projects and participating in them. Seven of our 12 EU projects

running in 2011 are coordinated by the IFW. Concerning the “Pakt für Forschung” the IFW was

also successful with its new project application on “Nano-scaled structures for electrochemi-

cal energy storage in autonomous Microsystems”. It turns out that the IFW as the only insti-

tute in the Leibniz Association has got granted all six projects applications since the beginning

of the “Pakt für Forschung” in 2006.

A crucial part of the IFW’s identity is its vivid life including the cultivation of the scientific di-

alogue, family-friendly working conditions and the support of sportive, creative and cultural

activities. In 2010 the IFW was re-audited as a family-friendly institution and received the

certificat e “berufundfamilie”. The IFW organizes a series of workshops, colloquia and talks to

foster the scientific dialogue and, along the way, allow for social and communication aspects

of cooperation. An important meeting for all scientists of the IFW is the yearly two-day program

session where all scientists discuss and adjust the research program for the following year.

Also the annual IFW Winter School contributes to the scientific communication among all IFW

groups and to the training of young scientists in special topics of the IFW research program.

In 2010 the topical focus was placed on superconductivity. 

The IFW continued its large efforts to make scientific work accessible for the general public and

to inspire young people to study science or engineering also in 2010. The IFW took part in many

joint actions like the lecture series “Physics on Saturday” or the Summer University of the TU

Dresden. The Dresden Long Night of Sciences took place for the eighth time in 2010, and again,

Dr. Jens Freudenberger was awarded the
Georg Sachs Prize of the German Society of
Material Science

The apprentices of the IFW after a workshop on
conflict mamagement

Autumn school for high school girls organized by the
IFW for the third time
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the IFW offered an ample program which attracted almost 6000 visitors. The greatest attrac-

tion in the IFW’s program seemed to be the special offers “Chemistry for kids” and “Physics for

kids” where the girls and boys could try experiments on their own. An equally large respond

of young people as well as of their parents and grandparents was met in the one week event

“Scienc e in the shopping center” in advance of the conference of the German Association for

the Advancement of Science and Medicine (GDNÄ) in September 2010 in Dresden. In October

2010 we organized the third autumn school for high school girls who wanted to experience sci-

entific work in a research institute at first hand. Besides these big events we organize almost

weekly lab-tours for various visitor groups, from school classes through official representatives

to guests from foreign organizations.    

So we are looking back to a successful year 2010 in the institute’s development. We are quite

aware that this is due to the sustainable network of colleagues and partners in universities,

resear ch institutes and industry, both, on the regional and the international scale. We thank

all of them for their constructive cooperation and are looking forward to taking up future

challenge s together. Special tribute is paid to the members of the Scientific Advisory Board

and of the Board of Trustees as well as the funding organizations that continuously support and

foster the positive development of the IFW. 

Dresden, January 2011

Prof. Dr. Ludwig Schultz Dr. h. c. Rolf Pfrengle

Scientific Director Administrative Director

Young visitors of the Dresden Long Night of Sciences Signing the agreement of cooperation with the
TU Bergakademie Freiberg

Best volley ball teams during IFW Summer day
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Rolled-up nanomembrans form an ultra-
compact energy storage element

Born-Oppenheimer molecular dynamics
trajectory of TiSc2N@C80

Lorentz trajectories of the conduction
electrons in real space for large mean
free paths 

Cross-section of a MgB2 superconducting
wire with Nb-sheathed filaments 
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Highlights

Superconductivity without nesting in LiFeAs iron pnictide
S.V. Borisenko, V. B. Zabolotnyy, D. V. Evtushinsky, T. K. Kim, I. V. Morozov, 

A. A. Kordyuk, G. Behr, B. Büchner

The particular shape of the Fermi surface can give rise to a number of  collective quan-

tum phenomena in solids, such as density wave orderings or even superconductivity.

In many new iron superconductors this shape, the “nested” Fermi surface, is indeed

observ ed, but its role in the formation of spin-density waves or superconductivity is

not clear. We have studied the electronic structure of the non-magnetic LiFeAs

(Tc ∼18K) superconductor using angle-resolved photoemission spectroscopy. We find

a notable absence of the Fermi surface nesting, strong renormalization of the con -

duction bands by a factor of three, high density of states at the Fermi level caused by

a Van Hove singularity, and no evidence for either a static or fluctuating order except

superconductivity with in-plane isotropic energy gaps. Our observations set a new

hierarc hy of the electronic properties necessary for the superconductivity in iron

pnictides and, possibly, in other materials.

The synthesis of another iron superconductor immediately attracted a considerable

attenti on already for several reasons [1-3]. LiFeAs is one of the few superconductors

which do not require additional charge carriers and has a  considerable Tc approaching

the boiling point of hydrogen. Similar to AeFe2As2 (122) and LnOFeAs (1111) parent com-

pounds, LiFeAs consists of nearly identical (Fe2As2)2- structural units and all three are

isoelectronic, though the former do not superconduct. The band structure calculations

unanimously yield the same shapes of the Fermi surfaces (FS), very similar densities of

states and low energy electronic dispersions [4, 5] and even find in LiFeAs an ener -

getically favorable magnetic solution which exactly corresponds to the famous stripe-

like antiferromagnetic order in 122 and 1111 systems [5-7], though the experiments

show rather different picture. The structural transition peculiar to 122 and 1111 fa -

milies is remarkably absent in LiFeAs and is not observed under applied pressure of up

to 20 GPa [8,9]. Resistivity and susceptibility as well as μ-spin rotation experiments show

no evidence for the magnetic transition [10,11]. The basic question is therefore why the

isoelectronic and nearly isostructural FeAs blocks induce fundamentally different

physical properties of the material? We show that this happens due to the important

distinctio ns of the electronic structure and single out those which seem to be indispen-

sable for the superconductivity to occur.

In Fig.1a we show the FS map of LiFeAs which is the momentum distribution of the pho-

toemission intensity integrated within the narrow energy interval around the Fermi

level. Three clear features are visible on the map: a high-intensity butterfly-like shape

at the Γ-point, a well defined barrel-like FS also centred at Γ, and a double-walled struc-

ture with somewhat obscure contours around M-point. Momentum-energy cuts along the

selected directions passing near M and Γ points and marked in panel a) by dashed lines

are presented in Fig.1b and Fig.1c. While both dispersive features in Fig.1b as well as the

left-most one in Fig.1c clearly cross the Fermi level thus supporting a double-walled elec-

tron-like FS around M and large hole-like FS around Γ respectively, the other two features

from Fig.1c only come close to the Fermi level without clear crossing, at least for the give n

cut through the momentum space. We have found that for certain excitation energies

these features do cross the Fermi level resulting in very small hole-like FSs thus complet-

ing the analogy with the FS topolgy of 122 and 1111 systems: there are in total five FSs

supported by five bands.  The sketch in Fig.1a schematically shows all FS features cen-

tered in one point to facilitate the comparison of their sizes. The striking peculiarity of

this FS shape is the absolute absence of the (π, π)-nesting peculiar to other pnictides.

Fig. 1: Fermi surface shape and topology. 
a) Momentum distribution map of the pho-
toemission intensity integrated within 5 meV
around the Fermi level. Solid black lines 
represent Γ-centered Fermi contours, black
dashed lines – most pronounced M-centered
Fermi contours. b,c) Momentum-energy cuts
along the vertical directions marked by the
white dashed lines in panel a).
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According to the band structure calculations the FS of LiFeAs also consists of three hole-

like FSs around the Γ-point and two electron-like ones at the corner of the Brillouin zone.

In Fig.2 we compare directly the calculated band structure and experimental data along

the high-symmetry directions. We made a tight-binding fit to the best defined experi-

mental band which supports the large Γ-barrel and found a remarkable qualitative

agreement with the dx^2-y^2 originated band from the LDA calculations. The ratio of the

bandwidths turned out to be equal to 3.1 (1 eV vs. 0.326 eV). We then applied this renor-

malization factor to bring the experimental data and the calculated bands to the same

energy scale. Overall agreement is very reasonable, taking into account that we have

identified all bands in the vicinity of the Fermi level and associated them with the cor-

responding features in the ARPES spectra. Note that the electron-like pocket at M

formed by another band is satisfactorily reproduced as well. As seen from the figure and

confirmed by the calculations, a selective shift of the dx^2-y^2 band (red curve in Fig.2)

by 150 meV with respect to the others perfectly reproduces the shape of the experi -

mental Fermi surface and dispersion over the whole bandwidth. 

This agreement together with the extremely low temperatures at which we carried out

our experiments clearly speaks in favor of a non-magnetic ground state realized in LiFeAs.

This is supported by the fact that having explored the large portions of the k-space at

different experimental conditions, we have not found any typical spectroscopic signa-

tures of commensurate or incommesurate ordering appearing in a form of replica due to

Fermi surface reconstruction or suppressed spectral weight due to gap, etc. [12, 13].

What is not captured by the LDA approach, which predicts magnetism in LiFeAs [5, 6],

are the actual absence of nesting and renormalization by the factor of ∼ 3. The energy

gain from the opening of the gaps at or near the Fermi level due to the FS reconstruc-

tion is obviously more significant in a system with 3 times narrower bandwidth. That is

probably why the SDW order does not disappear immediately upon doping in 122 and 1111

families of Fe-pnictides. In LiFeAs, where the (π, π)-nesting is absent, static mag -

netism disappears completely. Our results thus strongly imply the decisive role of nest-

ing in the formation of SDW.

The apparent absence of the magnetism in LiFeAs seems to be not crucial for the super-

conductivity. We have clearly observed the opening of the superconducting gap in all kF

points with the onset at the nominal Tc of ∼18 K. A typical example is presented in Fig.3a

where the crossing of the FS at point A is shown for two temperatures, above and below

the transition. Upon entering the superconducting state, the usual BCS-like bending back

of the dispersive feature is apparently seen in the lower panel. This is accompanied by

the depletion of the spectral weight at the Fermi level with concomitant shift of the

leading edge midpoint of the k_F-EDC as seen in Fig.3b and in zoomed version in

Fig.3c. The typical size of the superconducting gap of the hole-like FSs is estimated to

be ∼ 1.5–2.5 meV, while for the electron-like FSs we observed slightly larger values

of ∼ 2–3.5 meV implying a multiband superconductivity in LiFeAs. More rigorous es -

timates based on accurate fitting including the resolution contribution result in the

superconduct ing gap of 3.2 meV on the electron-like pockets.

Fig. 2: High-symmetry momentum-energy cuts 
together with the results of the band structure 
calculations. Blue, green and red curves are the bands
supporting the Γ-centred FSs. Yellow curves – the
bands responsible for the electron-like FSs. Black
curves – the bands which do not cross the Fermi 
level. Photon energy is 120 eV for the middle panel
and 70 eV for the left and right panels.

Fig. 3: Superconductivity in LiFeAs. a) Fermi surface
crossings of the largest hole-like FS (see Fig.1c) taken
above and below Tc (~18K). b) Energy distribution
curves from panels a) corresponding to the kF. c) Ener-
gy distribution curves corresponding to Fermi momen-
ta on the largest hole-like electron-like FS measured
above (20 K) and below (900 mK) Tc.
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Disregarding for a moment any relation to other families of Fe-pnictides and thus pos-

sible presence of the so far not detected spin fluctuations capable of binding electrons

in pairs [14], one may ask why a stoichiometric, nonmagnetic compound with a plane

crystal structure is a multiband superconductor with considerable critical temperature

and weakly in-plane anisotropic order parameter? The only remarkable property of

the electronic structure of LiFeAs which makes it so special and intimately connects it

to other superconductors like NbSe2, A15 compounds, MgB2 and the cuprates is the

proximi ty of the Van Hove singularity to the Fermi level. 

In Fig.4 we suggest a very simple scenario which emphasizes the role of nesting for

densit y wave orders and van Hove singularities for the superconductivity in pnictides and

2H-NbSe2. In the parent compounds and in 2H-TaSe2 the presence of the nesting recon-

structs the original Fermi surface and induces the static density wave order resulting

in the absence of the superconductivity (or its strong suppression). By doping the holes

into the parent pnictide (or substituting Ta by Nb) we destroy the nesting and approach

the bottoms of the electronlike bands (or saddle point in 2H-NbSe2) thus bringing high

density of states to the Fermi level. As a consequence, the density wave order is strong-

ly suppressed and superconductivity occurs. The same holds for the electron-doped side

of the phase diagram. Now the tops of the holelike bands show up at the Fermi level. In

this sense LiFeAs appears to be similar to electron-doped pnictides since in this case the

top of the holelike band coincides with the Fermi level already in the pristine compound.

The example of LiFeAs suggests that the intriguing presence of the density waves or their

fluctuations in many families of the superconductors may turn out to be rather “tech-

nical”: they neighbour the superconductivity only because, purely from the topological

considerations, the nesting is very probable to occur when tuning the system from one

Van Hove instability to another by doping in multiband superconductors (see Fig.4).

On the other hand, the non-perfect nesting corresponding to the fading density wave

order may result in still larger density of states at the Fermi level thus promoting the su-

perconductivity [15]. However, in view of our present results, the Van Hove singularity

close to the Fermi level seems to be a necessary condition for the onset of superconduc-

tivity, and not only in the pnictides [16].

[1] X. C. Wang et al., Solid State Commun. 148, 538 (2008). 
[2] J. H. Tapp et al., Phys. Rev. B 78, 060505(R) (2008).
[3] M. J. Pitcher et al., Chem. Comm. 2008, 5918 (2008).
[4] I. A. Nekrasov et al., JETP Lett. 88, 621 (2008).
[5] D. J. Singh, Phys. Rev. B 78, 094511 (2008).
[6] Y. F. Li et al., Eur. Phys. J. B 72, 153 (2009).
[7] R. A. Jishi and H. M. Alyahyaei Advances in Condensed Matter 

Physics Volume 2010, Article ID 804343.
[8] S. J. Zhang et al., Phys. Rev. B 80, 014506 (2009).
[9] M. Gooch et al., EPL 85, 27005 (2009).
[10] F. L. Pratt et al., Phys. Rev. B 79, 052508 (2009).
[11] C. W. Chu et al., Physica C 469, 326–331 (2009).
[12] S. V. Borisenko et al., Phys. Rev. Lett. 100, 196402 (2008).
[13] V. B. Zabolotnyy et al., Europhys. Lett. 86, 47005 (2009).
[14] T. Dahm et al., Nature Physics 5, 217 (2009).
[15] V. B. Zabolotnyy et al., Nature 457, 569-572 (2009).
[16] S. V. Borisenko et al., Phys. Rev. Lett. 105, 067002 (2010).

Cooperation: MPI for Solid State Research Stuttgart, Moscow State Univ., 
Helmholtz-Zentrum Berlin
Funding: DFG (KN393/4, BO 1912/2-1, SPP1458)

Fig. 4: Van Hove singularities in Fe-pnictides and
chalcogenides. Schematic illustration of the main 
features in the electronic structure of the 122 and
1111 pnictides, LiFeAs, 2H-TaSe2 and 2H-NbSe2. 
Red curves represent the band dispersions along the
high-symmetry directions. Thick red lines represent
Van Hove sigularities, i.e. the flat extrema of the 
corresponding bands or the saddle point.
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Coherent interfacial bonding on the FeAs tetrahedron in 
epitaxial Fe/Ba-122 bilayers
T. Thersleff, K. Iida, S. Haindl, S. Trommler, M. Kidszun, R. Hühne, F. Kurth, I. Lucas

del Pozo, J. Hänisch, D. Pohl, A. Hartmann, I. Mönch, J. Engelmann, J. Scheiter, 

B. Rellinghaus, L. Schultz, and B. Holzapfel

The production of thin films from the newly-discovered iron-based superconductors is

cri tical to their assessment for applications and the investigation of their fundamen-

tal properties. A detailed microstructural investigation of Ba(Fe1-xCox)2As2 thin films

fabricated at the IFW suggested that one way to achieve high quality films is through

the use of an intermediate iron buffer layer. Films based on this new layer architecture,

dubbed “Fe/Ba-122 bilayers,” exhibit excellent crystalline and electrical transport

propertie s and additionally open up the route for novel thin film devices potentially

suitable for all iron-based superconductors.

Essential to the understanding of key fundamental properties in the newly discovered

iron-based superconductors and critical to their assessment for applications and devices

is their fabrication into very high quality thin films. Thin films of the Ba(Fe1-xCox)2As2

phase – discovered by Sefat et al. [1] and commonly referred to as “Ba-122”– are

particularl y interesting since this compound appears to be resilient against oxidation

and degradation due to water vapor [2], it is considerably easier to depos it compared to

other iron-based superconductors, and it has a relatively high critical temperature. The

search for optimal thin film growth parameters for this compound is currently the

subjec t of a number of international research groups. [2–11]. However, difficulties

overcoming the poor metal/oxide bond at the interface of many substrates has neces-

sitated the need for significant optimization of the deposition parameters [9,10] as well

as the use of various intermediate layers [8] to produce well-textured films. In spite of

these efforts, nearly all of these films contain an unintentional amorphous or iron-con-

taining layer at the interface. While the nature of this interface is not yet fully under-

stood, the disruption of local crystallographic ordering associated with it precludes the

use of these films for interface-sensitive applications such as multilayers or heterostruc-

tures where coherent and chemically inert phase boundaries are required. Moreover, it

may be responsible for the challenging growth of epitaxial Ba(Fe1-xCox)2As2 (Ba–122)

films in general [7,9] as well as the generation of pinning-active columnar defects

observe d to originate at this interface in some films [8].

At the IFW, a detailed investigation into the nature of this interface was initiated using

the FEI Titan3 300 kV Cs -corrected transmission electron microscope (TEM) available in-

house. This microscope has a point resolution under 1 Å and provides access to a num-

ber of high resolution spectroscopic techniques. For Ba-122 deposited on top of bare

(La,Sr)(Al,Ta)O3 (LSAT) substrates, it was observed that significant amounts of textured

body-centered cubic iron precipitate out at the substrate/film interface [9]. The forma-

tion of these iron regions is enabled by the interdiffusion of atomic species between the

Ba-122 phase and the oxide substrate, thereby leading to the aforementioned localized

Fig. 1: Schematic model demonstrating that
the mismatch between the (001) surface
plane of bcc iron (left) and the iron sublayer
in the Co-doped Ba–122 unit cell (right) is
about 2%. Atomic radii are not to scale.
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crystallographic disturbance. Furthermore, it was noted that the orientation of these

texture d iron regions is rotated 45° in-plane to both the substrate and the Ba–122

phase, providing a plausible explanation for the presence of an Fe (002) reflection in

x-ray diffraction (XRD) patterns in nearly all Ba-122 films. In this orientation, the

(001) surface plane of iron has an approximately 2% lattice mismatch with the square-

planar iron sublayer defining the FeAs tetrahedron in the Ba–122 unit cell and thus

offers a natural location for coherent interfacial bonding (Fig. 1).

One way to prevent the detrimental interspecies diffusion at the substrate interface is

to preemptively deposit textured iron directly on the substrate prior to the deposition

of the Ba-122 phase. Since the Fe/Ba-122 bond appears to be more stable than the

oxide/Ba-122 bond, the resulting interface should be highly coherent and chemically

stabl e. This new architecture has been dubbed “Fe/Ba-122 bilayers.”

Thin layers of textured iron were grown on a number of substrates by our group, as pre-

sented in Fig. 2. On each of them, when the iron layer grows in a textured manner, the

subsequent epitaxial growth of the Ba-122 phase was observed. The crystalline quality

of the Ba-122 phase was of very high quality, exhibiting a sharp texture while retaining

good superconducting properties. The presence of a stray texture component in the

bilayer grown on the LSAT substrate is due to the growth of iron islands; in every case

where an iron (001) facet grew parallel to the LSAT surface, textured Ba-122 was

observe d. Perhaps the most important criterion for high quality growth of thin films is

the amount of current they are capable of transporting – known as the critical current

density Jc - particularly when an external magnetic field is applied. The bilayers on MgO

exhibit Jc values among the highest reported to date in thin films [8,11,13]. More sig-

nificantly, however, is the lack of Jc enhancement when the external magnetic field is

applied parallel to the Ba-122 c-axis, as depicted in Fig. 3. This indicates that Ba-122

films grown in this manner do not have pinning-active correlated defects oriented

along this direction, contrasting the results of other groups [8,11]. Accordingly, these

films can be considered suitable for a number of fundamental investigations where the

intrinsic anisotropy of the Ba-122 phase is to be probed.

Controlled bilayers of this type lend themselves to an additional investigation of the

natur e of bonding at the interface. The interface between Fe and Ba–122 was studied

usin g the microscope described above. Figure 4a shows a high resolution scanning

transmission electron microscopy (HRSTEM) image obtained with a high angle annular

dark field detector. Directly below, higher-resolution data obtained from a different

sampl e region are presented. This image shows a mass-thickness contrast, meaning that

atomic columns appear as bright dots. Hence, the location of individual atoms within

their unit cell can be elucidated, as indicated in the lower portion of Fig. 4 through the

use of artificial colors and a schematic model. The Ba–122 phase is observed to termi-

nate on the upper As sublayer of the FeAs tetrahedron. As an independent confirmation

of this analysis, high resolution TEM (HRTEM) was undertaken on a separate sample

region and is presented in Fig. 4b. This focus of this image was adjusted such that the

atomic columns also appear as white dots. Below it, the atomic positions are identified

in the same manner as previously. Combined with the HRSTEM data in Fig. 4a, these

observatio ns constitute compelling evidence that the square-planar iron sublayer in the

Ba–122 unit cell is directly replaced by the (001) surface plane of the bcc iron layer

resulti ng in a coherent interfacial bond on the FeAs sublattice [12].

These results have opened up a number of new research directions for thin films of the

iron-based superconductors. First, as demonstrated by figures 2 and 3, this architecture

represents a means by which Ba-122 thin films with a very strong texture and minimal

Fig 2: (a) Pole figure of the Ba-122 bilayer grown on 
an MgO substrate revealing highly textured growth 
with a Δϕ value of 0.95°. (b) Iron grows with a 45° 
in-plane rotation and exhibits four-fold symmetry. 
The additional peak in the center arises from the 
(002) plane of the MgO substrate. Both pole figures 
are plotted on a square root scale. (c) Resistively 
measured Tc curves for Ba–122 deposited upon bare 
LSAT and MgO as well as the Fe/Ba–122 bilayers. 
Tc,90 is 24.4 K and 24.8 K for the MgO and LSAT 
bilayers, respectively. 

Fig 3: Critical current density of an Fe/Ba-122 bilayer
grown on an MgO substrate. Critically, when an ex-
ternally applied magnetic field H is oriented parallel
to the Ba-122 c-axis, no enhancement of Jc can be
ascertained. This indicates that there is no correlated
network of defects aligned in this direction.  
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defects can be grown without seriously degrading its superconductive properties [13].

This provides researchers with the first thin films representative of the intrinsic Ba-122

phase without being tainted by defects. Second, the bilayer architecture enables the

growth of iron-based superconductors on technical substrates such as hastelloy contain-

ing an MgO buffer layer that was deposited with Ion Beam Assisted Deposition (IBAD).

Our group has produced the first such samples, and the results are shown in Fig. 5. Such

thin film designs allow researchers to investigate the influence a grain boundary net-

work exerts on superconductivity and additionally opens the way for in-situ strain inves-

tigations [14]. Finally, since the iron buffer layer bonds directly on the one structural

featur e common to all iron-based superconductors – the iron arsenic tetrahedron – it is

likely that this same architecture will work for other families as well.
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Fig. 5: (a) Normalized resistance of the Co-doped 
Ba-122 thin film on IBAD-MgO. The data were nor-
malized to the value of 30 K. For comparison, the film
on a MgO single crystalline substrate is also plotted.
(b) Jc-H characteristics for Co-doped Ba-122 thin 
film on IBAD-MgO at 8K. A self-field Jc of over 
10– 5A cm– 2 has been recorded.

Fig. 4: (a) HRSTEM image of the Fe/Ba–122 inter-
face. Directly below, a higher-resolution image of a
neighboring region is shown. (b) HRTEM image from
the Fe/Ba–122 interface with an enlargement below.
In both (a) and (b), the atomic columns appear white
and are identified through the use of artificial 
coloration and a schematic model. The interface is
highly coherent and bonding takes place directly on
the FeAs sublattice.
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Giant negative domain wall resistance in iron
D. Elefant and R. Schäfer

A domain wall-related magnetoresistance (MR) effect was discovered that may exceed

the established MR-effects (Anisotropic MR, Giant-MR, Lorentz-MR etc.) by orders of mag-

nitude. Phenomenologically it is a negative domain wall resistance (NDWR), caused by the

formation of scattering-induced channels for the charge carriers around domain walls

that can “shortcut” the Lorentz-MR (LMR) of magnetic domains. This fundamental influ-

ence of walls on the electric transport was not considered so far. The discovery was pos-

sible by choosing samples that allowed the separation of all superimposed effects by

temperatu re-dependent resistance measurements and domain control. The samples

were bulk single-crystalline iron cylinders (2 − 4cm long, diameter D ≈ 1 − 4mm) [1, 2]

with different orientations. They were of high purity and lattice perfection, character-

ized by residual resistance ratios RRR = ρ(295K)/ρ(T ≈ 2K) up to 5700, which are the

highest values for bulk iron ever published. The domains of the rods were manipulated

by small magnetic fields: (i) A circular “self-field” Hcirc, caused by the (direct) measur-

ing current J along the rods and estimated at the surface to μ0Hcirc = μ0J/πD ≤ 2mT, and

(ii) an external longitudinal field μ0Hlong ≤ 100mT along the rod axis (�J). The domain

structure and its field dependence was studied by longitudinal Kerr microscopy [3]. By

suspending the rods on a rotation stage the whole surface was accessible. Fields and

current s could be applied during imaging. So the resistivity measurements Δρ(B) could

be interpreted in terms of the magnetization changes B = μ0 (H+M). 

In Fig.1 the field-dependence of resistivity is plotted for the (100)- and (110)-oriented

crystals. Reference state is the longitudinally saturated state, the resistance ρ long
sat (T )

of which is indicated by lines in Fig.1a. Removing the saturation field, the resistivity

rises (compare the ρ long
sat (T)-lines with the Hcirc = 0 values in Fig. 1a). For increasing

Hcirc , Figs. 1a, b reveal a further resistivity increase — small circular fields of just 2 mT

thus cause drastic resistivity changes up to factors of 100 for the (100)- and 30 for the

(110)-crystal compared to the reference state (the different factors are primarily due to

the different RRR). Superimposing then a longitudinal field of the same order of mag-

nitude, nearly all the giant resistivity increase is canceled (Fig.1c). An interpretation of

these effects requires knowledge of the domains.

Fig. 1: Two similar sets of resistivity curves, measured
on the (100)-crystal (top) and (110)-crystal (bottom).
(a) Resistivity dependence on small circular self-field
Hcirc for different temperatures. (b) Like (a), but for
larger circular fields. (c) Resistivity dependence on
longitudinal field, with circular fields superimposed
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Figure 2 shows the domains on the (110)-crystal for some states along the curves in

Fig. 1. There are 6 easy crystal directions (Fig. 2a): the [100], [-100] directions, called

±90°-directions (relative to the current axis), and the [010], [0-10], [001] and [00-1]

directions called ±45°- and ±135°-directions. In an infinite crystal (which roughly

applie s to our bulk sample) and at zero external field, 1/3 of the volume is occupied by

±90° domains and 2/3 by ±45° and ±135° domains. The occupancy of the two main

axes is visible in Fig. 2b. This relative distribution of domain phase volumes also applies

to the zero-field state of Fig. 1a, where the resistance was measured with small current,

i.e. at Hcirc < Hcoercive. The resistivity of this multidomain domain state is by a factor of 10

higher than that of the longitudinally saturated state because a substantial transverse

LMR is caused by both, the ±90° domains and, to a lower degree, the ±45° and ±135°

domains. The ±45°/±135° domains also contribute a longitudinal LMR, which, how ever,

can only play a minor role: Due to their ’short-cutting’ effect, the longitudinal LMR of

these domains should lead to a total resistance in the same order of magnitude as that

of the longitudinally saturated state. As this is not observed, we conclude that the trans-

verse LMR of the ±45°/±135° phase volume dominates the resistance at zero-field.

When a circular field of only 2 mT is applied to this multidomain state, the resistivity

strongly rises (Fig. 1b), accompanied by a change in the domain structure (Fig. 2c): do-

mains with magnetization components parallel to Hcirc grow on expense of antiparallel

domains. This leads to a reduction of the wall density at a stable transverse MR situation.

The disappearance of domain walls must consequently be responsible for the resis -

tivity rise. A conceivable (though not observed) partial phase transition from ±45° to

±90° domains, which would also lead to an increasing transverse LMR, can only play a

marginal role. This fact is supported by the resistivity measurements on (111)-oriented

crystals: For such crystals any kind of domain phase rearrangement cannot change the

LMR configuration for symmetry reasons (all easy crystal axes have the same absolute

angle relative to the current direction). Nevertheless, the resistance change in small mag-

netic fields (not shown) and the temperature dependence of resistivity have the same

characteristics and order of magnitude. Again, there is only the difference in domain wall

density left as an interpretation — changes in the longitudinal LMR components can be

excluded for (111)-crystals.

If a longitudinal field of 1 mT is added to the circular field, the 180°-walls between

the ±45° domains reappear (Fig. 2d) to create a longitudinal M-component. The do -

main phases are thus rearranged: the +45° (or +135°) volume is partly replaced by −45°

Fig. 2: Surface domains of the (110)-crystal,
observed on two surfaces for applied fields
as indicated
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(or −135°) volume, whereas the ±90° phase volume will stay largely unchanged. Again,

there is no significant redistribution of the (LMR-relevant) absolute |90°| and

|45°|/|135°| phase volumes in the superimposed field. The resistivity, however, drops

almos t down to that of the longitudinally saturated state (compare Fig. 1b and c)! If

the redistributrion of 90° and 45°/135° phases would be responsible for this drop, the

resistance should only decrease by a factor � 2, but not by (at least) an order of mag-

nitude as measured. Again, it must be the domain walls that are responsible for the

effect. Domain studies on the (100)-crystal (not shown) lead to the same conclusion. 

The key to interpret the huge resistivity changes are the geometrical dimensions of the

Lorentz trajectories of the conduction electrons in real space. They can be derived from

Fermiology: The conductivity of iron is dominated by the Fermi surface (FS) of the 6th

majority band sheet (Fig. 3c). The cyclotron orbits at the FS, caused by the Lorentz force,

are transferred to helix-like trajectories around the induction B (resp. magnetization M)

in real space with an average diameter d of 5 μm (Fig. 3b). As the mean-free electron path

λ in our perfect crystals can be up to 140 μm at low temperature (compared to ∼16 nm

at room temperature) a spiral trajectory makes several turns N before scattering. Thus

the so-called “high field limit” 2πN = 2λ/dmax = ωcτ � 1 is realized (ωc is the cyclotron

frequency, τ the relaxation time). Then for ΔρLorentz theory [6, 7, 8] yields

Δρ trans (B,T)/ρ (B = 0,T) ∝ (ωcτ)2 ∝ B2/ρ(B = 0,T)2, (1) 

Δρ long (B,T) = c l ρ(B = 0,T). (2)

These equations for the transverse and longitudinal LMR hold for compensated metals

(i.e. equal numbers of electrons and holes) with closed FS sheets, which both applies to

iron. According to Eq. 1, ρ trans unboundedly increases with the number of orbits at the

FS, which was indeed measured up to B ∼ 20 T [9, 10]. The temperature dependence of

the transverse LMR is determined by ρ(B = 0,T) in the denominator of Eq. 1 (the numer-

ator stays constant for a stable domain configuration with total or partial transverse

M-components). The denominator in Eq. 1 decreases with falling temperature, explain-

ing the negative temperature coefficient (TCR) of the transverse LMR that is measured

in Fig.1b.

Such behavior, however, can only occur if the electron helices propagate within sufficient-

ly wide domains like in Fig. 2c. If a helix interacts with a domain wall, the Lorentz force

changes and the spiral trajectory is interrupted. So within an effective width around the

wall, given by roughly twice the average helix diameter, full helix turns cannot be

Fig. 3: (a) Interaction of electron (spin  and charge
e−) and Bloch wall. Translation with spin tracking is
favored for wide walls, reflection with spin conserva-
tion for narrow walls. Reflection causes a positive
wall resistance. (b) Electron trajectories in real space
for small (left) and large mean free paths (right). 
(c) Fermi surface sheet of Fe [4, 5] with two cyclotron
orbits for large relaxation times caused by the mag-
netization M. (d) Lorentz trajectories along domain
walls, schematically shown for spin tracking and 
reflection.
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formed. Instead, short Lorentz trajectories, wiggling around the wall, will be gener -

ated (Fig. 3d). They are equivalent to highly conductive current channels along the wall,

which may ’shortcut’ the transverse LMR (and to a lower degree also the longitudinal

LMR) if the walls have longitudinal orientational components. For our (110)-crystal this

scenario is supported by domain observation: the angles between domain magnetiza-

tion and electrical current direction stay largely constant in the low- and high-resis -

tivity states (i.e. the last term in Eq. 1 remains unchanged), just the number of walls is

different. The huge resistivity changes must consequently be caused by the creation and

annihilation of domain walls. Within the channels the negative TCR of Eq.  1 cannot

dominat e the total resistivity. The TCR thus changes sign from negative to positive

(Fig.1a) when the wall density increases with decreasing circular field (Fig. 2b).

To summarize, our resistivity studies can only be explained conclusively by assuming that

domain walls decrease the LMR, thus causing a NDWR. This “channeling” effect of walls,

which is due to a change of the Lorentz trajectories and which is therefore a consequence

of Fermiology at the end, can drastically exceed any (positive) DWR based on the car-

rier spin or diamagnetic models [11-14]. It is caused by the electron charge and thus

independe nt of spin/wall interactions, being valid for both, electron transmission with

spin tracking [15] or reflection with spin conservation [16]. The NDWR is huge at low tem-

peratures, favored by the electronic structure of iron (compensation and closed FS

sheets). The measurable features will be weaker e.g. in Co or Ni and in samples with

reduce d dimensions (like films) where the surfaces, which act like walls on the Lorentz

trajectories [17], are dominating. Also at higher temperatures the effect will be reduced

and most likely not be strong enough to be isolated from other MR or DWR effects.

Nevertheles s it is expected that the NDWR plays a role for all domain walls in any kind

of magnetic material. Domain walls generally decrease the LMR, and because the LMR

is inherent in every ferromagnet with more or less intensity, a negative domain wall

resistanc e term exists as a matter of principle and has to be taken into account in any

resistivity discussion! This effect was overlooked so far. For an extended description see

ref. [18].
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Towards ballistic heat transport of quantum spin excitations
N. Hlubek, P. Ribeiro, R. Saint-Martin1, A. Revcolevschi1, G. Roth1, G. Behr, B. Büchner,

C. Hess

Fundamental conservation laws predict ballistic, i.e., dissipationless transport be -

haviour in one-dimensional quantum magnets. Experimental evidence, however, for

such anomalous transport has been lacking ever since. Here we provide experimental

evidence for ballistic heat transport in a S = 1⁄2 Heisenberg chain. In particular, we

investiga te high purity samples of the chain cuprate SrCuO2 and observe a huge mag-

netic heat conductivity κmag. An extremely large spinon mean free path of more than

a micrometer demonstrates, that κmag is only limited by extrinsic scattering proces -

ses, which is a clear signature of ballistic transport in the underlying spin model.

The integrability of the one-dimensional (1D) antiferromagnetic S = 1⁄2 Heisenberg

chain implies a divergent magnetic heat conductivity κmag at all finite temperatures T

[1–4]. Despite this rigorous prediction, experimental evidence for ballistic heat trans-

port in quantum magnets is lacking. Such experimental κmag is always finite, since ex-

trinsic scattering processes due to defects and phonons are inherent to all materials and

mask the intrinsic behavior of the chain. A promising large κmag has been observed in a

number of cuprate compounds, which realize 1D S = 1⁄2 Heisenberg antiferromagnets

[5–9]. The compound SrCuO2 is a prominent example [8, 9]. However, a quantitative

analysis of κmag has always been difficult in this compound, since the phononic and mag-

netic heat conductivities are of similar magnitude at low temperatures. Here we report

evidence for ballistic heat transport as a result of a huge enhancement of κmag upon

increas ing the samples purity [10].

The main structural element in SrCuO2 is formed by CuO2 zig-zag ribbons, which run

along the crystallographic c-axis, as shown in Fig. 1. Each ribbon can be viewed as made

of two parallel corner-sharing CuO2 chains, where the straight Cu-O-Cu bonds of each

double-chain structure result in a very large antiferromagnetic intrachain exchange

coupli ng J/kB ≈ 2100 −2600 K of the S = 1⁄2 spins at the Cu2+sites [11, 12]. The frus -

trated and much weaker interchain coupling �J ’�/J ≈ 0.1− 0.2 [11] and presumably

quantum fluctuations prevent three-dimensional long range magnetic order of the sys-

tem at T > TN ≈ 1.5−2K ≈ 10–3J/kB K [13, 14]. Hence, at significantly higher T the two

chains within one double chain structure can be regarded as magnetically independent,

which is consistent with results by inelastic neutron scattering [12].

Fig. 2 presents our results for κa and κc of SrCuO2 for both 99% (2N) and 99.99% (4N)

purity as a function of T. We first describe the data for 2N purity, which are in good agree-

ment with earlier results by Sologubenko et al. [9]. A pronounced low-T peak is found

for κa,2N, perpendicular to the chains. This peak and a ∼ T –1-decrease at T � 150 K to-

wards a small value at room temperature, represent the characteristic T-dependence of

phonon-only heat conductivity κph. A similar low-T peak is also present for κc,2N, paral-

lel to the chains. It is however larger and exhibits a distinct shoulder at T � 40 K. κc,2N

decreases at higher T, but remains much larger than κa,2N even at room temperature.

The apparent large anisotropy, together with the unusual T-dependence of κc,2N, is the

signatur e of a large magnetic fraction of κc,2N over a large T-range [8, 9].

We now turn to the new data which have been obtained for the high-purity compound.

The heat transport perpendicular to the chains (κa,4N) is slightly enhanced as compared

to κa,2N. This reflects a somewhat reduced phonon-defect scattering. However, a much

more drastic and unexpected large effect of the enhanced purity is observed in the heat

transport parallel to the chains, κc,4N. Instead of a narrow low-T peak and a shoulder, as

observed in κc,2N, a huge and broad peak centered at ∼28 K is present in κc,4N. This peak

exceeds κc,2N at T � 70 K by more than a factor of 2. For 70K � T � 200 K we observe

κc,4N > κc,2N and interestingly both curves approach each other. At T � 200 K both curves

Fig. 2:  Thermal conductivities κa and κc of SrCuO2

for 2N (99%) and 4N (99.99%) purity. Closed
(open) symbols represent c-axis (a-axis) data, circles 
(diamonds) correspond to 4N (2N) purity.

Fig.1: Crystal structure of the spin chain compound
SrCuO2. The symmetry is Cmcm with lattice con-
stants a = 3.56Å, b = 16.32Å, c = 3.92 Å [16]. 
The main building block of the crystal, the double
spin chain consisting of CuO2 plaquettes is shown 
in the right picture.
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exhibit almost the same T-dependence and κc,4N is still larger than κc,2N, although only

by a factor of 1.2.

Without further analysis some clear-cut conclusions can be drawn. First, the extraordi-

nary enhancement of κc upon the improvement of the materials purity in contrast to a

concomitantly negligibly small one in κa, straightforwardly implies that the enhancement

primarily concerns the magnetic heat conductivity κmag, which is present in κc only.

Secon d, at low-T, the extreme sensitivity to impurities of κmag suggests, that spinon-

defec t scattering is the dominating process, which relaxes the heat current in this

regime. Third, at larger T, the spinon-defect scattering is increasingly masked by a

furthe r scattering process, which leads to κc,2N and κc,4N being very similar at T � 200 K.

The most reasonable candidate for this process is spinon-phonon scattering, since the

only thinkable alternative, i.e. spinon-spinon scattering, is negligible [1, 2, 5, 15] in this

T-regime.

An estimate for the magnetic thermal conductivity can be obtained by κmag = κc − κa. The

results for the 2N and the 4N samples are shown in Fig. 3. κmag of the 4N sample exhibits

a sharp peak at ∼37 K with an extraordinary maximum value of about 660 Wm−1K−1, which

is more than a factor of 3 higher than the largest reported κmag [9]. The peak is followed

by a strong decrease upon raising T. Similar to the typical T-dependence of a clean

phononic heat conductor, the overall T-dependence of κmag suggests, that, in a simple

picture, two competing effects determine κmag. These are at low-T the scattering of

spinon on defects and for higher T spinon-phonon scattering. κmag of the 2N sample is

qualitatively very similar. However, the absolute value at the peak is much lower

(∼ 172 W/mK) and the position of the peak is shifted to a higher T (∼ 55 K).

We analyze κmag quantitatively by extracting the spinon mean free path lmag according

to [5, 6, 9]

where Ns = 4/ab is the number of spin chains per unit area. As can be inferred from Fig. 4,

lmag of both samples shows a strong decrease with increasing T, which directly reflects

spinon-phonon scattering becoming increasingly important. Both curves are very

similar, but clear differences are present at low-T, where lmag of the 2N sample is some-

what lower, in accordance with a higher spinon-defect scattering. We evoke Matthiesen’s

rule to model the T-dependence of lmag and to account for both scattering processes viz.

l −1
mag = l −1

0 + l −1
sp. Here, l0 describes the T-independent spinon-defect scattering whereas

lsp(T ) accounts for the T-dependent spinon-phonon scattering. For the latter, we assume

a general Umklapp process with a characteristic energy scale kBT ∗
u of the order of the

Debye energy, which is commonly used in literature [7, 9]. We thus have 

which can be used to fit the data with l0, As and Tu∗ (As describes the coupling strength)

as free parameters. We find an excellent agreement between such fits and the experi-

mental lmag, as shown in Fig. 4. Inspection of the fit parameters [17] yields two remark-

able aspects, which corroborate our previous qualitative findings. First, the parameters

As and Tu∗, which determine the spinon-phonon scattering are practically the same for

both samples. In fact, a good fit is obtained if the same Tu∗ is used for both curves. Note

that the extracted Tu∗ ∼ 200K is of the order of the Debye temperature ΘD of this mate-

rial and thus leads to the conjecture, that mostly acoustic phonons are involved in this

scattering process. Second, the spinon-defect scattering length l0, which represents a

lower bound for the low-T limit of lmag and which should significantly depend on the sam-

ples purity turns out to be drastically different for both cases. To be specific, we find

l0 ≈ 300 nm for the 2N compound and an extraordinary l0 ≈ 1.6 μm for the 4N sample.

These distances correspond to more than 750 and 4100 lattice spacings, respectively.

Fig. 4:  Magnetic mean free paths of SrCuO2 for 
different purities. The solid lines were calculated 
according to Eq. 2. The shaded area illustrates the
uncertainty from the estimation of the phononic
background. The inset shows the same set of 
curves on a double logarithmic scale.

Fig. 3: κmag of SrCuO2 for different purities. Open
symbols represent low-T κmag, which is disregarded 
in the further analysis. The shaded areas show the
uncertainty of the estimation of κmag due to the
phononic background.
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These findings provide a further confirmation, that for 2N and 4N purity, κmag is

determine d by the same spinon-phonon scattering process and that the difference

betwee n the two curves can be described by the different defect density only.

A major outcome of our study is the unambiguous identification of the extrinsic scat -

tering processes as the only relevant ones. Intrinsic spinon-spinon scattering, on the

othe r hand, plays no role in our analysis, even in the case of the very clean sample. The

strong enhancement of κmag, upon a reduced number of impurities, thus appears as the

manifestation of ballistic heat transport of the underlying spin model, where κmag is

rendere d finite by extrinsic scattering processes only. A simple analysis reveals a re -

markable lower bound for the low-temperature limit of the spinon mean free path lmag

of more than a micrometer. This renders SrCuO2 an intriguing candidate for future spin

transport experiments.
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Exploring a new field of nanoscience: 
endohedral electrochemistry
A. A. Popov, L. Zhang, S. Klod, P. Rapta1, F. Lipps, C. B. Chen2, S. F. Yang2, L. Dunsch

Endohedral metallofullerenes (EMFs) – i.e. fullerenes encapsulating one or more metal

atoms or a cluster in their inner space – are characterized by a high degree of internal

electron transfer between the encaged metal and the host carbon cage. The vast ma -

jority of EMFs is limited to encaged metals of group I - group III. As a rule these metals

are found in their highest oxidation states in such EMFs. The frontier molecular orbitals

(MOs) of EMFs are thus essentially carbon cages’ MOs, and therefore electrochemical ac-

tivity of EMFs is mainly determined by the properties of the carbon cage. The situation

is similar for the large group of nitride clusterfullerenes (NCF),1 i.e. the EMFs with three

metal atoms bonded to a central nitride ion inside the fullerene cage, which are the most

stable endohedral fullerene structures available so far.

The electronic state of the endohedral metal atoms remains thus barely constant

irrespectiv e of the charge of the whole EMF molecule. Therefore any electrochemical

reactio n does not change the redox state of the encaged species. One of the notable

exclusion s from this rule is Sc3N@C80, which has Sc-localized LUMO.2 Both the chemi-

cal and the electrochemical reduction of Sc3N@C80 leads to the change of the valence

state of all three Sc atoms which can be especially well observed in the ESR spectrum of

the anion-radical, which exhibits large 45Sc hyperfine coupling constant (hfc) and shift

of g-factor from the free-electron value.2, 3 So far, all other metallic-nitride cluster-

fullerenes (NCFs, the EMFs with composition of M3N@C2n, where M is Sc, Y and lan-

thanides, while 2n can vary from 68 to 100) have carbon cage-based frontier orbitals,

and hence the valence state of endohedral metal atoms in NCFs cannot be manipulated

by chemical and electrochemical techniques.

The world of NCFs has been severely enlarged by the development and implementation

of the procedures for the synthesis and separation of mixed-metal NCFs (i.e. NCFs with

two different metal atoms in one M3N cluster). To get isolated mixed-metal nitride

cluster fullerenes (MMNCFs) of high isomeric purity, the application of high level

recyclin g chromatography is required. The change in the metal composition of the en-

dohedral species opens the way to EMFs with unprecedented electronic properties.4, 5 By

this approach, it is now possible to synthesize and isolate MMNCFs with those metal atoms

which do not form homometallic M3N clusters. For instance, Ti3N@C2n NCFs cannot be

synthesized up till now,6 but the MMNCF with mixed Sc-Ti cluster, TiSc2N@C80, is re -

adily available in the arc burning process. Besides, in the MMNCFs the single metal atom

combined with two others can exhibit specific properties, which are not available in the

homometallic clusters. This has been demonstrated in the recent study for the valence

state of a metal ion which can be tuned electrochemically in certain MMNCFs.

Searching for MMNCFs with unexpected properties of the encapsulated metal atoms the

case of CeLu2N@C80 is of special importance opening the route to a new redox reaction

at EMFs.7 NMR spectroscopic studies have shown that Ce in this MMNCF is in the III

valence state with a single localized 4f electron (its spin can be followed by the charac-

teristic temperature dependent shift in 13C NMR spectra). All previous electrochemical

studies of Ce(III)-containing EMFs in comparison to their La and lanthanide analogues

(including M@C82, M2@C72,78,80, M3N@C88,92,96) have not revealed any special redox be-

haviour of endohedral Ce. That is, redox potentials of Ce-based endohedral metallo-

fullerenes were always close to those of the non-Ce analogues. However, for CeLu2N@C80

we have found that its oxidation potential is shifted by 0.6 V from the values of all

other M3N@C80 NCFs (Fig. 1).7 Such a strong shift of the redox potential indicates that
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its origin is not based on changes of the carbon cage MOs of the EMF but is obviously

grounded in the change of the valence state of the Ce atom in the encaged cluster. In-

deed, DFT calculations have shown that the removal of the 4f electron from Ce atom in

CeLu2N@C80 is 0.43  eV more favorable than oxidation of the carbon cage. Thus,

CeLu2N@C80 is the first Ce-based endohedral metallofullerene exhibiting redox ac -

tivity of endohedral Ce(III), which can be reversibly oxidized into the Ce(IV) state. In this

way a new type of redox reactions at fullerenes is described being the matter of a new

branch in electrochemistry, called endohedral electrochemistry. Moreover, CeIVLu2N@C80
+

cation is the first EMF with the tetra-valent cerium atom.

The existence of the CeIVLu2N@C80
+ cation is by no means a single case of endohedral

electrochemistry in action. Unprecedented electrochemical properties of endohedral

fullerenes were also revealed for the MMNCF TiSc2N@C80.8 This MMNCF is paramagnetic

and ESR spectroscopic as well as DFT computational studies have shown that Ti is in the

III-valence state in the neutral form of the MMNCF. Single-occupied MO (SOMO) and

hence the spin density as well are to a large extent localized on the Ti atom (Fig. 2).

Unlike all other M3N@C80 NCFs either with a homometallic or a mixed-metal nitride clus-

ter, which exhibit electrochemically irreversible (but chemically reversible) reductions,

the TiSc2N@C80 has three electrochemically reversible reductions and one reversible

oxidatio n step (Fig. 2). The redox behaviour which is different from all other known NFCs

is caused by the new route of endohedral electrochemistry. Both reduction and oxida-

tion of TiSc2N@C80 proceed through the change of the valence state of Ti atom: from

Ti(II) in the TiSc2N@C80
– anion through Ti(III) in the neutral state to Ti(IV) in the

TiSc2N@C80
+ cation. TiSc2N@C80 is the first example of EMF with metal-only redox

syste m in which endohedral metal is electrochemically active in both reduction and

oxidatio n.

It is to be mentioned that exohedral derivatization can also significantly alter the prop-

erties of NCFs. The studies of Sc3N@C80(CF3)2 have shown that addition of only two CF3

groups drastically changes dynamics of the cluster and electrochemical properties of

Sc3N@C80 core.3 Sc3N@C80(CF3)2 exhibits two single-electron oxidation and three

single-electron reduction steps, all of them are electrochemically reversible even at low

voltammetric scan rates. High stability of the charge states in solution enabled an in situ

ESR spectroscopic characterization of the electrochemically generated charged paramag-

netic states (cation, anion, and trianion; Sc3N@C80(CF3)2
3– is the first trianion of any

EMF ever characterized spectroscopically). Analysis of the 45Sc hyperfine structure of the

anion and trianion has shown that exohedral addition of two CF3 groups hinders rota-

tion of the Sc3N cluster (in Sc3N@C80 the cluster rotates freely). The study also revealed

a mixing of the fullerene and cluster states in the frontier orbitals of the derivative and,

as a result, the mixed cage-cluster distribution of the spin density in the derivative with

the exceptionally high spin population on one Sc atom in the trianion.

Fig. 1: (a) Kohn-Sham MO levels and spin density
distribution in CeLu2N@C80 (computed at the
PBE0/SVP level of theory); (b) schematic descrip-
tion of the reversible single-electron oxidation of
CeLu2N@C80; (c) cyclic voltammetry curves of
CeLu2N@C80 in comparison to that of Y3N@C80.
Strong shift of the oxidation potential is denoted
by red arrow

Fig. 2: (a) Spin density distribution in TiSc2N@C80

in comparison to the isoelectronic Sc3N@C80
–

(B3LYP/6-311G*). (b) cyclic voltametry of 
TiSc2N@C80, charge of the molecules and the 
valence state of Ti atom are also indicated
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Localization of the spin density in EMFs on the endohedral cluster and fast dynamics

of the endohedral clusters raises the question of their mutual influence. Detailed DFT

studies have shown that spin density distribution in such EMFs is very flexible; even slight

reorientation of the cluster results in considerable changes of the spin populations of

the metal atoms.2, 8 This conclusion was further corroborated by the DFT-based Born-

Oppenheime r molecular dynamics, which provided details of the spin density dynamics

(dubbed as the spin flow). Fourier transformation of the time dependencies of the spin

populations resulted in the spin-flow vibrational spectra, which reveal the major spin-

flow channels. In particular, for TiSc2N@C80 it is shown that the cluster-cage spin flow

is selectively coupled to one vibrational mode.8

In general, the judicious choice of synthetic and separation techniques and target EMFs

opens the way to compounds with chemically and electrochemically tuneable valence

states of the endohedral species. In the studies of such EMFs, the new field of electro-

chemistry, endohedral electrochemistry, is emerging. An interesting question still to be

addressed in more details is the mechanism of the electron transfer to and from endo-

hedral species through the formally inert carbon cage. The first studies of the electron

density distribution2, 8 have revealed that the formal change of the valence state of the

endohedral atoms is accompanied by the spatial spin-charge separation.
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Fig. 3: (a–b) Experimental and simulated ESR spectra
of (a) Sc3N@C80(CF3)

– and (b) Sc3N@C80(CF3)
3–; 

(c) spin density distribution in Sc3N@C80(CF3)
–,

Sc3N@C80(CF3)
3–, and Sc3N@C80

–.

Fig. 4: (a) Born-Oppenheimer molecular dynamics trajectory of TiSc2N@C80 (10 ps at 300 K,
displacement s of carbon atoms are not shown); (b) spin-flow vibrational spectra of TiSc2N@C80

(note that the scale for Ti is an order of magnitude higher than the scale for Sc and N atoms). 
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Towards controlled graphene properties: 
Direct synthesis on dielectrics and Tuning via stress
F. Ding, J. X. Ji, Y.F. Mei, K. Dörr, A. Rastelli, O. G. Schmidt, M. H. Rümmeli, 

A. Bachmatiuk, A. Scott, G. Cuniberti, B. Büchner 

Interest in graphene since its isolation in 2004 has rapidly escalated. It has been de-

scribed as nature’s thinnest elastic material and its exceptional mechanical and elec -

tronic properties make it an extremely exciting material. Within the realm of electron-

ics, it is its one atoms thickness, planar geometry, high current-carrying capacity and

thermal conductivity and potential to open a gap when existing as a narrow ribbon that

hold particular promise. These features make it ideally suited for further miniaturizing

electronics to form ultra-small devices and components for future semiconductor

technology.

In order for graphene to realize its potential in electronics various obstacles need to be

overcome. One of the more important aspects is its actual synthesis. Various routes exis t

to synthesize graphene; however, most are not best suited for integration into current

silicon technology. The primary routes are through graphite exfoliation, epitaxial

graphene, graphene oxide and chemical vapor deposition. Most of these routes require

the graphene to be transferred onto a dielectric or, as in the case of SiC, require high tem-

peratures. To use graphene as the basis of field-effect transistors at room temperature

one needs to modify graphene’s semi-metallic nature so as to open a band gap. When

existing as narrow strips (nanoribbons) quantum confinement effects lead to band gap

formation. Most band gap engineering routes use multiple lithographic steps to fa -

bricate a graphene device. This leads to contamination and disorder to the flake. Dry

lithograp hy-free techniques can help, nonetheless technical difficulties still remain.

Anoth er approach is chemical modification, for example, graphene oxide in which hy-

droxyl and other chemical groups attach to graphene. Although the technique is able to

lift the degeneracy of the π band at the Fermi level of graphene, it is difficult to control

its electronic properties and avoid defect formation.

A more attractive route to control graphene’s properties is through mechanical strain

engineeri ng which modifies graphene’s geometrical structures. For example, substrate-

induced sublattice symmetry breaking in expitaxially grown graphene can give rise to

ener gy gaps; scanning tunneling microscopic studies show evidence for strain-induced

spatial modulations in the local conductance of graphene on SiO2; strain with trian-

gular symmetry induces strong gauge field that effectively act as a uniform magnetic field

exceeding 10 T. However most of these experiments are based on graphene layers with

fixed static strain. Thus, new techniques allowing for strain on demand are quite impor-

tant in order to intentionally tune and understand the interplay between geometry and

electronic properties of graphene.

Uniaxial strain on graphene has been experimentally controlled by bending graphene

on a plastic substrate, and using Raman spectroscopy to probe its phonons. However, this

bending-substrate geometry is not practical for many experiments. Moreover, uniaxial

strain moves the relative positions of the Dirac cones and induces a significant influence

in the intervalley double-resonance processes. Thus, biaxial strain, which ensures a

plana r-substrate geometry and avoids complicate perturbations to the Dirac cones, would

be more suited to control the graphene’s properties.

Recently we developed a method by utilizing a piezoelectric substrate to control the prop-

erties of micro-/nanostructures. [1-2] The same approach has been successfully applied

to the strain engineering of single layer graphenes (SLG). [3] We use a 300 μm

[Pb(Mg1/3Nb2/3)O3]0.72 - [PbTiO3]0.28 (PMN-PT) substrate overgrown with a thin (∼ 20 nm)

epitaxial layer of La0.7Sr0.3MnO3 (LSMO) acting as top contact, see Fig. 1. The backside

is coated with gold. A bias voltage V applied to the PMN-PT results in an out-of-plane elec-

tric field F which leads to an in-plane strain ε||. After the deposition of a 1 μm-thick SiO2
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layer, the substrate is spin-coated with a 60 nm-thick PMMA (polymethyl methacrylate)

layer. We fabricate the graphene samples from highly ordered pyrolytic graphite (HOPG)

by mechanical cleavage with the scotch tape technique. The tape is then placed onto

the substrate followed by a baking process at 120°C for 10 min [Fig. 1(a)]. The glue-like

PMMA layer becomes solid and the graphene layers are transferred onto the piezoelec-

tric actuator [Fig. 1(b)]. The thickness of the interfacial SiO2 /PMMA layers has been

careful ly optimized to visualize the SLGs under an optical microscope. 

Figure 1(c) shows the typical Raman spectrum (measured at 300 K) of a SLG after trans-

fer onto the  piezoelectric substrate. The characteristic Raman features are the so-called

D, G, 2D, and 2D’ peaks, which locate at 1339 cm-1, 1581 cm-1, 2671 cm-1, and 3245 cm-1,

respectively. Many of the measurements on graphene need to be performed at low tem-

perature. The advantage of using PMN-PT crystal is that it is capable of exerting either

compressive or tensile stresses at very low temperature. Figure 2(a) presents the color-

coded intensity map of the Raman peaks of one SLG sample as a function of the voltage

V applied to the PMN-PT actuator (measured at 15 K). V is swept several times between

-550∼ V and 1100∼ V with steps of 20∼ V, to demonstrate the reversibility of the strain

tuning technique. The maximum voltage is only limited by our power supply, in fact, with

a thinner PMN-PT substrate it is possible to achieve the same out-of-plane electric field

F (therefore, the same in-plane strain ε|| with much smaller voltage. For V < 0 the

graphene experiences an in-plane tension (T) and the Raman peaks show roughly a

linear shift to lower frequency, as reported before. In-plane compression (C) on the

graphene is also feasible with this piezoelectric actuator, just by applying a positive

voltag e V > 0 to the substrate. From Fig. 2(a) we do not see any hysteresis over multiple

compressing/stretching cycles.

The Grüneisen parameters describe the strain sensitivity of the phonon frequencies, and

are thus an important fundamental set of parameters for graphene. There have been

Fig.1: (a) Mechanical cleavage technique with a scotch tape is used to fabricate graphene which
is then transferred, using a thin layer of PMMA as glue, onto a SiO2/LSMO covered PMN-PT sub-
strate. (b) Schematic drawing of the electro-mechanical device used to apply in-plane biaxial strain
to the graphene. (c) Typical Raman spectrum (measured at 300 K) of SLG that is transferred
onto a piezoelectric substrate. The inset is an optical microscopy image of the SLG as well as of
a BLG (bilayer graphene), indicating the good optical contrast.

Fig. 2: (a) Color-coded intensity map of the Raman
peaks of one SLG sample as a function of the voltage
applied to the PMN-PT actuator. The Raman spectra
measured at different strain are fully reproducible
over multiple compressing/stretching cycles without
hysteresis (b) D, G and 2D peaks plotted as a func-
tion of the biaxial strain ε||, the solid lines are linear
fits. Both tensile strain (T) and compressive strain (C)
are feasible with the piezoelectric actuator.
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severa l attempts to measure the Grüneisen parameters under uniaxial strain or hydro-

static strain. As discussed before the D, and 2D peaks are zone-boundary phonons

activate d by intervalley double resonances, the relative movement of the Dirac cones

changes the phonon wave vector we are probing. Therefore, it would be more suitable

to measure the D mode Grüneisen parameter under biaxial strain. After the strain

calibratio n by the movement of G mode,[3] we can plot the strain-dependent shifts of

all Raman peaks in Fig. 2(b). All peaks show smooth and linear shifts with biaxial strain,

indicating that neither slippage nor corrugation of the graphene occurs during the ex-

periment. Linear fits of all data (under either compressive or tensile strain) yield the

Grüneisen parameters γD =1.8, γD =2.30, γ2D =2.98, and γ2D’ =1.73. Our results are in good

agreement with values derived from first-principles calculations for graphene, and ex-

perimental values for carbon materials under hydrostatic pressure (for example, carbon

fibers and graphite), suggesting that graphene has similar strain dependencies of the

Raman frequencies with graphite. There are some differences between our results and

the values derived from uniaxial experiments, which might be explained by the reasons

stated above. In the experiments we found different strain sensitivities of the D mode

and its overtone 2D mode, i.e., different Grüneisen parameters. This peculiar phenom-

enon has been theoretically predicted for two-dimensional graphite. Our experimental

studies [3] suggest that the defect-activated D mode is in fact associated with inter -

valley double-resonance scattering with two different phonon processes. The inelastic

scattering by a phonon and the elastic scattering by a defect can happen at reversed time

sequences, thus involving phonons with different wavevectors. The 2D mode, however,

does not need defects for its activation and only involves the elastic scattering process.

The linewidth analysis of the D and 2D modes at different applied strain supports this

conclusio n.[3]

Although we have shown the potential of graphene strain engineering via piezoelectric

actuation there exists a technical drawback, similar to the for graphene based FETs,

namel y the need to transfer the material onto the piezoelectric material (or gate dielec-

tric in the case of FETs). Transferring graphene generally leads to damage and impurity

deposition which can adversely affect its performance. For example the PMMA gluing

layer in aforementioned technique can be a drawback when performing STM analysis.

Thus, the fabrication of graphene devices with atomically uniform dielectrics which can

provide a uniform electric field and/or uniform stress induction across the active region

is attracti ve. To this end we are developing thermal CVD techniques to deposit graphene

directly on dielectrics at temperatures below 500°C. In Fig. 3, a variety of micrographs

are seen which show we are able to grow graphene flakes on the surface of magnesium

oxide and tune the growth from single to multi layers. The multi layers shown in the

overview of Fig. 3(a) are grown from cyclohexane at 775°C and 100 mbar. With these

condition s, the reaction stops when the catalyst is fully encapsulted by graphitic layers.

We found that the number of layers can increase up to nine. In Fig. 3(c) we highlight the

closely spaced parallel lattice fringes of the crystals are those of (100) planes on top of

which there is epitaxial graphitic carbon. Furthermore, as indicated by the arrow, the

multilayers are ubiquitously anchored into step edges on the (100) surfaces. We propose

that, similar to observations in silicon carbide growth, these step sites initiate the growth

of graphitic layers. We argue that these step sites are not only nucleation sites, but al-

so growth sites because growth appears to stop once the particle is fully encapsulated.

In this regard, this work corroborates previous studies suggesting the cooperative role

of oxide supports in the growth of multiwalled carbon nanotubes. We also investigated

zirconium oxide to further elucidate the atomic surface structure required for graphitic

synthesis on oxides. This catalyst has recently been extensively explored for the syn -

thesis of carbon nanotubes. In our case, the synthesis of graphitic layers is performed

on nanocrystallites which following the reaction are in the baddeleyite form and the

graphitic layers are anchored on a face with (020) at its surface normal.

Fig. 3: Multilayer graphene synthesized over MgO
from cyclohexane at 775 °C and 100 mbar. The 
attachment of graphene layers to the (100) oxide
step edges can be observed.
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Preliminary first principles density functional theory investigations using MgO (100) sur-

faces with step sites as a model system for oxides show acetylene does not easily adsorb

on the surface but does so more readily at steps sites. More over, acetylene dissociation

on the surface is shown to be endothermic whilst at a step site the process is exother-

mic. Complimentary diffusion studies show a diffusion barrier of ca. 0.38 eV for C and

0.2 eV for H over an oxygen atom on the MgO (100) surface. This points to C remaining

on the surface whilst H simply flies away. We propose a graphene formation mechanism

involving four distinct sub-process; the adsorption of the carbon feedstock molecules on

the substrate surface, dissociation of hydrogen from the precursor, surface diffusion and

addition of carbon atoms to the network. These sub-processes are shown in Fig. 4.

Conclusions
In conclusion we have achieved several milestones towards the controllable modi -

fication of the graphene properties. First, we demonstrate that tunable modification of

the graphene Raman modes can be realized by applying external biaxial strains. The

experime nt utilizes a newly developed piezoelectric actuator-based technique. The key

mechanical characteristics of graphene, i.e., the Grüneisen parameters, are studied

unde r biaxial strain. Combining graphene with the piezoelectric actuator promises new

opportunities to study and control the strain-related behaviors of graphene, such as

the ballistic conductance, the basal-plane hydrogenation, and the thermal conductiv-

ity, with unprecedented details. Second, we are aiming at the direct synthesis of

graphene on dielectric substrates, which could avoid the use of PMMA gluing layer and

provide a uniform electric field and/or uniform stress induction across the active region.

Regards the thermal CVD investigations, our experimental and theoretical data indicate

high K dielectrics have potential for the catalytic formation of graphene via thermal CVD

at temperatures below 500°C.
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Fig. 4: Proposed growth processes for graphene at
step sites on oxides. C2H2 is preferentially adsorbed
at step sites, where it dissociates, therafter H diffuses
away and finally carbon addition leads to graphene
growth. (Blue = carbon, gray = hydrogen, 
red = oxygen, green/gold = Mg).



Highlights 2010    29

Transformations in glassy CuZr-based alloys
S. Pauly, S. Gorantla, T. Gemming, U. Kühn, L. Schultz, and J. Eckert

Monolithic bulk metallic glasses (BMGs) are known to be extremely prone to shear

localisati on upon mechanical loading. Macroscopically, this behaviour reflects in the

formation of so-called shear bands, which have characteristic thicknesses of tens of

nanometres [1]. The operation of shear bands becomes apparent once their pro -

pagation creates a shear step on the surface of the specimen. Even though the strain

within these shear bands is surprisingly high (ε ≈ 10) [2] the low shear band density

leads to catastrophic failure without detectable plastic strain, especially under tensile

loading conditions. In order to exploit the unique combination of mechanical proper-

ties like high strength, large elastic limit and low Young modulus for instance in struc-

tural applications, the deformation behaviour of BMGs has to be understood and ways

have to be found to overcome their intrinsic brittleness.  

In principle there are two stages of shear localisation at which one can interfere in or-

der to postpone fracture: either at the early stage of shear band evolution or at a later

stage during propagation of existing shear bands. The latter approach has been success-

fully implemented for BMG matrix composites, in which a crystalline phase is embedded

in a glassy matrix [3]. Blocking, deflection and substantial branching of shear bands has

been shown to significantly enhance the plastic strain in these composites [3]. How ever,

to date no mechanisms are known, which could impede and retard the generation of

shear bands in monolithic BMGs at the early stages of their nascence. 

The current understanding of how shear bands evolve in BMGs is based on the concept

of so-called shear transformation zones (STZs). These entities consist of up to several

hundreds of atoms [4] and represent the fundamental units of plasticity [5]. Upon

shearing, the atoms of a given STZ rearrange in a cooperative manner passing through

a transition state. The latter configurational state becomes “jammed” and thus renders

this rearrangement irreversible –or plastic [6]. The formation of a shear band is the

result of the percolation of STZs in each others’ direct vicinity [6] and their lateral

expansio n [7]. 

Surprisingly, in the case of certain (Cu0.5Zr0.5)100-xAlx bulk metallic glasses (e.g. x = 5,

6, 8) there is a clear deviation from linearity at high stresses upon tensile deformation,

which is in contrast to the typical brittleness of BMGs (Fig. 1). As the inset of Fig. 1 shows,

this small ductility is not accompanied by shear steps, which means shear bands do not

appear to be the carriers of plastic deformation in the present case. Instead, transmis-

sion electron microscopy (TEM) reveals that in these alloys, which are glassy apart from

sparse nanocrystals with diameters around 2-5 nm (Fig. 2), nanocrystals precipitate and

substantially grow during deformation (Fig. 3 (a)). Furthermore, some of these crystals

exhibit a contrast reminiscent of twinning. The Fast-Fourier-Transformation (FFT) of high-

resolution TEM images clearly reveals that the nanocrystals consist of the B2 CuZr phase

(Pm-3m) (Fig. 3 (c)). The larger nanocrystals undergo twinning, which is corroborated

by the occurrence of additional diffraction spots in the corresponding FFT (Fig. 3 (b)).

It is noteworthy that the B2 CuZr phase is thermodynamically stable only at temperatures

above 988 K and should not precipitate at room temperature [8]. 

In the following, this unique deformation mechanism is discussed in the framework of

the potential energy landscape (PEL) theory [9,10]. The potential energy function of

BMGs is relatively complex and consists of broad minima, so-called inherent states and

smaller undulations, which are separated by low-energy barriers (Fig. 4(a)) [11]. Upo n

loading, the external elastic stress field is superimposed on the potential energy func-

tion of the system (Fig. 4 (a)). This effectively reduces the potential energy barrier, Ea,

between two inherent states and biases flow of the material in the respective direction

(Fig. 4 (a)). Moreover, simulations show that elastic energy flattens out the minima [12]

Fig. 2: Microstructure of an as-cast Cu46Zr46Al8 spe -
cimen. The cloud-like contrast in this low-resolution
TEM micrograph may arise from the microstructural
heterogeneity of this alloy family. Electron diffraction
gives no hint for the presence of crystalline phases
(left inset). However, at high magnification 2 – 5 nm
large, scattered lattice fringes become apparent (right
inset). 

Fig. 1: Room temperature true stress-strain curves in
tension and surface of the material after fracture. 
(a) Cu47.5Zr47.5Al5, (b) Cu47Zr47Al6 and (c)

Cu46Zr46Al8 alloys tested at a strain rate of 1×10-4 s-1.
Next to a marginal ductility the samples show work
hardening. The inset displays the typical sample sur-
face after fracture. No shear steps can be seen.
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and thus reduces the energy barrier height (Fig. 4 (b)), which has a strong impact on the

elastic constants of the material as will be shown below. The simplest function to

captur e the potential energy landscape is a sinusoidal function, similar to a Frenkel

landsca pe [13]:

where Φ is the potential energy, Φ0 is the amplitude of the energy function, γ is the shear

strain and γc is a critical shear strain limit. The second derivative of the potential ener-

gy with respect to the shear coordinate (representing the curvature of the potential

energ y function at γ = 0) yields the instantaneous shear modulus, G:  

This means the flattening out of the inherent states during loading represents a decrease

of the shear modulus, which facilitates structural rearrangements or flow. The total

barrie r height, which has to be surmounted to initiate structural rearrangements,

ΔF(T), is the product of the amplitude of the potential energy function, Φ0, and the size

of the cooperatively rearranging zone, Ω [14]:

Viscosity, η, can be expressed as [13]:

the pre-exponential constant η0 being the viscosity at infinite temperature, ΔF(T)

being the temperature dependent activation energy, kB being the Boltzmann constant

and T being the temperature. Inserting eq. (3) into eq. (4) establishes a link between

the flow behaviour (viscosity) and the shear modulus. In short, the elastic energy

impose d onto the system reduces the shear modulus of the BMG and biases structural

rearrangemen ts and thus reduces the viscosity. 

The structural rearrangements can now lead to two competing processes, namely the for-

mation of STZs and, as in the present case, to the precipitation of B2 CuZr nanocrystals

(Fig. 3 (a)). The fact that the thermodynamically unstable B2 phase forms instead of the

equilibrium phases Cu10Zr7 and CuZr2 implies that kinetics play the crucial role. Since the

B2 phase is polymorphous to the composition of the glass there might be a similar

coordinati on in the glass as in the B2 phase itself. Consequently, only marginal atomic

Fig. 4: Influence of shearing a simulated glass on the
topography of its PEL. (a) Elastic energy tilts the PEL
and thus decreases the potential energy barrier, Ea,
separating two inherent states (IS). Taken from Ref.
[17]. (b) Shearing furthermore flattens out some IS
and with it reduces the energy barrier. Structural re-
arrangements are biased towards more stable states.
Taken from Ref. [12]. 

Fig. 3: Microstructure of a Cu47.5Zr47.5Al5 specimen
deformed to fracture. (a) The low-resolution TEM mi-
crograph reveals the abundance of nanocrystals with
sizes between 10 – 50 nm after fracture. Some of 
these nanocrystals show a diffraction contrast typical 
of twins. (b) The FFT of the twinned region produces
additional diffraction spots corroborating the presence
of twins. (c) In the un-twinned regions the FFT can 
be indexed assuming the B2 CuZr phase (zone axis 
[1-1-1]).
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rearrangements are required to precipitate B2 CuZr crystals during deformation, which

rivals the minor atomic rearrangements disemboguing in STZs. The volume change

associate d with the crystallisation and the differences in the elastic properties most

likely reduce the stress concentrations in the glass, which would otherwise lead to the

evolution of additional STZs in their vicinity. As a consequence the amount of STZs, which

form in the course of deformation, is effectively reduced. Besides, the nanocrystals rep-

resent obstacles for the propagation of a shear band at the later stages of deformation

and hence fracture is postponed. A similar effect is achieved by the twinning process,

which is found in the larger nanocrystals. The volume changes during this diffusionless

transformation also interact with the stress fields in the matrix and impede the gener-

ation and subsequent percolation of STZs into shear bands.

B2 CuZr is a shape memory alloy exhibiting a reversible martensitic transformation [15].

However, due to the small grain size, the confinement by the rigid glassy matrix and due

to the dissolved Al atoms the B2 phase is distorted and the deformation-induced phase

transformation rather proceeds in form of twinning. Since both precipitation of nano -

crystals and twinning consume energy, the formation of STZs and with it the formation

of detrimental shear bands is retarded and macroscopic plasticity combined with work

hardening can be measured during tensile deformation [16]. 

The development of glassy alloys derived from shape memory phases such as the

present Cu-Zr-Al BMGs, could open up an alloy design strategy for the development of

advanced BMGs with an increased tolerance towards failure.
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Damascene light weight metals
T. Marr, J. Freudenberger, A. Kauffmann, J. Scharnweber1, U. Siegel, D. Seifert, T. Wolf,

H. Klauß, M. Frey, H.-P. Trinks, S. Neumann, C. Rodig, D. Geißler, U. Kühn, U. Martin2,

C.-G. Oertel1, W. Skrotzki1, J. Eckert and L. Schultz

In a broad field of applications, as e.g. for mobile applications, transport systems and

the required components as well as for optimised light weight design elements, there is

a huge demand for materials with a high specific strength (strength divided by the mass

density). One possible way to improve strength is to refine the materials microstructure.

A variety of such ultra-fine grained (ufg) or even nanocrystalline (nc) materials is

available in laboratory scale, however, useable semi-finishes products with the right

property combination are commonly not yet available. Research on nc materials has been

found to reveal some exciting combinations of properties. In this context, magnetic, su-

perconducting, biomedical as well as mechanical properties are strongly affected by a

nc microstructure. For example, the saturation magnetisation as well as the Curie tem -

perature [1] of Ni can be reduced significantly when the microstructure becomes

nanocrystalline. An increase in cell proliferation by more than one order of magnitude

has been observed for commercially pure Titanium when the grain size is reduced from

4,5 μm to 200 nm [2]. The mechanical properties also undergo a remarkable change when

the microstructure is refined to the nc range. In particular, some nc materials exhibit a

high ultimate tensile strength while retaining a reasonable elongation [3, 4], which is

essential for their applicability. Deforming bulk, coarse grained materials to very high

strains is one possibility to reaching a nc, or an ultra-fine grained microstructure [5].

Severe plastic deformation allows to build large quantities of ufg materials without

impurit y issues, as it is the case for compacting nc powders to dense work pieces. 

The presently used technology allows to producing semi-finished parts in the shape of

wires with tuneable density and high specific strength [6]. In this respect, use is made

of the good mechanical properties of ufg microstructures, which is combined with the

ability to produce a common semi-finished product. One further goal is to improve the

specific strength, which is of great interest in constructive light weight design. This

alread y suggests the use of common light weight metals such as Ti, Al or Mg for pro -

cessing. Fig. 1 shows the processing technique for a macro composite consisting of a Ti

tube (green), a Nb tube (red) and an Al rod (blue), which is repetively swaged up to a

logarithmic strain of η = 8.4. The composite is cold deformed to η = 4.3, cut into 37

pieces, bundled and stacked in a Ti tube and swaged again. The process is theoretically

arbitrarily repeatable. It reminds on the production of the so called damascene steel in

past centuries. However, the two-dimensionality of stacking and the application to

light weight metals are rather new. 

The heavy cold work causes a strong grain refinement of the starting materials (see

Fig. 2). In the processed composite, Niobium acts as a diffusion barrier. Consequently,

Fig. 1: Repeatable swaging and bundling processing route for composite materials, here: Ti tube
(green), Nb tube (red), Al rod (blue).

Fig. 2: Microstructure of the constituents af-
ter deformation up to η = 8.4. Grain sizes in
cross section: Al: ~0.2 μm, Nb: ~0.2–0.5 μm,
Ti: ~100 nm.
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no intermetallic phase formation of Ti and Al can be detected by X-Ray diffraction

after deformation (Fig. 3). The mechanical properties of the wires are shown in Fig. 4

in comparison to other materials. After being deformed to a logarithmic strain of 

η = ln��
A0

AE
� = 8.4 (where A0 and AE are the starting and final cross sectional area), the 

wires show an ultimate tensile strength of 790 MPa, whereas 540 MPa were obtained 

after deformation up to η = 4.3. These values are shown in Fig. 4 with respect to their

absolute mass density. The obtained strength of 790 MPa is equivalent to a specific

strength of 200 MPa/(g/cm3). This value is comparable to the upper limits of conven-

tional Ti, Al or Mg alloys (refer to the upper dashed line in Fig. 4) and is therefore in

direct competition with the conventional high strength alloys of the different classes.

These values are promising, since the used Ti, Nb and the Al alloy are easily available.

Furthermor e, there is potential of optimisation with respect to e.g. reduction of the grain

size, an increase of the frequency of high angle grain boundaries due to re-bundling and

during further cold working, as well as the possible introduction of heat treatments

durin g or after processing. 

There are a number of properties that are changed intrinsically by the used processing

route, such as: dislocation density, mass density, elastic constants, texture, grain size

and distribution, the frequency of high and low angle grain boundaries as well as the

tota l amount of internal interfaces. These properties interact in a rather complex way.

Although the bulk properties are easily accessible, their individual character as well as

their interaction is yet not well understood. Forthermore, the characterisation of the mi-

crostructure of the processed wires is a challenging task. One main goal for future ac-

tivities deals with the characterisation of the mentioned features, including their dis-

tinctness, as well as the characterisation of their interactions. This understanding of the

mechanisms will allow a further improvement of the specific strength. 
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Fig. 4: UTS of different materials including the present composite wires. The
strength after deformation up to η = 8.4 is equivalent to a specific strength
of 200 MPa/(g/cm3). 

Fig. 3: X-Ray diffraction analysis of the processed wires after η = 4.3
and η = 8.4. All reflections can be identified by the starting materials
and no formation of intermetallic phases can be detected.
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Energy storage elements based on hybrid organic/inorganic 
nanomembranes
C. C. Bof Bufon, J. D. C. Gonzales, D. J. Thurmer, D. Grimm, M. Bauer and O. G. Schmidt

In this work we demonstrate the fabrication of three-dimensional ultra-compact

hybri d organic/inorganic energy storage elements, manufactured in parallel on a

singl e chip. The inorganic version of our elements exhibit capacitances per footprint

area higher than their state-of-the-art planar counterparts and specific energy

comparabl e with supercapacitors (∼ 0.55 Wh/kg). In addition, the electronic proper-

ties of these devices were precisely controlled by incorporating self-assembled

molecula r layers. 

The evident progress in the miniaturization of electronic devices and circuits as well

as the substantial reduction of their power consumption gave rise to the concept of

Energ y Autonomous Systems (EAS). EAS by definition is an electronic system that has

been designed to operate as long as possible in any environment providing, elaborat-

ing and storing information without being connected to a power grid. Such a system

could potentially operate in external natural or industrial environments as well as for

in-vivo applications in the diagnostic and therapeutic area. Regarding to the nowadays

status-of-the-art, EAS should have the ability to operate with less than hundreds of μW

of power within less than some cubic centimeter. Examples of such systems are nomadic

devices operating at ultra low power (wireless sensor networks, in-vivo sentinels and

actuator s, ambient intelligence devices, “smart dust”). EAS can be divided in 4 basic

module s: the energy harvester, the energy storage element, the operation module and

communication interface.

Over the past decade a lot of research has been dedicated to create new ways for

efficien t energy harvesting (vibrational, thermal, photovoltaic and RF energy based

system s), circuit power management and low power RF modules. However, the available

solutions for energy storage are still based on electrochemical batteries which occupy

large foot print areas. Several approaches have been described for the development of

micro batteries, however, none of them are fully suitable for EAS since criteria like small

foot print (<1cm2), life time (>10 years), high number of charge-discharge cycles

(several thousands) and short charging time (1-10) has still not been achieved. As an

alternative to batteries, electrostatic storage elements like solid-state capacitors can be

an approach to supply energy to EAS. Being an electrostatic element, capacitors have the

capability to deliver high power densities for a short period of time in conventional

electroni c circuits but also supply sufficient energy densities (0.01-1Wh/Kg) for EAS. Due

to the nature of the dielectric used, capacitors can be charged very fast (1-60s), perform

several thousand charge-discharge cycles and have a life time longer that 10 years.

Nevertheles s, to reach a minimum level of energy density to operate an EAS, the ca -

pacitor has to be made larger than the acceptable criteria for EAS.

Nowadays, self-assembly is widely accepted as a standard technique to generate com-

plex structures on many length scales [1]. One of such self-assembly processes was re-

ported 100 years ago when Stoney noticed that strained metal layers spontaneously “curl

up into beautiful close rolls” once they detach from their host substrate[2]. It was not

until a decade ago however, that the great potential of this phenomenon was recognized

as appropriate for exciting new perspectives and applications in micro- and nanotech-

nology [3]. The self-rolling of patterned thin layers elegantly combines top-down and

bottom-up approaches to generate ordered micro- and nanostructured building blocks

of almost arbitrary material combinations on a single chip [4]. Applying the self-rolling

phenomenon, however, we achieve an approach that is fully integrative on a chip, and

components can be fabricated in parallel using well-established semiconductor process-

ing technologies (see the fabrication scheme in Fig. 1).

Fig. 1: Fabrication process: (a) Deposition of the multi-
stack layer. (b) The selective etching of the sacrificial
layer releases the hybrid nanomembrane to form the
roll-up device. (c) Illustration of a parallel array of 
ultra-compact energy storage elements (after [5]).

Fig. 2: Typical SEM images of nanomembrane-based
UCCaps highlighting the high reproducibility of the
process (after [5]). 

a)

b)

(c)
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Here, we demonstrate that self-assembly methods combined with standard top-down

approach es are suitable for fabricating three-dimensional ultra-compact hybrid

organic/inorganic electronic devices, such as self-wound capacitors (UCCaps), manufac-

tured in parallel on a single chip (Fig. 2) [5]. In addition to reducing the device footprint

by the rolling process, the bottom metallic plate (red strip in Fig. 1) mechanically

touches the top oxide layer so that the final active capacitor area increases. For a large

number of rotations (N), this effect is equivalent to connecting two unrolled capacitors

in parallel. Figure 3 shows the capacitance increase due to the rolling. To the best of our

knowledge, the inorganic UCCaps, based on Al2O3 thin layers, exhibit capacitances per

footprint area (see Fig. 3b) higher than their state-of-the-art planar counterparts [6]

and specific energy comparable with supercapacitors (∼ 0.55 Wh/kg). While their small

size may limit their application range to low power systems, apart of being suitable for

EAS, we believe that rolled up supercapacitors with high specific energy could find many

uses in stand-alone microelectronic systems where other supercapacitor structures

would be far too bulky. Additionally, the incorporation of solid-state-electrolytes could

lead to ultra-compact batteries extending the application range to system where

shorter life time and longer charging periods are acceptable.

Due to the synthetic tailorability of molecular systems, their incorporation in in -

organic elements gives rise to novel devices with almost limitless chemical and bio -

logical functionalities. To demonstrate this advantage, we have self-assembled phospho-

nic acid anchor groups (SAM) into the inorganic capacitor structure (Fig. 1) [5]. The

integration of organic molecules provides further free parameters to tune the proper-

ties and extend the range of applications of the final self-wound device (Fig. 4). Replac-

ing the phosphonic acids by magnetic molecules may represent a route towards or -

ganic spin-electronics in the near future.
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Fig. 3: (a) Increase of the capacitance going from 2D to 3D structures. 
(b) Shows the increase of the capacitance per footprint area (right-axis) and Rc

with number of windings N (left-axis), which indicates good agreement with
the estimated values. (red solid line). For N>>1, the graph further highlights 
the convergence RC→ 2 (after [5]).

Fig. 4: The control of the UCCaps electrical properties is
demonstrated by the dependence of leakag e current with the
SAM chain length (tSAM). The total dielectric thickness is
tT = tOX + tSAM. Upper inset: the device capacitance decreases
with increasing SAM chain length (after [5]). 
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Precise control of thermal conductivity at the nanoscale via 
individual phonon scattering barriers
P. Chen, F. Pezzoli, M. Stoffel, J. Schumann, I. Mönch, Ch. Deneke, A. Rastelli, 

O.G. Schmidt

The ability to precisely control the thermal conductivity (κ) of a material is fundamen-

tal in the development of on-chip heat management or energy conversion applications.

Nanostructuring permits to dramatically reduce κ of single-crystalline materials, as re-

cently demonstrated for silicon nanowires. However, silicon-based nanostructured

materials with extremely low κ are not limited to nanowires. By engineering a set of

individual phonon scattering nanodot-barriers we have accurately tailored the

thermal conductivity of a single-crystalline SiGe material in spatially defined regions

as short as ∼15 nm. Single barrier thermal resistances between 2-4×10-9m2 K/W were

attained, resulting in a room temperature κ down to about 0.9 W/m-K, in multilayered

structures with as little as 5 barriers. Such low thermal conductivity is compatible with

a totally diffuse mismatch model for the barriers, and it is well below the amorphous

limit. 

Tailoring the thermal conductivity of nanostructured materials with high spatial reso-

lution is a fundamental challenge for micro and nanoelectronics heat management, and

for micro/nano scale energy conversion on a chip [1-4]. Previous work on nanoscale

therma l transport has demonstrated that in some cases nanostructuring can reduce the

thermal conductivity of a material below that of its disordered alloy counterpart [5-7],

and can even beat the amorphous limit [8], which for a long time was believed to

represen t a bound to the minimum attainable thermal conductivity of a material with a

given composition [9]. In dislocation-free SiGe/Si multilayered materials however, it has

not been clear how low the thermal conductivity can be pushed. A plausible lower

bound when the SiGe layers are very thin would be given by a model in which ballistic Si

layers are separated by interfaces, or phonon barriers (the thin SiGe regions), where

phonons are scattered in a completely diffusive way. This is the diffuse mismatch

model, DMM, in the particular case of no acoustic mismatch between the two sides of the

interface [10]. In general, however, previous works only showed a weakly diffusive

behavio r of the interfaces, with layer resistances lower than those predicted by the DMM.

This raises the question: is it possible to achieve highly diffusive interfaces in SiGe/Si

systems? Besides, most previous measurements were performed on systems above 1 μm

thick and comprising over a hundred periods.Thus, it was unclear whether much thinne r

systems would still preserve the individually additive character of the single interface

resistance, or whether ballistic effects across multiple periods might occur, rendering

the concept of thermal conductivity inadequate for such thin regions [11].

We have answered the two questions above, and showed that: (1) highly diffusive inter-

faces can be achieved in dislocation-free SiGe/Si nanodot systems; and because of this,

(2) a well defined thermal conductivity can be accurately tailored for material regions

as short as ∼15 nm, comprising just a small number of periods. 

The studied structures (see sketch in Fig. 1a) consist of 5 and 11 layers of epitaxial Ge

nanodots separated by Si spacers with thickness tSi. The first island layer was obtained

by deposition of about 6 monolayers (ML) Ge leading to the formation of small {105}

faceted islands on top of a 3-4 ML thick wetting layer (Fig. 1c). Dots have an average

height of 1.2±0.2 nm and a surface density of ∼ 8·1010 cm-2, with a fractional area

coverag e of about 70%. In the upper layers, the Ge coverage was reduced in order to

preven t the occurrence of misfit dislocations. In comparison with most of the previous

works [7,12-14], our multilayers were grown at lower substrate temperature (500°C),
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resultin g in smaller dots (“hut-” instead of “dome-” and “pyramid-” shaped clusters) with

higher Ge content and higher surface densities. 

In order to characterize the cross-plane thermal conductivity, κ, of the samples, HPTR

measurements were carried out at the University of Bordeaux on the samples with 5 and

11 Ge layers, and independent 3ω measurements were carried out at IFW Dresden on

sample s with 11 Ge layers, yielding results consistent with those from HPTR. The results

are shown in Fig. 2, where the cross-plane thermal resistance per interface R (Fig. 2a)

and the thermal conductivity of all the samples (Fig. 2b) are plotted as a function of

multilaye r period thickness L. (L is estimated as the sum of tSi and the average amount

of Ge per dot layer tGe.) 

It is illuminating to normalize the thermal resistance values of Fig. 2a by the average

amount of Ge contained in each interface, given in terms of its thickness tGe. When this

is done, one obtains a nearly constant thermal resistivity, of about 4.5 m K W-1 for a

single layer, independent on the period (Fig. 2c). This strongly suggests that transport

through the Si regions is ballistic, and resistance is produced by the independent nano -

dot layers: each layer acts as an individual barrier, and the total thermal resistance is the

sum of the individual barrier resistances. Such a picture is consistent with the fact that

the average phonon mean free path in Si is larger than a hundred nm [15]. The phonon

mean free path is thus determined by scattering with the SiGe nanodots, which are

arranged in individual layers, perpendicular to the direction of heat propagation, and

separated by a distance L between each consecutive layer. In an overly simplistic view,

a fully diffusive barrier will have equal transmission and reflection probabilities of 1⁄2,

yielding the limit λ ∼ L for the mean free path. The thermal conductivity can now be

evaluate d as an integral over frequencies [16], obtaining the DMM limit shown by the

solid line in Fig. 2b. The measured thermal resistance associated to one individual in-

terface is around 2.5-4 · 10-9m2K/W. This is close to the DMM value in the totally diffuse

case (see Fig. 2b), and it is 2-3 times larger than the values reported in Refs. [6, 7]. 

The above implies that a very precise control over the thermal conductivity value of the

nanostructured material can be achieved by varying the period length. As a result of the

highly diffusive character of the interfaces, we are able to reach the very low thermal

conductivi ty value of (0.9±0.1) W/m-K when using periods of ∼3.7 nm (5 nanodot

layer s separated by 4 Si spacings, with a total thickness of 15.5 nm and an average bar-

rier resistance of 3.5 · 10-9m2K/W in this case). This thermal conductivity is the lowest

reported so far for bulk-like Si or SiGe samples, and it is well below the amorphous Si

Fig. 1: Sample structure. a) Sketch of the self-assembled nanodot multilayers fabricated by
molecula r beam epitaxy. b) Bright field TEM image of a sample with tSi = 12 nm. Dark areas cor-
respond to the Ge layers. The inset shows a high-resolution TEM of a nanodot. c) AFM image of
a single Ge/Si(001) dot layer prior to overgrowth with Si. d) AFM image of the topmost layer of
a sample with tSi = 3 nm.

Fig. 2: Thermal response of the Ge nanodot multi -
layers. a) Experimental thermal resistance divided by
the number of layers, for the 5 and 11 layer systems,
measured by HPTR, and the 11 layer system 
measured by the 3ω technique, as a function of the
average distance between layers, L. b) Experimental
thermal conductivities corresponding to the systems
in Fig. 2(a). The solid line is the result of the diffuse
mismatch model. c) Thermal resistance per barrier,
normalized by average amount of Ge in the barrier
(given as an effective length), for the systems of 
Fig. 2(a). 
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limit of 2.5 W/m-K [17]. A smaller thermal conductivity of 0.76 W/m-K was reported on-

ly for 10-nm-wide Si nanowires [18]. A value of 1.2 W/m-K was independently reported

on rough Si nanowires [19].

The additive character of the individual interface thermal resistances allows us to en -

gineer regions with accurately defined values of κ, with good spatial resolution down to

the 10 nm level. In our samples, the shortest measured region was ∼15 nm thick, con-

sisting of 5 interfaces [20]. This demonstrated ability to tailor thermal conductivity with

1W/m-K precision and a spatial resolution below the 20 nm range is very relevant to the

development of integrated miniaturized energy harvesting or thermal management

devices, fully compatible with silicon nanoelectronics. The highly diffusive interfaces

achieved permit the precise control of thermal conductivity at the local level, via the sole

distance between interfaces. A similar approach could be used with other materials, thus

extending the range of thermal conductivities available, and possibly being able to

simultaneous ly tailor electronic properties as well.
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Catalytic and Biocatalytic Microbots
S. Sanchez, A. A. Solovev, S. Schulze, S. M. Harazim, Y. F. Mei and O. G. Schmidt

Introduction
The development of useful micro- or nanomachines which could one day be manipu -

lated inside the human body, remains a challenging dream in nanotechnology and

biomedicin e [1]. Over the last five years, there has been substantial interest in the use

of chemistry to propel tiny engines in a similar fashion that nature uses biochemistry to

power biological motors [2,3].

Motor proteins powered by chemical fuel have inspired scientists to design hybrid and

synthetic nano/micromachines which efficiently generate locomotion (propulsion

power ) autonomously from their surroundings (chemical). In eukaryotic cells, kinesin

motors convert chemical energy from adenosine triphosphate (ATP) into mechanical

ener gy to move intracellular cargo along microtubules where they “walk” [4]. These

impressive molecular motors have inspired scientists to search for versatile nano -

machines which can swim in diverse conditions while transporting cargo in a controlled

manner.

There are three main challenges that researchers try to conquer when engineering

artificia l nanomachines: i) efficient self-propulsion, demonstrated by the catalytic

breakdown of H2O2 by Pt [3,5], Ni [6,7] catalysts and catalase enzyme [8] contained in

nanomotors; ii) motion control, achieved by the incorporation of Ni or Fe segments and

subsequently using external magnetic fields to orient the nanomotors [9,10] and; iii)

the development of useful task such as the transport of cargo in fluid [11].

Rolled-up microtubes containing a Pt catalyst [10] or catalase enzyme [8] in their inner

layer can trigger the breakdown of the hydrogen peroxide fuel wherein they are im-

mersed. The hollow structure generates a thrust of oxygen microbubbles in their inter -

ior released from one of the tubular openings. The motion of laminar fluid through

the interior of the microtube sucks the cargo towards its front opening, permitting a

large variety of microobjects to be easily transported without the need of function -

alization [7].

Here we describe our recent advances on the controllable manipulation of microbots in

microfluidic channels and the transport of biological material such as cells. Moreover,

the coupling of catalytic biomolecules such as enzymes and artificial nano/microdevices

are a promising alternative to the first generation of catalytic nanomotors containing

Pt metal as a catalyst towards the finding of higher efficiency conversion, versatile

configuratio ns, more physiological conditions and biocompatible fuels. 

Microbots swimming in microfluidic channels
The easy loading and delivery of cargo within a lab-on-a-chip microchannel network

remain s a big challenge for this class of nanomotors, motivating the search for versa-

tile nanomachines which can swim in diverse conditions while transporting cargo in a

controlled manner.

The accurate stirring of autonomous microbots swimming within PDMS microfluidic

channels is shown in Fig. 1. First, the Ti/Fe/Pt microbots were suspended along with poly-

styrene microparticles (5 μm diameter) into a reservoir chamber (1 cm2) containing hy-

drogen peroxide solution (8.75 % v/v) and soap (5 % v/v). Immediately, the microbots

Fig. 1: (A-C) Optical sequence of microbot “swim-
ming” into the microchannels of a PDMS chip. Blue
arrow represents the direction of the magnetic field.
(D) Schematics of the fabricated microchip used for
the transport of microparticles.
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start to self-propel by the oxygen released from one of the openings of the microtubes

as described before. The optical images in Fig. 1 depict the microbot travelling and

being directed from the wide microfluidic channel (Fig. 1.A) towards the narrower areas

(Fig. 1.B and Fig. 1.C) wherein microparticles are ultimately loaded and transported.

As an example, a microbot against a flow of 73 μm s-1 travels at 78 μm s-1. This speed

significantl y overcomes Brownian motion, proving a high power output from the rolled-

up microbots into the fabricated microchannels. The microbot’s motion is controlled by

a magnetic field generated by a small NdFeB magnet bar placed underneath the micro -

fluidic chip. The ability of artificial micromachines to swim against a continuous flow is

of particular interest for future applications since living systems contain moving fluids

rather than static ones (Fig. 2). 

In addition, the transport of spherical particles in the flowing streams of microchips is

achieved (Fig. 1.D)[12].

Transport of animal cells
The controlled transport of cells is of significant importance since it is clearly the next

step towards the use of artificial nanomachines in future biomedical applications. Ani-

mal cells can be transported within a fluid in a controllable manner by using artificial

microbots [13]. The Ti/Fe/Pt rolled-up catalytic microbot is guided towards a specific cell,

which is moved to a desired location where it is released (Fig. 3, A-C). Its motion is

coordinate d by an external magnetic field, which –once is turned rapidly–, enables the

release of the loaded cell at a desired target (small insets of Fig. 3 A-C). 

We describe the pick-up, transport and release, of multiple neuronal CAD cells (Catheco-

laminergic cell line from the central nervous system) in fluid by using catalytic micro-

bots. Although “large” cells are loaded at the front end of the microbots (diameters rang-

ing from 10 to 15μm), their motion is not totally halted. One would expect that microbots

with diameter larger than 15 μm will suck the cell through the tube body due to the

fluid pumping, whereas microbots with a very small size will not be suitable for the

manipulatio n of very large cell. Therefore, we optimized the fabrication parameters to

produce microbots with diameters from 6 to 10μm (see SEM image in Fig. 3, D).

Sophisticated micromachines are required for the performance of multiple tasks. For

instanc e, the consecutive loading of several cells is beneficial for complex applications

such as cell sorting. Therefore, high power output and easy loading mechanisms are

demande d for this purpose.

Biocatalytic microbots, increasing the power
The versatile rolled-up technique allows on-demand fabrication of microtubes by

depositi on of different materials [14]. Therefore, we fabricate rolled-up microtubes con-

taining Au as inner layer instead of Pt (i.e. Ti/Au), and modify them with an enzyme which

decomposes peroxide, catalase, in a very efficient manner. By using low concentration

of hydrogen peroxide (1.5 % v/v), the hybrid microengines move at 10 body length

sec-1 at the air-water interface compared with 1 body length sec-1 from the Pt based-

micro engines. The high efficiency of these microengines is of significant importance

Fig. 3: Controlled manipulation of CAD cells by using
catalytic microbots. The motion of the microbot is
aligned by an external magnetic field (schematic 
insets) provided by a small magnet which is placed
underneath the sample containing the cells and mi-
crobots. A) Microbot directed towards the CAD cell,
its transport (B) and delivery in a desired location by
a quick rotation of the magnet (C). SEM (D) image 
of Ti/Fe/Pt rolled-up μ-tubes with CAD cells.

Fig. 2: Microbots swimming against the con tinuous
induced flow of fuel into the microchannels. Plots at
the bottom depict the speed of the tracer particles
(n=5) and the microbots in absolute values.
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Fig. 4: A) Open view of the hybrid biocatalytic
microengine. B) Surface modification of inner
Au layer and enzymatic decomposition of per-
oxide fuel

towar ds the design of more powerful nanomachines. In order to bind the enzyme to the

inner layer of the microtubes., we functionalized the thin Au layer with self assembled

monolayers (SAM) of 3-mercaptopropionic acid (3-MPA) where the enzymes covalently

bond (Fig. 4). 

This was the first report on the effective use of enzymes as catalysts in self-propelled

microengin es [8]. Moreover, as a proof of concept, the specific enzyme-binding into

the microtubular structures demonstrates that new configurations can be used for

autonomo us motion towards the finding of more biocompatible fuels, e.g. glucose.

In summary, our work clearly indicates that our microbots could be suitable in the near

future for the development of bioanalytical and biomedical applications using different

kind of cells. 

For instance, the microbots can be used for cell sorting or to move one single cell into

an analytical device (e.g, lab-on-a-chip) to analyse the changes in biochemistry,

physiolo gy or metabolism of the single cell. 

On the other hand, the hybrid biocatalytic microengines pave the way to other chemi-

cal configurations to induce motion and towards the finding of biocompatible fuels and

why not, to biochemically sense their environment. This novel approach leads to faster,

more powerful and more efficient microengines compared with those based on a Pt

cataly st, as well as using lower concentrations of peroxide fuel. 

All together, the integration of “smart and powerful” microbots with different microchip

schemes can lead to multiple functions in Lab-on-a-chip devices such as the separation

and sorting of drugs or cells, and also biosensing. Other visionary tasks could be the

translocation of stem cells on-demand to build up new tissues or to replace disease cells

or tissues.
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Direct alignment of rolled-up tubes in a fluid suspension by 
surface acoustic waves
X. H. Kong, Ch. Deneke, H. Schmidt, and O. G. Schmidt

Rolled-up micro-/nanotubes cover a wide range of potential on-chip applications such

as optofluidic components [1], ultra-compact capacitors [2], and meta material fiber

optic s [3]. Apart from on-chip integration, free floating rolled-up tubes have been en-

gineered to create self-propelling catalytic microjet engines [4]. Control over position

and motion has been exerted by means of magnetic fields or confinement into small

channels, but a rigorous control over whole ensembles of tubes is still challenging. Mean-

while, surface acoustic waves (SAWs) have been employed to align and control single as

well as ensembles of micro-objects in a fluid [5]. 

Here, we demonstrate that SAWs can be used as a versatile tool to align metallic rolled-

up tubes suspended in a fluid. Using carefully designed interdigital transducers (IDTs),

SAWs are excited on a LiNbO3 surface. A droplet of the tube suspension is deposited

betwee n the IDTs – in the first case a two-port device, in the second case a four-port

devic e – and tube alignment was monitored. We find that tubes can be aligned period-

ically, where the periodicity is defined by the wavelength of the SAW.  Furthermore, tubes

can be rotated and in this way manipulated by the four-port device offering rigorous

contro l over these micro-objects in the fluid environment [6,7]. 

Figure 1(a) shows a schematic diagram of the two-port SAW devices in our experi-

ments. The devices were fabricated on 128° rotated Y-cut single-crystal LiNbO3 substrates

with SAW propagation along the X axis. A pair of opposing IDTs composed of Cr/Au

(20/70 nm) layers were patterned on each device using optical lithography and electron-

beam evaporation. The acoustic path length between the split-finger IDTs was 3.6 mm

with an IDT finger-width of 16.2 μm. The IDT finger pitch was roughly 130μm which

de fines the SAW wavelength λSAW according to the formula λSAW = νSAW /f, where νSAW

is the acoustic velocity and f is the high-frequency of the applied signal. The as-designed

IDT device launched SAWs with a wavelength of 130 μm at a corresponding frequency

of about 30 MHz. Signal powers were added to the IDT device by two signal generators

for the tube alignment experiments where each signal generator provided a 0 -13 dBm

output power at 30 MHz.

Rolled-up Cr microtubes with lengths of 30, 50, and 80 μm were used in our study (tube

layer thickness and tube diameter were 10 nm and 7 ∼ 9 μm, respectively). For the

experiment s, one drop of PC-solvent (propylene carbonate) followed by a drop of tube

suspension were placed in the capillary gap between the LiNbO3 substrate and a glass

cove r, as illustrated in Fig. 1a. The PC-solvent was applied to decrease the liquid evap-

oration. The glass cover was pressed onto the tube suspension parallel to the substrate

surface with a spacing of 50 μm or less in order to create a microfluidic channel. SAW

induce d motion of the microtubes was monitored by an optical microscope connected to

a high speed camera.

At the start of each experiment, the rolled-up microtubes in the fluid are randomly dis-

persed on the LiNbO3 substrate, as shown in Fig. 1b. When two rf-signals of 30 MHz with

equal power are applied to the two IDT ports simultaneously, a standing SAW pattern

forms on the LiNbO3 surface. Under this condition, the rolled-up metallic Cr microtubes

are aligned in one direction, with their axis parallel to the propagation direction of the

SAWs, as seen in Fig. 1c. Furthermore, it is observed that Cr tubes are located in equi-

spaced columns perpendicular to the SAW propagation direction, similar to particle align-

ment reported previously. These columns are marked by the green dashed lines in

Fig.1c. The space between the columns is around 65 μm, close to λSAW /2, corresponding

to the separation of the SAW standing wave nodes.

Interestingly, Cr tubes are able to link together and form bridges by increasing the tube

concentration. As shown in Fig. 1d, linked Cr tubes appear as shorter or longer micro

Fig. 1: (a) Schematic of a two-port device
and the tube alignment regarding the 
device. The double side arrow indicates
the SAW propagation direction. 
(b) Cr rolled-up tubes after dispensing the
solution on the SAW device (c) – (e) Tube
ensembles after application of SAWs.
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chains, parallel to the SAW propagation direction. Up to 17 Cr tubes can be linked to -

gether (Fig. 1e), forming a long tube-chain.

A set of sequential optical images obtained from a video is depicted in Fig. 2 to display

the dynamic process of the tube-chain formation. Once the rf-signal power is activated,

the randomly dispersed Cr tubes are immediately (in 0.2 s) aligned parallel to the SAW

propagation direction. Only those tubes strongly adhering to the substrate need more

time to be aligned, such as the one pointed at by the red triangle (1.2 s). Once aligned,

the tubes are in a thermodynamically metastable state and oscillate inside well defined

columns (green dashed lines) due to a microfluidic background flow and mechanical vib -

ration forces caused by the SAWs. When the instability of a tube’s position is too large,

the tube moves to a neighboring column. As shown in Fig. 2, the tube marked by the red

triangle originally oscillates around column 2 for about 1.2 s. It hops to column 3 (2.4 s)

and later to column 4 after leaving its initial equilibrium position. Subsequently, it leaps

to column 5 (7.2 s) and attaches to another tube there. Finally, the two tubes are linked

together and oscillate as a whole entity. Similar behavior is observed for the tube

marked by the blue triangle in Fig. 2. It oscillates around column 3 originally, then jumps

to column 4 and connects with another tube. Afterwards the two merged tubes connect

with a third tube (marked by the green triangle) and form a small tube-chain. Longer

tube-chains are formed in a similar way.

By systematically tuning the experimental conditions, we find out that the percentage

of microtubes aligned by SAWs at a certain frequency depends on the size of the tubes

and the applied signal power. Cr tubes with equal layer thicknesses and diameters, but

with lengths less than λSAW /2 are easier aligned than those being longer than λSAW /2.

Additionally, tubes align faster when the applied rf-signal power is increased. 

To obtain further control over the microtubes in solution, a four port device is used. In

this case, two IDT pairs are perpendicular to each other allowing for exciting the SAW field

along both major directions of the substrate parallel to the edges. 

In Fig. 3 the 90° rotation process of Cr tubes by a single switching of SAW propagation

direction is demonstrated. At the beginning (0 s) tubes are aligned in the x -direction

due to the SAW propagation along this direction. Then the signal power for the x-direc -

ted IDT is turned off and the y-propagating SAW is activated. Consequently, tubes begin

to rotate gradually. The adhesive force from the substrate and a cover slip as superstrate

is the main resistance for the tube rotation. Some tubes with less adhesion to the envi-

ronment can be rotated easier (e.g. No. 3, 4, 5, 10). Most tubes can be finally rotated

with time going on. Of the ten tubes shown in Fig. 3, five tubes (No. 1, 3, 4, 5, 10) ro-

tate clockwise while the other five (No. 2, 6, 7, 8, 9) rotate counter-clockwise. The tube

Fig. 3: Sequence of optical images demonstrating a
90° rotation process by altering the SAW propagation
direction.

Fig. 2: Sequential optical images obtained during the
tube ordering process. The process is initiated by 
applying SAWs and the formation of “tube-chains” 
is observed. 
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rotation direction is determined by the balance of moments from dielectrophoresis [6]

and the viscosity of the tube solution at the beginning of SAW propagation. In this

SAW-based operation, the angular tube orientation is manipulated at certain places

by the formation of a proper piezoelectric field distribution only, whereas the lateral

tube location can be only affected by the fluidic flow caused by SAW-induced acoustic

streaming.

The different kinds of relationships between rotational tube alignment and corres -

ponding SAW propagation are summarized in Fig. 4. The basic operation modes are

illustrate d by the upper three cases: If SAW (counter-)propagate along one direction,

metallic tubes can be aligned with their axis parallel to the SAW direction due to the

presenc e of a well-defined piezoelectric field. But if SAW propagate along two or more

directions (for example, if power signals were applied to all four ports simultaneously),

the tubes will not be aligned. If the SAW propagation direction is switched after proper

tube alignment, the tubes will rotate accordingly until their axes are parallel to the

curren t SAW propagation direction. This behavior can be repeated many times, as far as

the dielectrophoretic force is strong enough to overcome the tube adhesion to substrate

and cover slip, respectively (Fig. 4, lower cases).

The SAW-based dielectrophoretic manipulation of rolled-up metallic microtubes in a mi-

crofluidic system was demonstrated. Within this setup, the SAW-induced piezoelectric

fields act as contactless tweezers for sensitive manipulation of the angular tube

orientatio n as well as of their lateral location. In this sense, SAW-controlled microtube

manipulation opens up new perspectives for on-chip microfluidic applications.
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Fig. 4: Relation of the tube alignment and
rotation in relation to the SAW propagation
direction.
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Technological impact

MgB2 superconducting wires with high critical current density 
for MRI magnets 
W. Häßler, M. Herrmann, C. Rodig, M. Schubert, A. Kario, J. Scheiter, K. Nenkov, 

H. Prescher, B. Holzapfel, L. Schultz

MgB2 was found to be superconducting with a critical temperature Tc of 39 K, the high-

est value found amongst the common metallic compounds. Therefore the potential

operatin g temperature range is between the one of low temperature superconductors like

NbTi or NbSn3 and high temperature superconductors like YBCO and BSCCO. Two pro -

perties are recognized to be crucial for potential applications: the lack of weak-link

behavio ur and the capability of the microstructure of MgB2 to allow for an effective flux

pinning. Whereas the applicability of NbTi and NbSn3 is limited to operating tempera-

tures around 4 K, MgB2 can be operated even at temperatures above 10 K and is there-

fore cost-effectively useable in cryogen-free systems (refrigerator cooling). 

Already reported high upper critical fields and large critical current densities [1,2] as well

as the low cost of the constituent elements makes the material a candidate for super -

conductor applications including MRI-magnets [3]. Prototypes such as current leads

in a Japanese satellite and a liquid Hydrogen level sensor [4] have been presented

already.

The material is in an early stage of commercialization. Two pre-commercial prototype pro-

ducers of MgB2-wires are on the market, Columbus Superconductors in Italy [5] and

Hyper tech in the USA [6]. In this context, IFW is cooperating in the development of

MgB2 wires with Bruker EAS in Hanau, one of the world leading producers of super -

conductors [7].

The IFW has a long standing experience in the preparation and characterization of MgB2-

wires in the laboratory scale [8-10]. The distinctive feature of our technology is the

usage of mechanically alloyed precursor powders.

Mechanical alloying is an excellent technique to adjust the microstructure in the MgB2

precursor powder. The basic principle of this method is shown in Fig. 1. The resulting

nanocrystalline particle size serves for a high amount of grain boundaries acting as

pinnin g sites and therefore is beneficial to obtain high critical current densities in the

material. 

Facing the challenge of introducing MgB2 wires and tapes into application, it is also es-

sential to adapt its preparation to the industrial scale. Only a reasonable interplay of both

key parameters, current carrying capability and an appropriate preparation route, will

allow for a widespread use of MgB2 conductors. To allow for a reliable production of MgB2

wires on the kilometer scale, it is indispensable to make use of a precursor which can be

deformed properly within the sophisticated architecture of a conductor as required for

all different aspects of the application.

The deformability of the precursor strongly depends on the powder morphology, which

can be tailored by the imparted energy during ball milling. Fig. 2 (left side) shows a

series of SEM micrographs of the as milled precursors with varying milling energy from

gently mixed powders (50 J) to extreme processing conditions (10 MJ), an intermedi-

ate energy level (0.3 MJ) is shown also. 

All stages of a mechanically alloyed ductile-brittle powder system are present. With in-

creasing imparted energy, from mixing to high energy mechanical alloying, an ongoing

refinement of the powder can be observed. Additionally, an increasing homogeneity and

also a higher densification of the precursor powder can be obtained, as can be seen from

the longitudinal images of the as prepared wires in Fig. 2 (right side). At the same time

Fig. 1: Principle of mechanical alloying in a planetary
ball mill. Extreme pressure and temperature condi-
tions in the collision-zone lead to grain refinement
and a solid state formation of MgB2.

Fig. 2: SEM micrographs of the as milled precursor
powder with different amounts of imparted energy
(left) showing all stages of a mechanical alloyed 
ductile-brittle powder system and longitudinal resp.
cross-sectional micrographs of the subsequently 
prepared wires (right).
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the flowability of the powder within the sheath material and therefore the deformabil-

ity of the conductor as a whole will deteriorate when used in the conductor preparation.

This is also shown by the misshaping of the filament cross-section and the formation

of shear-bands in the filament of the wire with the precursor of the highest imparted

energ y (10 MJ). 

The critical current density of tapes prepared from precursors with varied milling treat-

ment show clearly that an increasing imparted energy results in a higher ampacity of

the conductor (Fig. 3). This is explained by the declining crystallite size due to the

intensificatio n of the mechanical alloying resulting in an increasing number of grain

boundaries acting as pinning sites in the material. Furthermore it is shown that in -

dependently from the set of processing parameters, the total amount of imparted

energ y transferred is determining the critical current density of the MgB2. This is

shown by the jc-curves of tapes prepared with an imparted energy of approximately

0.3 MJ, but clearly different processing parameters in terms of milling time, speed and

ball-powder-ratio. 

The used standard preparation setup (250 rpm, 50 h, ball-powder-ratio of 36) equals an

imparted energy of around 5 MJ, representing a compromise of high performance and

adequate deformability at the same time.

Wires were prepared using the powder-in-tube-technique (PIT). As sheath materials for

the monofilamentary wires a double tube of Nb as diffusion barrier in an ODS-Cu-tube

is utilized. The filled tube is deformed by swaging. For the preparation of multifilamen-

tary tapes 21 monofilamentary wires were stacked in an outer Monel-tube. 

This compound is deformed further. First deforming steps are carried out by swaging.

Starting at a diameter of about 7 mm the deformation is switched to wire drawing. It has

to be mentioned that interstage annealing has to be applied in the temperature range

of 300°C to 500°C in Ar atmosphere to reduce work hardening respectively to decrease

mechanical stresses in the sheath. The final diameter of the wire is 0.85 mm, a typical

cross-section of such a multifilamentary wire is shown in Fig. 4. 

Wire drawing of such a compound material with nanocrystalline precursor powder is a

sophisticated process, because the precursor powder is already reacting to MgB2 at

temperature s > 500°C. Thus an increasing hardness of the filaments is degrading the

drawing ability of the conductor. Therefore the drawing process has to be optimized

by applying an optimal cycle of deformation/annealing steps using an appropriate

lubrican t.

The final heat treatment for the complete formation of MgB2 is carried out in Ar at tem-

peratures between 550°C and 700°C. With the best combination of peak temperature,

Fig. 3: Critical current density jc of tapes with 
precursor powders of different imparted energies.
Same color code corresponds to comparable energy
input, but different processing parameters.

Fig. 4: Cross-section of a 21-filament wire. The
sheath system consists of Nb-sheathed filaments in 
a GlidCop® ODS-Cu-matrix with a Monel®(NiCu)
outer sheath. 
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Fig. 5: Final single piece multifilament wire in batch
size exceeding 1000 m (Bruker EAS).

dwell time and heating/cooling rates engineering critical current densities je of

170 A/mm² at short samples could be realized. Medium length samples obtained je-

values of 120 A/mm2 in a magnetic field of 5 T at 4.2 K. At 20 K a critical current den-

sity of about 50 A/mm² was found at fields of 3 T. The n-value at 4.2 K is about 40 for

magneti c fields ≤ 5 T.

The collaboration with Bruker EAS succeeded in the preparation of a single piece multi-

filamentary wire exceeding a 1000 m in length (Fig. 5) with a je of up to 91 A/mm2 at 4.2 K

and 5 T. In Fig. 6 the je(B)-curves of a wire with 21 filaments at 4.2 K are shown in

compariso n to commercial wires. 

This conductor, using a mechanically alloyed in-situ MgB2 precursor prepared at the IFW,

was manufacturedly under industrial production conditions at Bruker EAS. The wire was

already successfully twisted for reducing the AC-losses and the thermal stabilization was

improved by the wire-in-channel-technique (soldering of the wire into a Cu-profile). One

focal point of further development of wires is the increasing of the filling factor from 10 %

to about 20 % to further increase the engineering critical current density. 

[1] M. Eisterer, Supercond. Sci. Technol. 20, R47 (2007)
[2] E.W. Collings et al., Supercond. Sci. Technol. 21, 103001 (2008), 
[3] T.C. Cosmus and M. Parizh, IEEE Trans. Appl. Supercond., to be published (2010)
[4] S.I. Schlachter et al., Cryogenics 46, 201 (2006)
[5] http://www.columbussuperconductors.com/mgb2.htm, Dec. 22nd (2010)
[6] http://www.hypertechresearch.com/page3.html#D, Dec. 22nd (2010)
[7] http://www.bruker-est.com/pr091207.html, Dec. 22nd (2010)
[8] W. Haessler et al., in: E.H. Peterson (Ed.), Superconductivity Research Horizons, 

Nova Science Publishers, Chapter 7, 193 (2007) 
[9] W. Häßler et al., Supercond. Sci. Technol. 21, 062001 (2008)
[10] M. Herrmann et al., Appl. Phys. Lett. 91, 082507 (2007)

Cooperation: Bruker EAS GmbH (Hanau), Slovak Academy of Science - Institute of 
Electrical Engineering (Bratislava)

Funding: Bruker EAS GmbH, DAAD, NESPA

Fig. 6: Comparison of the engineering critical current density je of the Bruker-IFW wires with
commercia l wires.



48 Technological impact

Application Laboratory for Metastable Alloys
W. Pfeiffer, U. Kühn

Leibniz application laboratories stand for a new technology transfer initiative of the

Leibni z Association. They represent a platform permitting potential customers and

cooperatio n partners from industry and public areas to receive information on appli -

cation-oriented research results, and to prepar e the transfer of such results to practica l

applications in the form of projects and joint ventures.

IFW Dresden operates the Leibniz application laboratory ”Amorphous Metals“. Con -

sidering the unique properties of amorphous metals, also known as ”metallic glasses“,

they can be advantageously used in a wide range of applications. The recognition of

the research results achieved so far in this field – they were awarded the 2009 Leibniz

Prize – reflects the great expectations of the industry regarding the utilization of these

results. Therefore, it is the purpose of an IFW project initiated under the ”industry meets

science“ research program, to apply and improve in industrial applications manufactur-

ing technologie s that have so far been primarily oriented toward scientific research and

communicati on, and to create and present multi-faceted practicable application schemes

for amorphous metals by using the IFW plant and equipment existing in a Leibniz appli-

cation laboratory as is detailed below.
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In particular, the equipment added in previous years for doing research work on these

innovative materials - for example special melting and casting equipment, rapid solid-

ification as well as modern rapid prototyping equipment - is planned to be efficiently

used also for making prototype products. In this context, the project will focus on the

addition to previously applied technologies of a hot-rolling process for amorphous

sheet metals and an impact extrusion process for complex amorphous components. What

is most important, however, is the establishment of an application centre, e.g. in the

form of an exhibition area, which aims at improving communication with the industry

and uses specific marketing activities to this end.

The funding received for the implementation, and carrying out the work required in the

project phase of approx. 2 years (July 2009 – June 2011) amount to kEUR 360. The

person s financed in connection with the technology transfer project work in close

cooperatio n with the scientists in the field so as to ensure the proper implementation

of the work schedule. 

Essential activities within this project were the enlargement of the presentation area and

the provision of more exhibits as a basis for the permanent establishment of the

applicatio n laboratory for the purpose of permitting especially small and middle sized

companies the access to research and development technologies as well as production

resources that are mature to be used in practical applications. This goal was reached in

October 2010, and the show and advisory service space so created can now be made use

of by the scientists. 

Under aspect of an economic utilisation of the technologies the research fields and work

teams have been subdivided into following development lines:

>> Casting of amorphous metal alloys

>> Thermoplastic forming

>> Selective laser melting (SLM)

>> High-strength iron base alloys

The objective of the ”casting of amorphous metal alloys“ development line is to

translat e the current know-how of massive metallic glasses in such a way that it can be

used in the two technologically oriented development lines „thermoplastic forming“ and

„3D laser melting“ for the development of marketable semi-finished products and pro-

totypes. In the process, the characteristic properties of amorphous metal alloys, such

as high hardness, near-net-shape castability, elastic formability and/or good corrosion

behaviour shall be maintained or even improved. Another objective is the optimisation

of the alloy systems in dependence of the economic and ecological requirement profile.
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The ”thermoplastic forming“ line aims at transferring for the first time production

methods known from the plastics and glass industry to the processing of massive metal-

lic glasses, thus permitting metallic glass components to be produced economically and

in large quantities. This approach is based on the particularity that in a certain tem -

perature range metallic glasses can be processed in the same way as conventional

(oxidic ) glass or polymer materials. It is the goal of the research team to develop au-

tomatable manufacturing processes in which, starting from a suitable semi-finished

product (granulate), a component can be manufactured in a few production steps and

in large numbers.

It is the purpose of the „3D laser melting“ line to transfer this technology from conven-

tional metallic alloy systems to massive moulded bodies of metallic glass. Using conven-

tional metal powders, this 3D laser melting process is meant to allow the manufacture

of components featuring complex structures on the one hand, and offer new potentials

for the economical production of prototypes and small batches of metallic glass com -

ponents on the other. 

The ”high-strength iron base alloys“ line is designed to develop innovative iron-based

materials with extreme mechanical properties, and to lay the foundation for their use

in practical applications. This class of materials is characterized by high hardness, high

strength, high wear resistance, a high energy absorption potential and good plasticity,

and is therefore ideal for a wide range of applications. First tests carried out in indus-

try, in which these materials were used for cutting tools and wearing parts of building

machinery (digging teeth), showed that their tool life was up to ten times longer than

that of conventional materials.  

As a result of the project, it will be possible to manufacture and design a much greater

range of simple components and semi-finished products of metallic glass which will

facilitat e the transfer of the technology for industrial applications.
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Research Area 1
Superconductivity and superconductors

Studies on the influence of strain on superconducting properties using
piezoelectric single crystals
R. Hühne, S. Trommler, P. Pahlke, K. Iida, S. Haindl, J. Hänisch, F. Kurth, B. Holzapfel,

L. Schultz

The application of piezoelectric substrates is a promising alternative to static pressure

experiments for the investigation of strain-dependent properties of functional materi-

als. The applied strain can be changed continuously and reversibly by using an electric

field on such substrates due to the inverse piezoelectric effect. Therefore, superconduct-

ing YBa2Cu3O7-x (YBCO), La1.85Sr0.15CuO4 (LSCO) and BaFe1.8Co0.2As2 (Ba122) layers were

grown on buffered single crystalline (001) oriented Pb(Mg1/3Nb2/3)0.72Ti0.28O3 (PMN-PT)

substrates using pulsed laser deposition. X-ray measurements revealed an undisturbed

epitaxial growth of these materials on the piezocrystals and verified the strain trans-

fer from the substrate to the superconductor under an applied electric field. The appli-

cable strain values at low temperatures were determined by a Pt strain gauge de -

posited on the buffered PMN-PT substrates to enable a correlation between the change

of the superconducting properties and the applied electrical field. A reversible shift of

the superconducting transition temperature Tc of 0.4 K for LSCO and 0.2 K for Ba122 was

observed on applying biaxial strains of 0.022% and 0.017%, respectively (Fig.) [1]. The

change of the transition temperature is almost one order of magnitude smaller for op-

timally doped YBCO [2]. The observed Tc shift in LSCO is in good agreement to literature

data, which confirms the suitability of the piezocrystalline approach for the study of

strain-dependent properties in superconductors. 

[1] S. Trommler et al., New J. Phys. 12, 103030 (2010)

[2] R. Hühne et al., Supercond. Sci. Technol. 21, 075020 (2008)

Funding: DFG

Jc scaling and electronic mass anisotropy in F-doped LaFeAsO thin films
J. Hänisch, M. Kidszun, S. Haindl, T. Thersleff, A. Kauffmann, K. Iida, 

J. Freudenberger, L. Schultz and B. Holzapfel

We have successfully fabricated the first high-quality superconducting LaFeAsO1-xFx

thin film using an ex–situ phase formation process. A precursor is deposited by pulsed

laser deposition at room temperature and afterwards annealed at 950°C in an eva -

cuated quartz ampoule, where the phase formation takes place.[1] This thin-film prepa-

ration method leads to an extremely clean microstructure of the superconducting layer

without any correlated defects perpendicular to the film plane, as transition electron

microscop y investigations have shown. In such samples, the anisotropic critical current

density, Jc, is predominantly determined by flux pinning at randomly distributed and

isotropic pinning centres. According to Blatter, Geshkenbein and Larkin,[2] Jc can then

be scaled by an effective magnetic field which is the product of the applied field and the

Ginzburg-Landau anisotropy term, which contains the electronic mass anisotropy γ and

the angular information. This scaling is shown for four different temperatures in the

figure . Fits (shown as green lines) according to the Kramer model denote the contribu-

tion of random pinning. The deviations from these fits are caused by intrinsic pinning

due to the layered crystal structure and the short coherence length of this compound.

The scaling of Jc reveals a temperature dependent γ, see inset in Fig. (yellow data

points). This is a direct consequence of the multi-band superconductivity in the

Fig. 1: Scaling of the angular dependent Jc data ac-
cording to [2], green lines: contribution of random
pinning, inset: temperature dependence of the elec-
tronic mass anisotropy γ, red line: guide to the eye.

Fig.: Top: sketch of the film architecture; Bottom:

shift of the transition temperature with applied
electric field for LSCO and Ba122
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oxypnictides. At high temperatures, where Jc values are not available due to the low

irreversibility field, γ was determined from the ratio of the upper critical fields from mag-

neto-resistance measurements in pulsed magnetic fields up to 45 T (green data points).

Both data sets for γ overlap at around 15 K. 

The Jc scaling approach is a powerful method to determine the electronic mass anisotropy

in temperature regions where the upper critical fields are too high to be measured.[3]

[1] M. Kidszun et al., Supercond. Sci. Technol. 23, 022002(2010), M. Kidszun et al., 

EPL 90, 57005 (2010)

[2] G. Blatter, V. B. Geshkenbein, and A. I. Larkin, Phys. Rev. Lett. 68, 875 (1992)

[3] M. Kidszun et al., arXiv:1004.4185v1

Funding: DFG

Nanoscale Electronic Order in Iron Pnictides
G. Lang, H.-J. Grafe, F. Hammerath, D.Paar, K. Manthey, J. Werner, G. Behr, B. Büchner

A striking feature of the iron-based superconductors is the proximity of superconductiv-

ity and static magnetism in their phase diagram. While there have been numerous, some-

times contradicting studies on the issue of ground-state coexistence, it remains unclear

whether intrinsic electronic inhomogeneities can show up as in related transition met-

al oxides such as cuprates and manganites. Using nuclear quadrupole resonance (NQR)

at the arsenic sites, we investigated the local charge distribution in „1111“ pnictides

((La,Sm)O1-xFxFeAs), where dopant disorder effects are minimized [1,2]. While un-

doped and optimally-doped/overdoped samples show a single type of charge environ-

ment, underdoped samples feature systematically two different local charge environ-

ments, irrespective of the ground state (see the spectra in the Figure). Spin-lattice

relaxation measurements show that the electronic spin susceptibility is similar for both

environments, pointing at their coexistence at the nanoscale. Also considering the quan-

titative variations of the spectra with doping, the picture of an intrinsic local electron-

ic order emerges, which is likely to impact the interplay of static magnetism and super-

conductivity. While a possible candidate for this order would be the nanoscale mixing of

low- and high-doping-like regions, an intriguing possibility would be orbital effects, in

line with the frequently-argued role of orbital physics at low doping.

[1] G. Lang et al., Phys. Rev. Lett. 104, 097001 (2010)

[2] H.-J. Grafe et al., New J. Phys. 11, 035002 (2009)

Cooperation: MPI for Chemical Physics of Solids, Dresden; Department of Physics,

Univ. of California, Davis, USA

Funding: DFG, Forschergruppe 538, SPP 1458, Alexander von Humboldt Stiftung

YBCO coated conductor architectures based on IBAD-TiN
R. Hühne, R. Gärtner, J. Hänisch, T. Thersleff, R. Kaltofen, S. Oswald, 

B. Holzapfel, L. Schultz

Ion Beam Assisted Deposition (IBAD) is one of the major approaches to realise highly

texture d templates for YBa2Cu3O7-x (YBCO) coated conductors. Whereas IBAD-MgO is

mostly used so far in such architectures, TiN is a suitable alternative as it is showing a

similar textured nucleation required for fast processing. Therefore, a new robust buffer

layer architecture based on IBAD-TiN was developed and applied on electropolished

Hastelloy as well as on polished stainless steel tapes using an amorphous Ta0.75Ni0.25 bed

layer. Cube textured TiN layers have been prepared by ion beam assisted pulsed laser

Fig.: Electronic phase diagram for the 1111 pnictides.
TM,Tc denote the magnetic and superconducting
transition temperatures. A local electronic order de-
velops in the underdoped region, with superconduc-
tivity being favored over static magnetism. At the 
top are shown typical NQR spectra. At very low and
high doping levels a single resonance line indicates
electronic homogeneity, whereas for intermediate
doping levels two resonances are found indicating
two different local charge environments. 
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depositio n on these substrates. The biaxial texture was preserved to a higher thickness

using homoepitaxial growth at elevated temperatures and transferred to a second

SrZrO3 buffer layer [1]. Consequently, highly textured YBCO layers were obtained with an

in-plane and out-of-plane alignment of less than 6° and 3°, respectively, using this

buffer layer stack. Dense layers with sharp interfaces were observed in cross sectional

micrographs. Typically, superconducting transition temperatures above 89 K were ob-

tained indicating a high film quality and sufficient diffusion barrier properties of the

develope d architecture. A maximum critical current density of about 2.9 MA/cm2 was

measured at 77 K in self field for a sample prepared on a stainless steel substrate [2].

Additionally, this layer showed an improved Jc(H)-behaviour compared to standard

YBCO films on single crystalline substrates.

[1] R. Hühne et al., Supercond. Sci. Technol. 23, 014010 (2010).

[2] R. Gärtner et al., IEEE Trans. Appl. Supercond. 21 (2011) accepted.

Cooperation: Los Alamos National Laboratory, Bruker HTS GmbH

Nanomembrane hybrid superconducting heterojunctions
D. J. Thurmer, C. C. B. Bufon, Ch. Deneke, O. G. Schmidt

Nowadays, instead of relying on solely top-down or bottom-up approaches, clever com-

binations of both have lead to many interesting new methods for fabricating novel

device s on a micro- and nanoscale. Using simple optical lithography in combination with

inherently strained rolled-up nanomembranes and the intrinsic roughness of metal

films, we are able to fabricate nanomembrane based hybrid superconducting junc-

tions. Here, two separated contacts are rolled up such that they overlap and have a semi-

conductor nanomembrane sandwiched in between them. Afterward, the naturally

occurrin g roughness of a gold film is used to concentrate current pathways and create

a local breakdown of the semiconductor. Simultaneously, a diffusion of gold into the

semiconductor occurs. In Fig. 1a, the breakdown schematic is shown. An applied voltag e

between the separated Au/Nb/Au films causes a breakdown and electromigration of gold

into the semiconductor layer creating Au-filaments, as schematically indicated. This

breakdown characteristic is also seen in I-V curves as shown in Fig. 1b. Initially, the

nanomembrane exhibits a Shottky behavior (Region A) before a voltage is reached

where a drastic increase in current is seen (Region B). Afterward, a linear ohmic response

is seen (Region C). These Nb-Au Filament-Nb hybrid structures were measured at low tem-

perature as shown in Fig. 1c. An SEM image of a rolled-up device is shown in the inset.

While the Nb leads transition into a superconducting state at the same temperature

(∼ 5.6K), the intermediate Au region transition is highly dependent on the applied

curren t. This current sensitivity could make such devices useful for radiation detection.

Funding: BMBF (Nanett [FKZ: 03IS2011])  

Photoemission and surface states in iron pnictides
K. Koepernik, A. Lankau, E. van Heumen1, M. S. Golden1, H. Eschrig, 

J. van den Brink, S. Borisenko, B. Büchner

The recent development in highly accurate angle resolved photoemission experiments

(ARPES) opens an unprecedented possibility for comparison of experimental data with

band structure theory. This allows to test the validity of density functional theory (DFT)

but also to analyze experimental data based on theoretical results. In order to differen-

tiate the surface effects from the bulk signal in ARPES experiments we investigated the

Fig.: Dependence of the critical current density Jc on
the applied magnetic field for a 200 nm thick YBCO
layer grown on stainless steel using a Ta0.75Ni0.25/
IBAD-TiN/homoepi-TiN/SrZrO3 buffer architecture 
investigated by transport measurements in tape direc-
tion on a 300 μm wide bridge. The inset shows the
superconducting transition temperature in self-field.

Fig. 1: (a) Schematic of the semiconductor break-
down and electromigration of gold filaments. 
(b) I-V trace of the gold filament formation process.
(c) Current dependence of the Nb-Au-Nb hybrid 
superconducting junction (Inset: SEM of a rolled-up
device).
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cleaving behavior and electronic structure of one representative compound of three

familie s of the iron pnictide superconductors using DFT. LaOFeAs (1111 family) cleaves

such that a clean FeAs surface layer results. The corresponding surface charges give rise

to a clearly developed surface state, which has been seen in ARPES experiments. On

contrar y LiFeAs (111) cleaves between two Li layers avoiding pronounced surface

recharging. The resulting absence of surface states makes LiFeAs an ideal compound for

investigation by  ARPES and other surface sensitive probes. The most complicated be -

havior is shown by (Co-doped) BaFe2As2(122), which cleaves such that a 50% Ba layer

forms the surface. This opens the possibility for various  types of surface reconstruction.

In combination with low energy electron diffraction (LEED) we concluded that these 1⁄2 Ba

surface superstructures also deform the subsurface FeAs triple layer, giving rise to

surfac e states and replica. The close proximity of the surface-related states to the bulk

bands leads to broadening of the ARPES results and excludes the use of this compound

for accurate determination of self-energies using ARPES. 

Cooperation: 1Univ. of Amsterdam, van der Waals - Zeeman Institute

Fermi surface of Ba1–xKxFe2As2 from combined magnetotransport and
photoemission measurements
D. V. Evtushinsky1, A. A.Kordyuk1, V. B. Zabolotnyy1, T. K. Kim1, B. Büchner1, and 

S. V. Borisenko1

As it became clear soon after discovery of high temperature superconductivity (HTSC)

in iron arsenides, the Fermi surface (FS) of these materials consists of two sets of

sheets—one at the center of the Fe2As2 Brilloiun zone (BZ), and second at the corner [1].

The behavior of electronic bands at the BZ center is well established—three bands ex-

hibit hole-like dispersion [2], and the variation for different ferropnictide HTSC consists

merely in sizes of the formed roundish hole-like FS sheets. At the same time the nature

of the FS at the BZ corner appeared to be more complicated and less universal. Thus, an-

gle-resolved photoemission spectroscopy (ARPES) experiments on nearly optimally

doped (Ba,K)Fe2As2 revealed an unexpected propeller-like structure at the corner of BZ

[3] [see Fig. 1(a)], while in ARPES measurements for cases of Ba(Co,Fe)2As2 [4],

BaFe2(As,P)2 [5], and LiFeAs [6] a double-walled electron-like FS was found. A combi-

Fig.: BaFe2–xCoxAs2(x=0.17): Comparison of experimental ARPES results (a,b) with DFT results
(c,d) for the 2x1 surface reconstruction. In DFT bulk like bands and Fermi surfaces (FS) are shown
in red and surface bands/FSs in green. The upper panel (c) shows the band structure along the
line ΓM and the lower panel (d) the Fermi surfaces. Note the presence of the replica at the X-point
in experiment and theory.

a)                                                                                          b)                                                                                c)

d)



Reports from Research Areas    57

Fig. 1: (a) Three-dimensional representa-
tion of low temperature Ba1–xKxFe2As2

ARPES data, shown for the energy range
of approximately -50..0 meV and band
dispersion, extracted from fitting of ARPES
spectra [7]. (b) The Hall coefficient (RH)
for nearly optimally doped Ba1–xKxFe2As2

as calculated on the basis of the band
structure and as measured experimentally.
Insets show the high and low temperature
FSs for Ba1–xKxFe2As2.

nation with an independent probe of the electronic states at the Fermi level seems

helpful for distinguishing the FS shape more precisely and confidently. Therefore results,

obtained for (Ba,K)Fe2As2, were compared to the Hall effect measurements of the same

material [see Fig. 1(b)]: photoemission data were used to derive the electronic disper-

sion relation, which was taken as basis for calculation of the Hall coefficient, RH. Good

agreement between photoemission and magnetotransport was found: both methods

revea l temperature-dependent electronic structure, and, found in ARPES, evolution to

the propeller-like FS topology at low temperatures appeared quantitatively consistent

with measured RH.

[1] S. Raghu et al., Phys. Rev. B 77 220503(R) (2008).

[2] A. N.Yaresko et al., Phys. Rev. B 79, 144421 (2009).

[3] V. B. Zabolotnyy et al., Nature (London) 457, 569 (2009).

[4] C. Liu et al., Nat. Phys. 6, 419 (2010).

[5] T. Yoshida et al., arXiv:1008.2080.

[6] S. V. Borisenko et al., Phys. Rev. Lett. 105, 067002 (2010).

[7] D. V. Evtushinsky et al., New J. Phys. 11, 055069 (2009).

Cooperation: MPI FKF, Stuttgart and IOP, Beijing

Funding: DFG under grants No. KN393/4 and BO1912/2-1.

Investigation of the Electronic Structure of LaAlO3 - SrTiO3 Hetero -
interfaces by Soft X-ray Spectroscopy
A. Koitzsch, J. Ocker, M. Knupfer, M. Dekker, K. Dörr, B. Holzapfel, B. Büchner, 

and P. Hoffmann1

Fascinating and counterintuitive phenomena have been observed previously at the

interfac e of SrTiO3 and LaAlO3. The most important is the appearance of metallic con -

ductivity between two firm insulators [1]. Intriguingly the interface remains insulating

as long as no more than three layers of LaAlO3 are deposited on top of SrTiO3 but

switche s to metallic with the fourth layer. Also superconductivity was found below

TC = 0.2K and even magnetism[2]. The picture of the polar catastrophe has been invoked

early on to explain the metallic conductivity: the SrTiO3 substrate consists of neutral

SrO and TiO2 layers, whereas the LaO+ and AlO2
- layers making up LaAlO3 are charged.

Stacking of LaO and AlO2 layer by layer on top of SrTiO3 leads to an divergent electro -

static potential which is compensated by a charge transfer of 0.5 e to the interface per

unit cell for the case of LaO deposited on TiO2. These charge carriers are responsible then

for metallicity at the interface.

We investigated LaAlO3 -SrTiO3 heterointerfaces grown either in oxygen rich or poor

atmospher e by soft x-ray spectroscopy. Resonant photoemission across the Ti L2,3 ab -

sorption edge of the valence band and Ti 2p core level spectroscopy directly monitor the
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Fig.: Valence band photoemission of LaAlO3 - SrTiO3

a) Ti 2p - 3d resonant photoemission valence band
obtained by varying the photon energy through the
Ti L2,3 absorption threshold. The grey lines show the
enhancement of Ti 3d derived states by comparison
with off- resonant spectra at �� = 440eV. b) Expand-
ed view on the spectra shown 
in (a) near EF. c) Ti L2,3 absorption edge taken in total
electron yield mode. Letters indicate the photon 
energy for the valence band spectra.

impact of oxygen treatment upon the electronic structure. Two types of Ti3+ related charge

carriers are identified. One is related to the filling of the SrTiO3 conduction band and

appear s for low oxygen pressure only. The other one is probably related to Ti defects and

independent of the growth condition. It is shown that low oxygen pressure is detrimen-

tal for the Ti - O bonding. The results are consistently explained by extrinsic electron

dopin g due to the formation of oxygen vacancies depending on growth condition.

[1] A. Ohtoms et al., Nature 427, 423 (2004).

[2] N. Reyren et al., Science 317, 1196 (2007).

Cooperation: 1Helmholtz - Zentrum Berlin
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Research Area 2
Magnetism and magnetic materials

Cobalt-carbon complexes with magnetic anisotropies larger than 0.2 eV
Ruijuan Xiao, M. D. Kuz’min, K. Koepernik, M.Richter

We recently reported a density-functional study of the heteronuclear CoIr dimer adsor-

bed on benzene or graphene [1]. In either case, CoIr prefers an upright position above

the center of a carbon hexagon with the Co atom next to it (Fig.). The Ir atom stays away

from the carbon ring and thus preserves its free-atom-like properties. This results in a

very large magnetic anisotropy of more than 0.2 eV per dimer. So high a value might suf-

fice for long-term data storage at the temperature of liquid nitrogen, using one single

magnetic molecule for each bit. In comparison with our earlier prediction for homonu-

clear Co dimers [2], the lower estimate for the magnetic anisotropy becomes five times

higher by replacing one Co atom by Ir [1].

[1] Ruijuan Xiao at al., Appl. Phys. Lett. 97 (2010) 232501.

[2] Ruijuan Xiao et al., Phys. Rev. Lett. 103, (2009) 187201.

Precise determination of the weak interchain interaction of frustrated
ferromagnetic spin-chain compounds by saturation field measurements 
W.E.A. Lorenz, S. Nishimoto, S.-L. Drechsler, R.O. Kuzian, J. van den Brink and 

B. Büchner

We have studied the influence of interchain couplings onto the saturation field for a class

of frustrated quasi-one-dimensional S= 1⁄2 magnets [1]. The materials under consider-

ation are characterized by a ferromagnetic (fm) interaction J1 between nearest neigh-

bors in the chain, which is frustrated by a next-nearest neighbor antiferromagnetic (afm)

interaction α|J1|. These dominant interactions are accessible by a number of methods,

including L(S)DA calculations and fits to χ(T) data. However, knowledge about the

weak interchain couplings (ICC) which eventually determine the magnetic ground state

is often missing. 

One of the generic aspects of fm-afm frustrated magnets is attractive interaction between

magnons due to the fm in-chain interaction, which gives rise to a rich phase diagram in

near saturation magnetic fields. Employing spin-wave theory (SWT) as well as DMRG on

interacting spin-chains we have shown that even weak ICC are decisive for the value of

the saturation field Hsat. Moreover, for β2 = |ICC/J1| larger than a critical value βc we find

that Hsat is exactly independent of the strong in-chain interactions. This situation is

given e.g. in the representative material Li2CuO2, such that Hsat constitutes a precise

measure of the ICC. Indeed, the value determined by our pulsed field magnetization

measurements is in excellent agreement to results of inelastic neutron scattering

studies [2]. Moreover, we succeeded to show that even if β2 < βc, Hsat depends only

weakly on the frustrated in-chain interactions. In conclusion, we propose a new, efficient

and precise measurement of the ICC in such materials being of current interest.

[1] S. Nishimoto et al., arXiv:1004.3300v2 (2010).

[2] W.E.A. Lorenz et al., Europhys. Lett. 88, 37002 (2009).

Cooperation: Univ. Magdeburg, FZ-Dresden-Rossendorf, Univ. of Heidelberg

Funding: DFG, PICS program and EuroMagNET

Fig.: The dimer adsorption energy (Ead) and the 
metal-metal and metal-carbon bond lengths in Å 
for the ground-state geometry and spin (S) state of
the CoIrC6H6 complex. The hexagon indicates the
benzene ring.

Fig.: (a) Magnetization M(H) for field along the hard
b-axis for Li2CuO2. The saturation field is obtained
from the high field anomaly in ∂M /∂H. 
(b) In-chain exchange contribution to the saturation
field hs = Hsat/|J1| from SWT vs. main interchain 
coupling β2 for various frustration ratios α and a 
diagonal exchange interchain coupling scheme. Dots
represent the transition to magnon bound state for
lower β2. The shade region marks predominant in -
fluence of β2 on hs. For Li2CuO2, β2 /βc ≈ 1.1 >1 
and hs = hs(β2).
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Heat conductivity of the spin-Peierls compounds TiOCl and TiOBr
N. Hlubek, M. Sing1, S. Glawion1, R. Claessen1, S. van Smaalen2, 

P. H. M. van Loosdrecht3, B. Büchner, and C. Hess

We have studied the heat conductivity κ of the S = 1⁄2 spin chain compounds TiOBr and

TiOCl for temperatures 5 K < T < 300 K and magnetic fields up to 14 T [1]. These compounds

are considered as good realizations of S = 1⁄2 spin chains with rather high magnetic

exchang e coupling J(Cl) ≈ 676 K and J(Br) ≈ 375 K. The compounds undergo two phase

transitions Tc1 and Tc2, where the lower one, at Tc1, leads to a nonmagnetic dimerized

state which is accompanied by a doubling of the unit cell. These features thus render the

Ti oxyhalides the second (besides CuGeO3) type of inorganic compounds which undergoes

a spin-Peierls transition. In the intermediate regime between Tc1 and Tc2 an incommen-

surate superstructure is present, and above Tc2 the system is in a pseudo-spin-gap

regime up to a characteristic temperature T*. Surprisingly, we find no evidence of a

significan t magnetic contribution to κ, which is in stark contrast to recent findings in

spin chain cuprates. Despite this unexpected result, the thus predominantly phononic

heat conductivity of these spin-Peierls compounds exhibits a very unusual behavior (see

Fig. for the case of TiOBr). In particular, we observe strong anomalies at the phase tran-

sitions Tc1 and Tc2, and an overall but anisotropic suppression of κ in the intermediate

phase which extends even to temperatures higher than Tc2. An external magnetic field

causes a slight downshift of the transition at Tc1 and enhances the suppression of κ up

to Tc2. Our findings provide strong evidence for significant spin-phonon coupling and

phonon scattering arising from spin-driven lattice distortions.

[1] N. Hlubek et al., Phys. Rev. B 81, 144428 (2010)

Cooperation: Experimentelle Physik 4, Universität Würzburg, 97074 Würzburg, 

Germany; Laboratory of Crystallography, Universität Bayreuth, 95440 Bayreuth, 

Germany; Zernike Institute for Advanced Materials, University of Groningen, 

9747 AG Groningen, The Netherlands

Funding: DFG, European Commission (NOVMAG project, Grant No. FP6-032980)

Oxygen superstructure and electric polarization in multiferroic YMn2O5

J. Geck, S. Partzsch, H. E. Hamann-Borrero, J. P. Hill, G. A. Sawatzky, E. Schierle, 

D. Souptel, H. Wadati, E. Weschke, S. Wilkins, and B. Büchner

The discovery of transition metal oxides (TMOs) with strongly coupled magnetic and fer-

roelectric properties was greeted with excitement, because these multiferroics have

prospects for novel technological applications. For basic research, however, the complex

microscopic mechanisms that actually cause this multiferroicity are a major challenge.

Prevalent in the current discussion are ionic displacements that optimize the superex-

change energy of the magnetic system. But in contrast to this ionic description, corre-

lated TMOs are notorious for their complexity which involves not only lattice and spins

but also charges, orbitals and strong covalency. This raises the question whether ionic

models are sufficient to capture the main mechanisms of multiferroicity in the TMOs. 

To address this question for YMn2O5, we performed state-of-the-art resonant soft x-ray

diffraction experiments at the HZB in Berlin and the NSLS in Brookhaven. YMn2O5 dis-

plays a sequence of antiferromagnetic ordering transitions upon cooling, which goes

from incommensurate (IC) over commensurate (C) to low-temperature incommensurate

(LTIC). Interestingly, the corresponding magnetic superlattice reflections were ob-

served not only at the Mn L23-edge, where the magnetic sensitivity is large. We also

detecte d a surprisingly high intensity at the O K-edge. This observation is direct proof

of a spatial modulation of the oxygen valence states, which tracks the periodicity of

Fig.: Thermal conductivity along the b-axis (κb) of
TiOBr as a function of temperature T with and with-
out an applied magnetic field of 14 T along the chain
direction. Inset (a) illustrates the shift of Tc1 = 28 K 
towards lower temperatures in the presence of a mag-
netic field. Inset (b) shows the decreasing influence of
the magnetic field on κb in the intermediate regime,
i.e. Tc1 ≤ T≤ Tc2 = 48 K. Figure taken from [1].
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the magnetic order. Most importantly, the temperature dependence of the O K-inten-

sity (Fig. (a)) closely follows the macroscopic electric polarization [1]. These results

revea l an electronic contribution to the electric polarization, imply that the Mn-O

hybridizati on plays a central role for the multiferroicity (Fig. (b)) and provide stringent

constraints for theoretical models.

[1] Y. Nada, J. of the Korean Phys. Soc. 42 (2003) 1192

Cooperation: Helmholtz-Zentrum Berlin für Materialien und Energie, Germany; Brook -

haven National Lab., USA; Univ. of Tokyo, Japan; Univ. of British Columbia, Canada 

Funding: DFG (Emmy-Noether program)

Modulated Martensite: Why it forms and why it deforms easily
S. Kaufmann R. Niemann, T. Thersleff, U. K. Rößler, O. Heczko, J. Buschbeck, 

B. Holzapfel, L. Schultz and S. Fähler

Diffusionless phase transitions are at the core of the multifunctionality of (magnetic)

shape memory alloys, ferroelectrics and multiferroics. Giant strain effects under exter-

nal fields are obtained in low symmetric modulated martensitic phases. We outline the

origin of modulated phases, their connection with tetragonal martensite and conse-

quences for their functional properties by analysing the martensitic microstructure of

epitaxial Ni-Mn-Ga films from the atomic to macroscale.

Geometrical constraints at an austenite-martensite phase boundary act down to the

atomic scale. Hence a martensitic microstructure of nanotwinned tetragonal martensite

can form as an adaptive martensite. Coarsening of twin variants can reduce twin bound-

ary energy, a process we could follow from the atomic to the millimetre scale. Coarsen-

ing is a fractal process, proceeding in discrete steps by doubling twin periodicity. The col-

lective defect energy results in a substantial hysteresis, which allows retaining modulated

martensite as a metastable phase at room temperature. In this metastable state elas-

tic energy is released by the formatio n of a ‘twins within twins’ microstructure which can

be observed from the nanometre to millimetre scale. This hierarchical twinning results

in mesoscopic twin boundaries which are diffuse, in contrast to the common atomical-

ly sharp twin boundaries of tetragonal martensite. We suggest that observed extraor-

dinarily high mobility of such mesoscopic twin boundaries originates from their diffuse

nature which renders pinning by atomistic point defects ineffective. 

Cooperation: Institute of Physics Praha, Czech Rep.

Funding: SPP 1239 

Fig.: (a) Temperature dependence of the oxygen su-
perstructure in YMn2O5. (b) LSDA+U charge density.
Mn1 and Mn2 are octahedral and pyramidal sites,
respectively. Local spins are indicated by red and
black arrows. The charge density and spin density
(not shown) on oxygen depends on the relative 
orientation of Mn1 and Mn2 spins. The spin de-
pendent hybridization yields a broken inversion 
symmetry, i.e., a electric dipole moment.

Fig.: Paper model illustrating the incompatibility at a
mesoscopic twin boundary formed in modulated
martensite. Instead of the gap visible in this simplified
model, a diffuse mesoscopic twin boundary forms,
exhibiting high mobility.
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Peculiar high-field quantum magnetism in the frustrated 
s = 1⁄ 2 spin chain cuprate linarite
A. U. B. Wolter, M. Schäpers, S.-L. Drechsler, S. Nishimoto, F. Lipps, V. Kataev, 

B. Büchner

One current interesting direction in the field of one-dimensional (1D) quantum mag -

netism concerns highly fascinating magnetic field-induced phases. Here, one relevant

example is presented by frustrated s = 1⁄2 chains with ferromagnetic nearest-neighbor

(J1) and antiferromagnetic next-nearest-neighbor (J2) interactions, where it has recent-

ly been shown that the ground state of the 1D Hamiltonian has an instability towards

field-induced multipolar Tomonaga-Luttinger-liquid (TLL) phases. In this context, the

natural mineral linarite PbCuSO4(OH)2 has been proposed to represent such a frus-

trated quasi-1D magnet with J1 = -30 K and J2 = 15 K along the chain [1], giving rise

to pronounced frustration effects as well as to possible field-induced multipolar TLL

phases . 

In order to shed light on the magnetic phase diagram of linarite, we started a combined

experimental and theoretical analysis in external fields up to saturation. It includes mag-

netization, ESR and NMR studies as well as theoretical simulations using the DMRG

technique for quasi-1D isotropic spin models and a corresponding analysis within the

L(S)DA+U approach. As a result we arrive at new values for these exchange interactions,

which are surprisingly significantly higher as determined previously [1]. Furthermore,

a manifold of field-induced phases are probed in the magnetization measurements, from

which we draw a preliminary phase diagram. Notably, a qualitative different dependence

of 1/T1(T) in fields below and above 6.5 T and at T > TN seems to be an intriguing feature,

whose origin is not clear yet, but which might be related to a magnetic multipolar spin

liquid phase transition as recently predicted [2].

[1] M. Baran, et al., phys. stat. sol. (c) 3, 220 (2006).

[2] M. Sato, T. Momoi, A. Furusaki, Phys. Rev. B 79, 060406(R) (2009).

Cooperation: Forschungszentrum Dresden-Rossendorf; MPI Chemische Physik fester
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Quantitative interpretation of flux lines arrangement in Fe-pnictides
H. Stopfel, T. Shapoval, V. Neu, U. Wolff, S. Haindl, J. Engelmann, B. Holzapfel, 

D. S. Inosov, J. T. Park, D. L. Sun, C. T. Lin, V. Hinkov, and L. Schultz

In superconducting non-ideal single crystals the distribution of magnetic flux quanta

is affected by existing defects. This interplay between repulsive vortex-vortex inter -

action and attractive pinning results in a strongly disordered vortex arrangement. Visu-

alization of flux lines with low temperature magnetic force microscopy (LT-MFM) followed

by the quantitative analysis of data offers direct insight into pinning on a local scale.

We have performed a quantitative analysis of MFM images of a single crystalline

BaFe2-xCoxAs2 sample. In the whole range of magnetic fields up to 9 T, vortex pinning

precludes the formation of an ordered Abrikosov lattice. Instead, a vitreous vortex

phase with a short-range hexagonal order is observed. Statistical processing of MFM

data allows us to directly measure its radial and angular distribution functions and to ex-

tract the radial correlation length. In contrast to predictions of the collective pinning

model, no increase in the correlated volume with the applied field is observed when

compar ed with different experimental methods. This suggests that the vortices remain

in the single-vortex pinning limit [1].

Fig.: (a) Low temperature magnetic susceptibility of
PbCuSO4(OH)2 for different external magnetic fields
between 0.5 - 7 T applied || b (Cu chain direction). 
(b) Preliminary phase diagram of linarite for H || b as
obtained from susceptibility (grey squares) and mag -
netization experiments (red and black/white circles).
Phase I and III are devoted to an antiferromagnetic
downturn in the susceptibility at low temperatures,
while Phase II shows a ferri-/ferromagnetic upturn in χ. 
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a) MFM: H = -3 mT        T = 7.8 K b) Angular distribution function

Other activities of the MFM group cover investigations of domains in complex magnetic

multilayers ([Co/Pt]/Ru [2], Co/CoO [3]), visualization of the phase separation in

Ba1-xKxFe2As2 superconductors [4] and vortex pinning in NbN thin films as well as the

quantitative interpretation of magnetic force microscopy measurements [5]. 

[1] D.S. Inosov et al. PRB 81 (2010) 014513 

[2] C. Bran et. al., PRB 79 (2009) 24430

[3] S.Y. Suck et. al., APL 95 (2009) 162503

[4] J.T. Park et. al., PRL 102 (2009) 117006

[5] S. Vock et. al., APL 97 (2010) 252505

Cooperation: MPI for Solid State Research, Stuttgart, Germany; San Jose Research

Center, Hitachi Global Storage Technologies, San Jose, USA; Institut Néel, Grenoble,

France

Crystal growth of the intermetallic compounds Pr2PdSi3 and Nd2PdSi3

Y. Xu, W. Löser, F. Tang, M. Frontzek, C.G. F. Blum, L. Liu, G. Behr, S. Wurmehl, 

B. Büchner

Single crystals of R2PdSi3 intermetallic compounds with the light rare earths R = Pr and

Nd were grown by a vertical floating zone method with radiation heating at a zone trav-

elling rate of 3mm/h. Both compounds exhibit congruent melting behaviour at 1790°C

(Nd2PdSi3) and 1770°C (Pr2PdSi3), respectively. Similar to other R2PdSi3 compounds the

actual crystal compositions are slightly Pd-depleted compared to the nominal stoi-

chiometry. Therefore, the gradual accumulation of Pd in the travelling zone led to a

decreas e of the operating temperature during the growth process, which was controlled

by in situ measurements with a two-colour pyrometer using a unique stroboscopic

method. Single crystalline Pr2PdSi3 samples exhibit a huge anisotropy due to the crys-

tal electric field effect and order antiferromagnetically below the Néel temperature

TN = 2.17 K [1]. The [1 1 0] orientation was identified as the magnetic easy axis at room

temperature. At lower temperature (≈ 20 K) magnetic easy and hard axes interchange

with each other. Two additional magnetic phase transitions are observed at temperatures

below 1K (Fig.). By contrast, Nd2PdSi3 is the only compound in this class of inter-

metallics, which exhibits ferromagnetic order below the Curie temperature TC = 15.1 K [2].

The [001] orientation was identified as the magnetic easy axis.

[1] Y. Xu et al., J. Crystal Growth 312 (2010) 1992–1996.

[2] Y. Xu, et al., Cryst. Res. & Technol., 46 (2011) 135–139

Cooperation: NPU Xian, TU Dresden, TIRF Mumbai, ORNL

Funding: China Scholarship Council

Fig. 1: a) Magnetic force microscopy image of a 
single crystalline BaFe2xCoxAs2 sample: red dots
from monopole fitting, b) the angular distribution
reveals the hexagonal coordination of the lattice, 
as indicated by the pronounced peak located at 60°
followed by a dip at 90°. This lets us conclude that
the vortex glass phase can be considered as a highly
disordered triangular lattice.

Fig.: Magnetic susceptibility χvs. T for the low tem-
perature range. The curves represent the [0 0 1]
(left axis) and the [1 1 0] (right axis) direction, 
respectively. The Néel temperature, TN = 2.17 K, 
and two additional transitions at 0.25 and 0.62 K
are marked by arrows.
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Metamagnetic transition in a novel class of synthetic metamagnets
N. S. Kiselev, C. Bran, U. Wolff, L. Schultz, A. N. Bogdanov, O. Hellwig, V. Neu,

U. K. Rößler

Ferromagnetic (FM) multilayers with antiferromagnetic (AF) interlayer exchange coupling

are widely used in spin valves and various other spin-electronics devices, and they are

considered as promising materials for thermally stable high-density recording technolo-

gies. Antiferromagnetically coupled multilayers with strong perpendicular anisotropy

([Co/Pt]/Ru, [Co/Pt]/Ir and others) represent a novel and intensively investigated

class of synthetic metamagnets. The magnetization processes in such multilayers strong-

ly depend on the type of the ground state: FM stripe domain state or AF single domain

state. We have experimentally investigated {[Co(4 Å)/Pt(7 Å)]X-1/Co(4 Å)/Ru(9 Å)}N

multilaye rs with AF single domain ground state. We have also provided theoretical de-

scription for the magnetic-field-driven evolution of the metamagnetic domains appear-

ing during the magnetization processes. Direct in-field observation of multidomain

states confirms the theoretical description of this evolution. Our theoretical approach

based on the phenomenological theory of magnetic domains allows one to understand

the experimentally observed magnetization processes in [Co/Pt]/Ru superlattices as well

as to derive the equilibrium parameters of metamagnetic stripe and bubble domains and

to calculate magnetic phase diagrams. These diagrams for the field-driven equilibrium

states can also provide the basis for future investigations of the hysteretic processes

induce d by coercivity and the dynamics at the various magnetic phase transitions in these

multilayer systems.

[1] N. S. Kiselev et al. Phys. Rev. B 81, 054409 (2010).

Cooperation: Hitachi Global Storage Technologies, San Jose Research Center, USA

Funding: DFG (SPP1239, A8)

Fig.: Left: domain images of [{[Co(4 Å)/Pt(7 Å)]X-1/Co(4 Å)/Ru(9 Å)}N multilayers with X=8 and
N=18 measured by MFM in a magnetic field. Right: theoretical phase diagram and schematic
representati on of two types of isolated stripe and bubble domains about the saturation field (A)
and in remanence (B). A set of points from (a) to ( j ) on the phase diagram corresponds to the
successi on of MFM images. Shaded areas indicate the regions for equilibrium states: AF single
doma in state (gray), metamagnetic regular domains (blue) and FM saturated (pink). Within the
equilibrium states isolated ferromagnetic stripes and bubble domains can exist as metastable
structur es (see MFM images (e) and ( j )). Isolated stripe of type B can exist everywhere in the AF
single domain state.
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Local formation of a Heusler structure in CoFe-Al alloys in 
CPP-GMR spin valves
S. Wurmehl, P. J. Jacobs2, J. T. Kohlhepp2, H. J.M. Swagten2, B. Koopmans2, 

S. Maat3, M. J. Carey3, and J. R. Childress3

The magnetotransport properties of current-perpendicular-to-the plane giant mag -

netoresistance (CPP-GMR) devices consisting of ferromagnetic Co-Fe alloys have re -

cently been shown to be significantly improved by addition of up to 28% Al [1]. In

order to further optimize CoFe-Al spin-valves, it is important to understand the impact

of the Al alloying on the local and electronic structure. Nuclear magnetic resonance

(NMR) is able to reveal the next neighbouring shells of the 59Co nuclei in the Co-Fe-Al

magnetic films. Its sensitivity to small changes in the local (magnetic and electronic)

environmen t makes NMR an ideal method to determine the local modifications upon

additio n of Al to the Co-Fe alloy. In our present NMR study, we demonstrate the local

formatio n of a Heusler-like structure by addition of Al to the Co-Fe alloy in CPP-GMR

multilayer s. The observed local formation of a highly spin-polarized Heusler compound

may be correlated to the observed enhancement of the GMR effect [2].

[1] S. Maat et al. J. Appl. Phys. 101, 093905 (2007).

[2] S. Wurmehl et al. Appl. Phys. Lett. 98, 012506 (2011).
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Electrodeposition in high gradient magnetic fields
K. Tschulik, M. Uhlemann, J. Koza, R. Süptitz, K. Hennig, A. Gebert

Patterned metal deposits of Cu, Fe, Co and CoFe alloys were obtained from aqueous

electrolyte s in superimposed high magnetic gradient fields using arrays of magnetized

iron wires. Structuring showed a strong correlation to the magnetic gradient field and

to the ion concentration. It was observed that with increasing metal ion concentration

the structuring effect decreases despite the increasing paramagnetic properties of the

electrolyte. An explanation of this effect is based on local convection induced by the mag-

netic field gradient force which is dependent on the concentration gradient established

during the deposition. Superimposed effects of Lorentz force driven convection were

observe d only for high Cu2+-ion concentrations decreasing the patterning effect. The

Lorentz force caused a smearing of the pattern (Fig. b). Numerical simulations (in co -

operation with the TU Dresden) prove that the major influence is due to the action of

the magnetic field gradient force and that the action of the Lorentz force would not

reproduc e the deposit structure. A model based on the impact of the gradient force and

the necessity of a concentration gradient was developed, showing the induced convec-

tive phenomena in the vicinity of the electrode (Fig. c). The gradient force generates a

jet flow normal to the electrode increasing the mass transfer to the electrode, whereas

the Lorentz force leads to an electrode-parallel azimuthal flow. This model was

qualitativel y confirmed by first velocity measurements performed in cooperation with

the Bundeswehr University Munich. 

Cooperation: TU Dresden, FZ Dresden-Rossendorf, Univ. der Bundeswehr München

Funding: DFG / SFB 609, Studienstiftung des deutschen Volkes 

Fig.: Cu deposition from (a) 0.01 M CuSO4 and (b)

0.3 M CuSO4, (c) numeric simulation of the velocity
field over a single dot
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The fate of high-field exotic multipolar quantum phases in 
quasi-1D frustrated spin-chain compounds 
S. Nishimoto, S.-L. Drechsler, R. O. Kuzian, and J. van den Brink 

We have studied theoretically the influence of various realistic antiferromagnetic (AFM)

interchain couplings (ICC) onto the phase diagrams at T=0 and high magnetic fields near

the saturation field Hs for strongly frustrated quasi-one-dimensional s = 1⁄2 magnets

with ferromagnetic (FM) nearest neighbor (NN) and AFM next-nearest neighbors (NNN)-

inchain couplings J1 and J2, respectively, applying such powerful tools as the DMRG and

the Green’s function hard-core boson techniques [1]. As a main result (see Fig., [2]) we

found that even a relatively weak AFM ICC may remove exotic multipolar phases derived

from multi-magnon bound states (MBS) as suggested recently by studies of correspon-

ding 1D models [3]. The reason for this remarkable behavior is the additional repulsion

for single magnons provided by the AFM ICC. Among the considered well-known edge-

shared chain cuprates, only LiVCuO4 seems to be a promising candidate for a quadru -

polar (nematic) phase deri-ved from 2-MBS. Even more exotic octupolar (derived from

3-MBS) or hexadecapolar (4-MBS) phases, located closer to the 1D critical point between

a FM and a helical ground state, in principle possible for such systems as LiZrCuO4, are

killed by a  tiny ICC with a strength < 1% (in units of |J1|). To summarize, our exact

calculation s provide an important step to the understanding of real quasi-1D and 3D

strongly frustrated cuprates modelled here within spin isotropic models and arbitrarily

strong ICC. For a final assignment the account of weak spin anisotropy, FM ICC, and

finite T are necessary.

[1] R. Kuzian and S.-L. Drechsler, Phys. Rev. B 75, 024401 (2007)

[2] S. Nishimoto et al., arXiv:1005.5500v2.  (2010) 

[3] R. Kecke et al. , Phys. Rev. B 76, 060407 (2007)
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Fig.: Upper (a-c): Dimensionless saturation field hs

(in units of |J1|) vs. ICC; lower: critical ICC for the
3D case with perpendicular ICC jic = NicJic /| J1| vs.
inchain frustration α = J2/|J1|. N ic = 4 is the number
of NN interchain neighbors. The phase boundaries
are constructed from the ‘kinks’ in the hs-plots like
in (a-c). The contour lines in (d) show the values of
hs for a 3D square lattice of chains. The 2D case
with Nic = 2 is shown in (d,e) (dotted lines).
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Fe70Pd30 nanowires by pulsed electrodeposition
V. Hähnel, S. Neitsch, C. Mickel, S. Fähler, H. Schlörb, L. Schultz

Fe70Pd30 alloys are of particular interest for micro- and nanoactuators and sensors as they

show both the thermal and magnetic shape memory effects. Besides thin films nanowires

are expected to be beneficial for highest maximum strains and actuation frequencies.

Nanowires can be most efficiently grown by electrodeposition within nanoporous tem-

plates. 

A highly stable plating bath for the electrodeposition of Fe-Pd nanowires into nanoporous

alumina templates has been developed [1]. By using an ammonia-sulfosalicylic com-

plexed solution and exchanging Fe2+ by Fe3+ the chemical reduction of Pd and, therefore,

undesirable deposition can be avoided. A pulse potential mode was shown to avoid ma-

jor inhomogeneities caused by strong hydrogen evolution. Whereas the nanowire

compositio n is mainly determined by the first pulse (deposition) potential, the second

pulse (“off”) potential E2 was identified to be the key parameter for continuous defect-

free nanowires. The adjustment of the “off” potential to more positive values does not

change the nanocrystalline bcc Fe75Pd25 structure of the as-deposited alloy but avoids

local composition variations such as Pd rich areas, constrictions, short wire fragments

and partially empty pores. The magnetic behaviour is dominated by shape anisotropy

along the axis of the nanowires but the reduced number of defects increases magneto-

static interactions between neighbouring nanowires [2].

[1] V. Haehnel et al. Electrochem. Commun. 12 (2010) 1116.

[2] V. Haehnel et al. J. Phys. Chem. C 114 (2010) 19278.

Funding: DFG

Spin state evolution of strained La1−xSrxCoO3 thin films
T. Kroll, G. Vanko’ 1, A. D. Rata, J. Geck, S. Huotari2, M. Knupfer, B. Büchner

The perovskite cobaltates La1−xSrxCoO3 (LSCO) have attracted considerable attention in

the last decade due to several puzzling phase transitions induced by changes in tem -

perature doping and hydrostatic pressure. Most of these phase transitions seem to be

strongly related to the spin state degree of freedom of Co3+ and Co4+ ions.

At low temperatures, the parent compound LaCoO3 (LCO) is a nonmagnetic insulator

with a low-spin configuration. However, for T > 90K higher spin states become popu -

 lated; a phenomenon whose nature is still under debate. The latest available experimen-

tal and theoretical results are rather contradictory, suggesting either an additional

high-spin or an intermediate-spin state contribution of the Co 3d electrons at higher

temperatures. 

We investigated hole doped LSCO films epitaxially grown under compressive (LaAlO3 sub-

strate) and tensile (SrTiO3) strain in a wide doping range. The local electronic structure

of Co and the macroscopic magnetic properties are studied employing x-ray emission

spectroscopy at the Co Kβ line together with SQUID measurements, respectively. We find

a dependence of the local magnetic moment on three factors: epitaxial strain, doping

and temperature. While compressed LSCO thin films behave similar to bulk samples, clear

differences have been observed when applying tensile strain. We conclude that the

itineran t double exchange picture generally assumed for bulk LSCO, still builds the

basi s of the electronic structure of the films. The metal–insulator transition observed for

different strains at 30% hole doping, is explained by a narrowing of the conduction band

due to the lattice distortions.

Cooperation: 1KFKI Research Institute for Particle and Nuclear Physics, Budapest;
2European Synchrotron Radiation Facility, Grenoble 

Funding: DFG, EU, OTKA

Fig.: Summary of the temperature dependent spin
values for all films. A clear temperature dependence
is observable for the compressed and undoped
LCO/LAO sample only (LAO – LaAlO3, 
STO – SrTiO3).

Fig.: Top: Cross sectional HR-SEM micrographs
showing the continuity and length of the nanowires
and the defect-free microstructure. 
Bottom: Magnetization curves of Fe-Pd nanowire 
arrays in alumina template deposited at optimized E2.
Measurements are shown for both field directions,
along and perpendicular to the wire axis. 
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Magnetic Materials in Sustainable Energy 
O. Gutfleisch, T. Woodcock, J. Thielsch, K. Güth, K. Skokov, M. Krautz, J. Moore, M. Mohr,

J. Liu, K. Löwe, M. Richter, R. Schäfer, D. Lindackers, K.-H. Müller, L. Schultz

A new energy paradigm, consisting of greater reliance on renewable energy sources and

increased concern for energy efficiency in the total energy lifecycle, has accelerated

resear ch in energy-related technologies. Due to their ubiquity, magnetic materials play

an important role in improving the efficiency and performance of devices in electric

powe r generation, conversion and transportation. Magnetic materials are essential

components of energy applications (i.e. motors, generators, transformers, actuators,

etc.) and improvements in magnetic materials will have significant impact in this area,

on par with many “hot” energy materials efforts (e.g. hydrogen storage, batteries,

thermoelectric s, etc.).

Our work focuses on the state-of-the-art hard magnets and magnetocaloric materials

with an emphasis on their optimization for energy applications. Specifically, the impact

of hard magnets on electric motor and transportation technologies, of soft magnetic

material s on electricity generation and conversion technologies, and of magnetocaloric

materials for refrigeration technologies, is analysed. 

The synthesis, characterization, and property evaluation of the materials, with an

emphasi s on structure-property relationships, is examined in the context of their respec-

tive markets as well as their potential impact on energy efficiency. 

Finally, considering future bottle-necks in raw materials and in the supply chain, options

for recycling of rare-earth metals are being developed.

Ref.: O. Gutfleisch et al. Magnetic Materials and Devices for the 21st Century: Stronger,

Lighter, and More Energy Efficient (review), Adv. Materials, DOI: 10.1002/ad-

ma.201002180.

Cooperation: CNRS Grenoble, France; Toyota Motor Corporation, Japan; Tohoku Univ.

Sendai, Japan; Univ. of Texas, USA; Vacuumschmelze GmbH, D; Nat. Institute of 

Materials Science, Tsukuba, Japan; Imperial College London, UK; Istituto Nazionale 

di Ricerca Metrologica Torino, I; Univ. de Barcelona, E; Ames National Labs, USA; 

Univ. de Zaragoza, E; Cambridge Ltd., UK

Funding: Toyota, Hans L. Merkle Stiftung, Bosch, Aichi-Steel, Forschungsvereinigung

Antriebstechnik (FVA), EU (Solid State Energy Efficient Cooling - SSEEC), Pakt 2010

Fig.: Multiscale characterization of sintered NdFeB
commercial magnets: (a) Backscattered electron SEM
image showing the hard magnetic 2-14-1 matrix
grain well-separated by a thin Nd-rich intergranular
phase (white contrast), (b) EBSD image showing
quantitatively the local variation in orientation of the
different grains, (c) optical Kerr microscopy showing
the corresponding magnet ic domain structure of the
same area, (d) TEM image showing the amorphous
Nd-rich intergranul ar phase of about 1 nm thickness
(green box), (e) and (f) showing schematically and in
atomic resolution the 2-14-1 matrix phase.
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The impact of oxygen on the surface-near lattice structure 
in FeNi nanomagnets
B. Bieniek, D. Pohl, A. Hartmann, L. Schultz and B. Rellinghaus

As a consequence of the augmented impact of the surface free energy due to a largely

enhanced surface-to-volume ratio, binary metallic alloy nanoparticles frequently

experienc e a segregation of one of the alloy constituents toward the particle surface.

Such segregation phenomena were investigated in binary FeNi nanoparticles with close

to equi-atomic composition by means of a combination of aberration-corrected high

resolutio n transmission electron microscopy (HRTEM) and molecular dynamics (MD)

simulation s. It was also studied if and to which extend a (partial) oxidation of the par-

ticles affects the surface-near lattice structure. FeNi nanoparticles which are less noble

and thus more sensitive to oxidation than previously studied FePt particles were prepared

by means of inert gas condensation in order to provide clean, uncovered surfaces.

Transport of the particles under a protective atmosphere in a dedicated transfer holder

prevented the particles from oxidation prior to their examination and thus allowed for

a comparison of oxidized and un-oxidized particles. HRTEM investigations and local elec-

tron energy loss spectroscopy (EELS) show that segregation also occurs in FeNi particles.

Here, Fe is enriched at the surface which leads to the formation of a (Fe-rich) NiFe2O4

shell around a metallic core as soon as the particles are exposed to air (c.f. Fig.). The

surface-near lattice structure of the metal (or the metallic core), however, remains

largely unaffected by the oxidation. This in turn renders the surface-near lattice dilation

a fingerprint of segregational phenomena in alloy nanoparticles.

Fig.: Top: Aberration-corrected HRTEM image of the
interface between the NiFe2O4 oxide shell and the
metallic core (shaded in yellow) in an oxidized FeNi
nanoparticle in [100] zone axis orientatio n. 
Bottom: Model structure of the metal-oxide interface
as derived from the HRTEM analysis and supportive
EELS measurements.
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Research Area 3
Molecular nanostructures and molecular solids

Tailor-made carbon nanotubes by fixed bed CVD
M. Ritschel, A. Leonhardt, B. Büchner

Different application fields of carbon nanotubes (CNT) require nanotubes with defined

diameters, lengths, numbers of shells and this in large quantities. For example, only

single-walled (SW) CNTs are appropriate as membranes in the desalination of sea water.

For the embedding in polymers or metals multi-walled (MW) CNTs with a high aspect

ratio show the best results. The mechanical strength in composites will be improved

only by CNTs with a few numbers of shells. In contrast, MWCNTs with low defect density

and with a shell number not more than 20 show a high electrical conductivity. 

By using the so-called ”fixed bed CVD“ these tailor-made CNTs can be synthesized in de-

pendence on the loading of MgO powder with metals like Fe, Co, Mo and Cr. Within a BMBF

project we created special catalyst materials for SW-, double (DW)- and MWCNTs. Regard-

ing the reproducibility of the synthesis process and the yield of CNTs methane (for

SW/DW) and ethylene (for MW) are the most suitable hydrocarbons. Yields (related to

1 g assigned catalyst) of 1.4 g for SW, 12 g for DW and 17 g for few-walled CNT (till 7 shells)

could be achieved. For almost structurally perfect MWCNTs with an averaged diameter

of 12 ± 3  nm yields higher than 500 g (99  % purity) are possible. These enormous

difference s are caused by the strong dependence of the shell numbers on the catalyst

particle size on the support MgO. Our detailed investigations show that SW/DW- CNTs

are only formed till particle sizes < 2 nm, this corresponds to a loading of MgO with

max. 2 wt % metal (Fe, Co, Mo, Cr). Higher loading rates lead to larger particles and there-

fore to MWCNTs. All catalysts are usable in an industrial ”fluidised bed reactor“, where

CNTs were produced in the kg-scale/day.

Cooperation: Bayer MaterialScience AG, Fritz-Haber-Institut Berlin, 

Ruhr-Univ. Bochum. Univ. Erlangen-Nürnberg, TU Ilmenau

Funding: BMBF „InnoCNT“

Oxide graphitisation catalysts for carbon nanotubes and graphene
M. H. Rümmeli, A. Bachmatiuk, F. Börrnert, I. Ibrahim

For the most part, the synthesis of carbon nanotubes (CNT) and graphene revolves on

the use of 3d valence transition metals such as Fe, Ni and Co. More recently several groups

have grown CNTs from noble metals such as Au, Ag and Cu and poor metals, e.g. Pb, In.

However, metals are not best suited for microelectronics because they can diffuse

within chip reducing its lifetime. Moreover, in the case of graphene, the use of a metal

catalyst requires the graphene be transferred for device fabrication. This process can

damage the graphene and also leave impurities on it. Thus, the ability to form CNT and

graphene from materials compatible with Si technology is attractive. To this end we are

developing oxide catalyst systems carbon nanostructure formation. For example, we have

successfully shown the use of SiO2 as a graphitisation material for CNT & carbon fibre

formatio n [1] and graphene (see Fig.). The studies show SiO2 undergoes a carbothermal

reduction to SiC. We are also developing the use of non-reducible high dielectric con-

stant, k, catalysts, again for CNT and graphene [2]. Of particular interest are the use of

high K dielectrics such as magnesia, alumina and zirconia.

[1] A. Bachmatiuk et al. ACS Nano, 2009, 3, 4098-4104. 

[2] M.H. Rümmeliet al. ACS Nano 4, 4206 (2010)

Cooperation: Technical University Dresden and Oxford University

Funding: DFG RU 1540/11-1

Fig.: CNT-structures in dependence on the metal-
loading of MgO; a: SW- bundles (< 1 wt% metal); 
b: SW/DW-mixture (<1– 4 wt% metal); 
c: MW with 7 shells (3– 8 wt% metal); 
d: MW with 13 shells (~20 wt% metal)

Fig.: HRTEM micrograph of graphene section
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Synthesis of superparamagnetic nanoparticles dispersed in geometrically
perfect spherical shape carbon nanoballs
E. M. M. Ibrahim, S. Hampel, J. Thomas, A. U. B. Wolter, V. O. Khavrus, C. Täschner, 

A. Leonhardt, B. Büchner

The main challenge for producing superparamagnetic nanoparticles (with size lower than

the domain dimension) using chemical vapour deposition technique is avoiding the

particle s agglomeration due to Oswald ripening and sintering process. The use of radio

frequency (rf) plasma for pre-decomposition of ferrocene leads to electrostatic charg-

ing of the produced particles and therefore decreases the particle agglomeration.

Scanning and high resolution transmission electron microscopy investigations (Fig. a)

show that the synthesised material consists of carbon nanoballs with a geometrically per-

fect spherical shape and a nearly unique diameter of 70±2nm. Fig 1b shows the detailed

morphological structure of an individual nanoball, the metal (Fe) nanoparticles appear

as dark spots embedded in the carbon nanoballs. Their size is about 5-10 nm with a quite

narrow size distribution. Both the X-ray diffraction and electron energy loss spec-

troscopy analyses indicate that the embedded nanoparticles are composed of either Fe3O4

or γ-Fe2O3 or a mixture of them. Magnetic measurements performed using VSM-SQUID

magnetometry show that the synthesised samples have superparamagnetic properties

with a saturation magnetization of 35,6 emu/g and a blocking temperature of 50 K

(Fig. c, d). Furthermor e, the nanoballs are highly dispersible in different solvents

(Ethanol, water and acetone) which makes them promising for different applications.

Cooperation: Department of Urology, TU Dresden

Funding: DFG

Spin-polarized semiconductor induced by magnetic impurities in graphene
M. Daghofer, N. Zheng1, A. Moreo2,3

This year’s Nobel prize was awarded for groundbreaking experiments on graphene, the

two-dimensional sheet of carbon atoms that is attractive for two different reasons: First,

its electronic states are like massless Dirac Fermions, which leads to effects that are

interestin g from fundamental and theoretical points of view. Second, its high carrier

mobilit y in combination with its thinness and flexibility makes it interesting for appli-

cations. In order to be applicable as a semi-conductor, a gap needs to be opened in the

electronic states.  

In Ref. [1], we studied theoretically how impurities adsorbed on graphene affect the

electroni c states, using analytical approximations as well as unbiased Monte-Carlo

simulation s. We found that for magnetic impurities, the mobile conduction electrons

induc e antiferromagnetic order, which in turn opens a gap. Such an effect is far more

difficul t to achieve with non-magnetic impurities. Furthermore, we found that if one

could somehow make the impurities sit on only one sublattice, the conduction electrons

would become spin polarized. When the gap is opened, the Dirac Fermions are no longer

massless, but the impurities do not localize the electrons and their mobility is expect-

ed to remain very high. 

[1] M. Daghofer et al. Phys. Rev. B 82, 121405(R) (2010)

Cooperation: 1College of William and Mary (VA, USA); 2University of Tennessee at

Knoxville (TN, USA); 3Oak Ridge National Laboratory (TN, USA)

Funding: DFG, NSF, DOE

Fig.: Snapshot of the Monte-Carlo simulation. The
arrows denote the spins of the magnetic impurities,
one sees that they order antiferromagnetically. 

(a) (b)

NPc-shells

Fig.: (a) SEM image of the synthesised particles. 
The inset shows HRTEM image for one nanoball. 
(b) HRTEM image at higher magnification showing
the morphology of one nanoball surface. (c) and (d)

M vs. H at room temperature and M vs. T at 100 Oe
respectively, for the nanoballs.
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Fig.: Left: Schematic representation of the molecular
structure of picene. Middle: Valence band photo -
emission data representing the occupied density of
states. Right: C1s excitation data of solid picene
representing the unoccupied density of states 
measured using EELS. In the case of the C1s com-
parison the theoretical data have been shifted such
that the first peaks coincide.

Electronic properties of molecular solids: the peculiar case of solid picene
F. Roth, M. Grobosch, B. Mahns, B. Büchner and M. Knupfer

Superconductivity is one of the most fascinating physical phenomena in solid state

physics. The search for new superconducting materials is motivated by applications as

well as fundamental science. Recently, a new organic superconductor, K-intercalated

picene with high transition temperatures Tc (up to 18 K) has been discovered. This

represent s a major breakthrough as it has the second highest Tc of organic solids only

below the one of alkali metal intercalated fullerenes. Designing new molecular solids

with higher Tc or tailored electronic response requires a detailed microscopic understand-

ing of the electronic states.

We conducted a comprehensive investigation of the electronic properties of solid picene

using state-of-the-art experimental tools and first-principles manybody calculations. Our

results provide a detailed analysis of the occupied and empty states, highlighting the

presence of four flat quasi-degenerate conduction bands that give rise to a high densi-

ty of states around the Fermi level in the n-doped compound, help to reduce the impact

of electronic correlations, and are hence responsible for the superconductivity. Moreover,

the measured spectral properties can only be accounted for once the anisotropy of the

structure, local-field corrections and electronic correlations are considered. For details

see: F. Roth et al., New J. Phys. 12, 103036 (2010).

Cooperation: Nano-Bio Spectroscopy group and ETSF Scientific Development Centre,

Universidad del Pais Vasco, San Sebastian, Spain

Funding: DFG

Magnetostructural correlations in polynuclear nickel(II) amino-
thiophenolate complexes
Y. Krupskaya, A. Alfonsov, A. Parameswaran, V. Kataev, R. Klingeler, G. Steinfeld1, 

N. Beyer1, M. Gressenbuch1, B. Kersting1, B. Büchner

The nickel(II) ion is a very promising building block for the realization of a single

molecu lar magnet (SMM), because it has an integer spin (3d 8, SNi = 1) and often exhibits

a significant single ion anisotropy. Therefore, Ni(II) is increasingly used for the syn -

thesis of molecular magnetic complexes. However, the proper single ion properties are

not enough to realize an SMM. Another important issue is the occurrence of a ferromag-

netic coupling between the ions which is necessary to obtain a high spin ground state.

Therefore the studies of the interplay of magnetic exchange interactions and the mo -

lecular structure of the complexes is of a particular interest. For that we have focussed

on two novel polynuclear Ni(II)-based macrocyclic molecular complexes [1]. The first
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complex contains two Ni ions coupled via two ∼ 90° μ-S sulphur bridges. The second

comple x has three Ni ions coupled via two μ-S sulphur bridges with the Ni–S–Ni angles

of 133°. One could expect that the different bond angles in the studied complexes should

give rise to different exchange interactions between the Ni ions. Indeed our static

magnetization measurements revealed a ferromagnetic coupling JNi2 = - 42 K and a

tota l spin SNi2 = 2 in the case of the Ni2-complex and an antiferromagnetic coupling

JNi3 = + 140 K for the Ni3-complex yielding a total spin SNi3 = 1. Our high-field frequency-

dependent electron spin resonance (HF-ESR) measurements and simulations of the ESR

spectra (see Fig.) enabled determination of all relevant parameters of the effective spin

Hamiltonian describing the ground states of the complexes. For the Ni2-complex we

observ e a bistable Sz = ± 2 magnetic ground state with an “easy axis” and magnetic

anisotropy parameter DNi2 = -1.1 K. In contrast, for the Ni3-complex our data reveal an

“easy plane” situation in the ground state with DNi3 = +2.9 K. Thus, we find that the

variatio n of the angles of the sulphur bridging bonds and of the ligand structure has a

very strong impact on the magnetic properties of the studied Ni(II)-based complexes.

Such a control of exchange interactions and single ion anisotropy suggests a pathway

for a targeted assembly of single molecular magnetic complexes with predetermined

magneti c properties.

[1] Y. Krupskaya et al., ChemPhysChem 11, 1961-1970 (2010)

Cooperation: 1Institute of Inorganic Chemistry, Univ. of Leipzig

Funding: DFG (FOR 1154)

Charged States of α,ω -Dicyano β,β′-Dibutylquaterthiophene 
K. Haubner, S. Klod, J. Tarabek, F. Ziegs, E. Jähne, V. Lukes L. Dunsch

The influence of the molecular structure on the stabilisation of charged states was

investigate d by a combined application of spectroelectrochemical techniques using

novel α,ω-dicyano substituted β,β’-dibutylquaterthiophene (DCNDBQT) with the short

alkyl side chains and improved solubility. The redox processes of DCNDBQT were studied

by voltammetry, in situ NMR (Fig. a) and ESR/Vis-NIR spectroelectrochemistry (Fig. b),

ex situ mass spectrometry and quantum chemical calculations to follow both the paramag-

netic and the diamagnetic species formed in redox reactions. The oxidation of DCNDBQT

gives two separate redox steps with the first one being reversible. The UV-Vis NIR absorp-

tion bands at 646 and 1052 nm and the ESR signal recorded at the first anodic step prove

the formation of a radical cation. In addition the optical data, NMR spectrolelectro -

chemistry and quantitative ESR analysis points to a reversible π-dimerization of the

radica l cation. The π-dimer and the radical cation are oxidized in the second anodic step

to form a σ-dimer by a follow-up reaction of the dication.

As the substitution by cyano groups opens the route to cathodic reductions of the thio-

phene oligomer DCNDBQT undergoes a reduction in a single electron transfer which

turned out to be quasi-reversible. By in situ ESR UV-Vis NIR spectroelectrochemistry the

electrochemical generation of an anion radical was demonstrated. The anion radical of

the quaterthiophene structure is not stable and undergoes further dimerisation and

trimerisation to stabilize the charged structures as shown by ESR spectroscopy, NMR spec-

troelectrochemistry and mass spectrometry. The experimental data of the charged

states both under oxidation and reduction were interpreted by quantum chemical

calculation s resulting in a good consistency of experiment and theory. 

Cooperation: TU Dresden, CAS, Prague, STU Bratislava

Funding: DFG GACR project 203/07/J067

Fig.: Top: measured and simulated ESR spectra of an
oriented powder sample of the Ni2-complex. Four
clearly separated absorption lines indicate the SNi2 = 2
ground state with the zero field splitting of the spin
levels. The energy level diagram was obtained from 
the modelling of the ESR spectra. This diagram corre-
sponds to a negative sign of the single ion anisotropy.
Bottom: measured and simulated ESR spectra of a
powder sample of the Ni3-complex. The modelling 
describes well the main features of the spectrum and
reveals a positive sign of the single ion anisotropy.

Fig.: In situ 1H NMR spectroelectrochemistry (a) of
the oxidation of DCNDBQT in CD2Cl2 with TBAPF6

at an electrode potential of 1190mV (working elec-
trode: carbon fibre) and (b) ESR spectrum of the 
DCNDBQT cation radical during the potentiostatic
electrolysis at the potential of the first oxidation 
step in 0.1 M TBAPF6 / CH3CN (working electrode:
platinum mesh).
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Intravital MR Contrast Agent based on an endohedral Gadolinium-
Clusterfullerene-Conjugate: A new chance in cancer diagnostics
L. Dunsch, K. Braun1, R. Pipkorn1, M. Bock1, T. Baeuerle1, S. F. Yang2, 

W. Waldeck1 and M. Wiessler1

Requirements for successful intracellular imaging with MRT are a perspicuous signal and

a sufficient accumulation of contrast agent (CA) within the target cells. There are nu-

merous approaches but further developments of MR contrast agents with new properties

are indispensable. All CAs used so far offer one feature in common: they are not able

to penetrate the cellular membranes and their use is restricted to the blood stream and

the interstitial space. 

For a successful intracellular and intranuclear MRI we covalently linked GdxSc3-xN@C80

molecules with both the nuclear address (NLS) derived from SV40 T-antigen, which in turn

is linked via a disulfide bridge to a peptide facilitating the passage across cell membranes

(CPP). This is our BioShuttle-conjugate resulting in a Cell Nucleus (NLS)-GdxSc3-xN@C80.

This Gd-cluster@-BioShuttle utilizing the cytoplasmically located importins, classified

as substrates for the active RAN-GDP system, mediating an efficient transport of the

GdxSc3-xN@C80 cargo into cell nuclei. To build such conjugates we improved methods for

rapid and complete ligation of hydrophobic molecules like fullerenes (and especially their

functionalized derivatives) to carrier molecules. The Diels-Alder-Reaction (DAR) turned

out to be an applicable ligation method, but the reverse reaction proved to be restric-

tive and unsatisfactory. The use of the “DAR with an inverse electron demand (DARinv)”

can circumvent these drawbacks. We exemplary demonstrate a successful intracellular

MRI through a novel CA-delivery. The Fulleren-BioShuttle-conjugate features high pro-

ton relaxation and, in comparison to the commonly used contrast agents, high signal

enhancemen t at very low Gd concentrations. This modularly designed contrast agent

represent s a new tool for improved monitoring and evaluation of interventions at the

gene transcription level. Also, a widespread monitoring to track individual cells is

possibl e, as well as sensing of microenvironments. BioShuttle can also deliver constructs

for transfection or active pharmaceutical ingredients, and scaffolding for incorporation

with the host’s body. Using the Gd-cluster@-BioShuttle as MRI contrast agent allows an

improved evaluation of radio- or chemotherapy treated tissues.

[1] K. Braun, et al. Int. J. Med. Sci. 2010 7(3) 136-146

Cooperation: 1DKFZ Heidelberg, 

Funding: DKFZ

The role of the cluster on the relaxation of endohedral fullerene 
cage carbons – a NMR spin-lattice relaxation study of an internal 
relaxation reagent
S. Klod, L. Zhang and L. Dunsch

The endohedral nitride clusterfullerenes were investigated with respect to the strategy

of an internal relaxation reagent by following the cluster size effects and the influence

of f-electrons on the carbon relaxation. Due to the large relaxation times in major

fullerenes it is difficult to measure 13C-spectra within reasonable times. Therefore the use

of relaxation agents was discussed to improve 13C NMR measurements of these molecules.

One of the drawbacks of this method is a loss in resolution due to a signal broadening.

The role of an endohedral cluster in fullerene cages for the relaxation at the fullerene

carbon s is a matter of high interest for the NMR studies of fullerene structures open-

ing the to endohedral relaxation reagents. For endohedral nitridecluster fullerenes

Fig.: Comparison of the time dependent accumulation
of a conventional contrast agent (left) and the new
Gd-cluster@Bio-Shuttle in the carcinoma of a rat
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Ih-Sc3N@C80, Ih-Y3N@C80 and Ih-Lu3N@C80 of Ih-C80 cage symmetry the relaxation rates

were observed and an increase was found due to the presence of the cluster.1 The results

are compared to those on the relaxation of empty fullerenes.2,3 In general the enlarged

cage size increases the relaxation of the carbons. The encapsulated metal atoms have

an additional dipole-dipole interaction to the relaxation rate of the carbon atoms de-

pending on their magnetic character. For different metals the increased nitride cluster

size is one reason for the observed stronger dipole-dipole interaction. In contrast, a high-

er shielding of a metal nucleus by its electron shell leads to a reduced magnetic effect.

The negative charge on the cage increases the electron density thus decreasing T1. 

In temperature dependent studies, the diffusion is fast compared to the rotation of the

molecule at higher temperatures what is typical for the spherical shape of the fullerene

cage. Thus only a minor deformation of the cage by the endohedral voluminous cluster

is found. The shape of the cage is preserved and less influenced by the type and size of

the cluster.

[1] S. Klod et al. J. Phys. Chem. C 2010 114(18) 8264-8267 

[2] S. Klod, L. Dunsch, J. Phys. Chem. C 2009 113(34) 15191-15195

[3] S. Klod, L. Dunsch, ACS NANO 2010 4(6) 3236-3240

Cooperation: University of Potsdam, Germany 

Funding: Chinese Scholarship Council

An in situ Raman spectroelectrochemical study of an organic peapod: 
Sexithiophene encapsulated in single walled carbon nanotube 
M. Kalbáč 1, L. Kavan1, S. Gorantla, T. Gemming and L. Dunsch

It has been shown recently that the morphology of sexithiophene is dramatically

influencin g the performance of devices. However, it is very difficult to control the

morpholog y in macroscopic crystals. The assembling of crystals inside SWCNT presents

a challenge towards this control, since unusual crystal structures of many inorganic

material s can be grown in this way. The diameter of single walled carbon nanotubes

(SWCNT ) is typically in the range of 1 to 2 nm. This dimension is comparable to the

size of small organic molecules and therefore they can be confined in the interior of

SWCNT . 

The interaction of single wall carbon nanotubes (SWCNT) and the α-sexithiophene was

studied by Raman spectroscopy and by in-situ Raman spectroelectrochemistry.1 The

encapsulatio n of α-sexithiophene in SWCNT and its interaction causes a bleaching of

its photoluminescence and also small shifts of its Raman bands. The Raman features of

the SWCNT with embedded α-sexithiophene (6T-peapods) change both in intensity and

frequency as compared to those of pristine SWCNT, which is a consequence of a change

of the resonant condition. The electrochemical doping demonstrates that the electrode

potential applied on SWCNT wall causes changes of embedded α-sexithiophene. The ef-

fect of electrochemical charging on Raman features of pristine SWCNT and 6T@SWCNT

has been compared. It is shown that the interaction of SWCNT with α-sexithiophene

changes the electronic structure of SWCNT also in its charged state. This change of

electroni c structure is demonstrated both for semiconducting and metallic tubes. 

[1] M. Kalbáč et al. Chem. Eur. J. 2010 16(38) 11753–11759

Cooperation: 1Heyrovský Institute of Physical Chemistry, CAV, Prague

Funding: DFG GACR 

Fig.: Temperature dependence of the relaxation rate
R1 of Ih-Lu3N@C80 in comparison to Ih-C60

Fig.: Potential dependent Raman spectra (excited at
1.83 eV) of 6T@SWCNT (black) and pure SWCNT
(red) on a Pt electrode in 0.2 M LiClO4 + acetonitrile.
The electrode potential was varied by steps of 0.3 V
from 1.5 to –1.2 V vs. Ag pseudo-reference electrode
for curves from top to bottom. Spectra are offset for
clarity, but the intensity scale is identical for all spec-
tra in the respective window.  
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A New Form of Endohedral Clusterfullerenes with Sulfur: 
Metal Sulfide in a C3v C82 Fullerene Cage
L. Dunsch, S. F. Yang1, L. Zhang, A. Svitova, S. Oswald, A. A. Popov

The row of endohedral clusterfullerenes, including so far nitrides (M3N@C80), oxides

(Sc4O2,3@C80), and carbides (Sc3,4C2@C80, M2C2@C82), has been extended by a new

type of sulfur-containing clusterfullerenes: the metal sulfide (M2S) has been stabilized

within a fullerene cage for the first time.1 While for trimetallic nitride clusters the

fullerene cage is predominantly C80-Ih, we found in the case of sulfur cluster the C82 cage

as the dominating fullerene structure. Despite of the situation in nitride cluster with

non-IPR C82 cages within Gd3N@C82, the new sulfide cluster M2S@C82 prefers an IPR cage

(C82-C3v(8)). This is due to the fact the formal transfer of four electrons from the clus-

ter to the cage results in the most stable C3v(8) cage isomer for the charged state as the

same to that in carbide clusterfullerenes, M2C2@C82. The UV-Vis-NIR, electrochemical and

FTIR spectroscopic characterization and extended DFT calculations further point to a close

similarity of the M2S@C82 cage isomeric and electronic structure to that of the carbide

clusterfullerenes M2C2@C2n. The bonding in M2S@C82 was studied in detail by molecu-

lar orbital analysis as well as with the use of quantum theory of atom-in-molecules and

electron localization function approaches. The analysis of the electronic structure shows

that the bonding in sulfide and carbide clusterfullerenes is very similar. The sulfur atom

is resembling the carbide unit. With the successful synthesis and isolation of several new

representative sulfide clusterfullerenes like Sc2S@C82, Y2S@C82, Dy2S@C82, and

Lu2S@C82, this study opens up a new route to the novel endohedra l fullerenes.

[1] L. Dunsch et al. J. Am. Chem. Soc. 2010, 132, 5413-5421.

Cooperation: 1Hefei National Laboratory for Physical Sciences at Microscale 

& Department of Materials Science and Engineering, Hefei
Funding: Alexander von Humboldt foundation

Charged states in polyaniline as studied by in situ
ATR-FTIR spectroelectrochemistry 
E. Dmitrieva, A. Kellenberger, Y. Harima and L. Dunsch

The role of phenazine-like units in the formation and stabilization of charged states in

PANI was studied by in situ FTIR spectroelectrochemistry. The comparative FTIR studies

of electrochemically prepared PANI and its copolymers with different ratios of

phenosafranine (3,7-diamino-5-phenylphenazinium chloride) monomer give evidence

ofn the existence of phenazine-like units in PANI. Several IR bands are attributed to the

phenazine rings in PANI. During p-doping of PANI in situ FTIR spectra show a new peak

at 1540 cm-1 attributed to the charge dependent changes in the phenazine-like units

(Fig.). The anodic potential dependence of IR bands was compared to that of the ESR

intensit y and the absorption data [1] and points to the diamagnetic species like π-

dimers formed at higher oxidation levels. By the potential dependence of the IR lines

the π-dimers in the polymer was shown to be stabilized at the link of the phenazine unit

to the linear PANI segment [2]. 

[1] E. Dmitrieva et al., J. Phys. Chem. B. 113, 16131 (2009)

[2] A. Kellenberger et al., PCCP (2011) DOI: 10.1039/c0cp01264e.

Cooperation: University of Hiroshima, Japan, and 

University Politehnica of Timisoara, Romania

Funding: BMBF and DFG-GACR

Fig.: (a) Molecular structure of the lowest energy 
isomer of Sc2S@C82 (two orientations are shown); 
(b) Born-Oppenheimer molecular dynamics trajectory
for Sc2S@C82 (16 ps, 300 K) in the same orientations
as shown in (a). Sulfur is shown in yellow, Sc – violet
and blue, carbon – gray.

Fig.: In situ ATR-FTIR spectra during the anodic
oxidation of PANI. The spectrum of the polymer in
uncharged state is taken as reference spectrum. 
Insert: Proposed structure of PANI.
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ESR Vis-NIR Spectroelectrochemistry of Fullerene Derivatives: 
Unravelling the ESR Pattern of large non-symmetric Radicals with 
up to 30 Fluorine Atoms
A. A. Popov, I. E. Kareev1, N. B. Shustova2, S. H. Strauss2, O. V. Boltalina2, L. Dunsch.

By in situ ESR and Vis-NIR spectroelectrochemistry the charged states of recently

synthesise d C60(CF3)2n (2n = 2–10) derivatives [1] and their complex pattern in spec-

troscopy have been studied in detail [2]. It was shown that the complex ESR spectra

exhibite d by the radical-monoanions of trifluoromethylated fullerene due to multiple

CF3 groups can be reliably unravelled by assuming a free rotation of CF3 groups and

applyin g DFT calculations with subsequent fitting procedure. By this method, assign-

ment of the hfc values for individual CF3 groups was possible for the non-symmetric

anion-radical s as large as C60(CF3)10
– with 30 fluorine atoms. Strong variations of the

hyperfine coupling constants of individual fluorine atoms within one CF3 group was found

and could be explained based on the analysis of the SOMO orbitals. In particular, it was

found that small hfc constants are typical for the fluorine atoms located close to the

nodal planes of SOMO. By comparing the results of U-B3LYP and RO-B3LYP calculations,

it was shown that the direct term constitutes ca 80 % of the hfc constants; besides, in

many cases the polarization term is positive, especially for the atoms with large hfc con-

stants. Absorption spectra of the C60(CF3)2n anions exhibit NIR absorption bands, whose

assignmen t is provided by time-dependent DFT calculations. DFT supported in situ

spectroelectrochemistry appears to be the matter of choice to study the charged states

of highly derivatized fullerenes.

[1] A.A. Popov, et al. J. Am. Chem. Soc. 2007, 129 (37), 11551-11568.

[2] A.A. Popov, et al. J.Am.Chem. Soc. 2010, 132 (33), 11709-11721.

Cooperation: 1Institute of Problems of Chemical Physics, Russian Academy of Sciences,

Chernogolovka (Russia); 2Colorado State Uni. (Fort Collins, USA)

Funding: Alexander von Humboldt foundation, DAAD, Volkswagen Stiftung

Iron-filled carbon nanotubes – High magnetic field gradient probes
F. Wolny, T. Mühl, U. Weissker, S. Philippi, A. Leonhardt, B. Büchner

The defined magnetic properties of individual iron-filled carbon nanotubes (FeCNT)

combin ed with their mechanical strength make them ideal candidates for an application

as high resolution high stability magnetic force microscopy (MFM) probes [1,2]. The cylin-

drical shape of these iron nanowires allows for a straightforward calibration using a point

monopole description. MFM imaging of permalloy dots has been used to determine the

field gradient near the tip of FeCNT probes [3]. 6×105 T/m has been detected at a

distan ce of ∼10 nm to the nanotube tip which corresponds to a distance of ∼ 40 nm to

the Fe nanowire end. In case of FeCNT probes with reduced carbon shell thickness, a field

gradient as high as 9×107 T/m can be expected.

[1] F. Wolny et al., Nanotechnology 21, 435501 (2010). 

[2] S. Vock et al., Applied Physics Letters 97, 252505 (2010)

[3] F. Wolny et al., ArXiv cond-mat abstract 1011.0389

Cooperation: Ohio State Univ., USA

Funding: DFG

Fig.: (a) Experimental and simulated ESR spectra of
C60(CF3)6

– radical-anion; (b) Schlegel diagram of
C60(CF3)6 with experimental (red) and DFT-computed
(black) hyperfine coupling constants. CF3 groups are
shown as black dots with numbers, blue and green
dots show distribution of single-occupied MO in the
radical-anion. 

Fig.: The magnetic field gradient close to the tip of a
FeCNT. The iron wire end is located ~30 nm further
away. This additional distance causes an apparent
gradient saturation at low distances.
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Research Area 4
Metastable alloys

Nucleation and microstructure formation in the eutectic TiFe
M. Stoica, A. Schlieter, U. Kühn, W. Löser, J. Eckert, S. Pauly, L. Giebeler

Typical commercial (α+β) Ti alloys have an ultimate tensile strength of about 1000 MPa

and show a plastic elongation to failure of 10 – 15 % at room temperature. Compared with

Fe– and Zr–based alloys, one of the most important property of Ti–based alloys is their

low density (∼ 4.5 g/cm3), rendering these alloys as a potential candidate for automo-

tive, aerospace and biomechanical applications. Das et al. [1] reported the possibility

to obtain nanoscaled/ultrafine grained (NS/UFG) eutectic TiFe and TiFeSn alloys with-

out any micrometer-size toughening dendritic phase exhibiting higher strength (around

1900 MPa) compared to commercial Ti–based alloys and much larger plastic strain (up

to 13.5 %). In our present work, the eutectic Ti70.5Fe29.5 (at.%) alloy prepared by differ-

ent processing techniques – in order to achieve different cooling conditions and,

consequentl y, different morphologies – exhibits compressive strengths between 2200

to 2700 MPa and plastic strains between 7 to 19 %.

The eutectic Ti70.5Fe29.5 was prepared by rapid solidification (arc melting, cold crucible

casting, and, respectively, tilt casting) and directional solidification (the Bridgman tech-

nique). The lamellar UFG microstructure is strongly determined by the cooling gradient

and the lamellar spacing is typical 500 to 800 nm. Samples with such morphologies were

tested in compression, upon two directions: parallel to the lamellae (||) and perpendi-

cular to them (=). Fig. shows the measured stress-strain curves for the eutectic alloy. For

comparison, the behavior of the single phase material, i.e. β-Ti(Fe) ingots, is plotted

with dashed lines in the same picture. From there it is clear that the eutectic rapid cooled

alloys show significantly better mechanical properties. Further studies will focus on

mechanica l properties, measured in tension, and the more detailed characterisation of

the lamellar interface of the eutectic samples.

[1] Das J. et al. J. Mater Sci Eng A 2007;449:737-740.

Cooperation: MPI für Eisenforschung Düsseldorf, Uni Bayreuth, RWTH Aachen

Funding: DFG

Fig.: Room-temperature compression stress-
stain curves for the eutectic-phase material
and the single-phase samples (dashed curves): 
(II) compressive load parallel to the lamellae, 
(=) compressive load perpendicular to the
lamellae.
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New Hydrides 
O. Gutfleisch, C. Rongeat, I. Lindemann, C. Bonatto-Minella, R. Domènech Ferrer, 

C. Geipel, B. Gebel, M. Herrich, L. Dunsch, L. Schultz

Human development has caused a depletion of natural energy resources and climate

changes with non-predictable consequences. New energy concepts are required for the

future of our industrial society. The only known energy carrier with a high energy

densit y and no emission of greenhouse gas is hydrogen. 

Research of solid-state storage of hydrogen - for e.g. zero-emission vehicle propulsion

and other mobile applications – is pursued by exploring functional complex hydrides such

as alanates and borohydrides. These materials offer several advantages over conven -

tional metal hydrides provided thermodynamics, kinetics decomposition pathways and

the reabsorption of hydrogen in modest conditions can be controlled and mastered.

Our work includes the characterisation with high-pressure differential scanning calori -

metry, gravimetric and pressure-composition-temperature analysis as well as the study

of hydrogen dynamics using in-situ XPS, XRD and Raman in order to understand details

of the complex sequence of transformations, to identify intermediate reaction products

and rate determining steps in complex hydrides and reactive hydride composites. Nove l

processing techniques such as high hydrogen pressure reactive milling and high pres-

sure annealing are used in order to identify new materials (see Fig.)with high reversible

hydrogen contents.

One recent topic is the nanoconfinement of complex hydrides. In cooperation with the

University of Utrecht, sodium alanat is melt-infiltrated into nanoporous carbon. It can

be observed that not only the kinetics of hydrogen sorption had improved, but the ther-

modynamics had also changed. When hydrogenating at conditions at which Na3AlH6

would be expected to be the stable phase (e.g. 40 bar H2 at 160 °C), instead nanocon-

fined NaAlH4 was formed, indicating a shift of the NaAlH4 ↔ Na3AlH6 thermodynamic

equilibrium in these nanocomposites compared to bulk materials.

Cooperation: EMPA, Switzerland; GKSS Research Centre Geesthacht; FZ Karlsruhe;

Univ. of Amsterdam, Netherlands; Univ. of Geneva, Switzerland; Swiss-Norwegian

Beam Line at ESRF, France; Univ. of Utrecht, Netherlands; Univ. of Glasgow, UK

Funding: EU (NESSHY COSY), HGF (FuncHy), ECEMP (Sächsische Exzellenzinitiative)

Ductile (Fe1-xNix)71Nb6B23 bulk metallic glasses
J.M. Park, D.H. Kim, N. Mattern, U. Kühn, J. Eckert 

The influence of partial replacement of Fe by Ni in (Fe1-xNix)71Nb6B23 bulk metallic

glasses (BMGs) has been investigated (0 ≤ x ≤ 0.5). Ni addition was chosen because its

Poisson’s ratio (ν = 0.31) is larger than that of Fe (ν = 0.29) and the enthalpy of

mixin g with Fe is only moderately negative (ΔHmix = -2 kJ/mol). Both properties enable

to tune the elastic moduli of the BMGs and to induce nano-scale heterogeneities by

the formation of chemically and topologically ordered clusters. Deformation curves of

cast rods show an improved ductility with increased Ni content. Especially, the

(Fe0.5Ni0.5)71Nb6B23 BMG exhibits a compressive plastic strain of ε = 4.2% and significant

strain hardening-like behavior together with a still high ultimate compressive strength

of σ = 3.9 GPa (Fig.). The improved ductility is in accordance with the enhancement of

the Poisson’s ratio of the (Fe1-xNix)71Nb6B23 BMGs from ν = 0.323 (x = 0) to ν = 0.356 for

(x = 0.5), and with the presence of local heterogeneities as detected by high resolution

transmission electron microscopy [1]. The scanning electron microscope (SEM) obser-

vation of fractured (Fe0.5Ni0.5)71Nb6B23 BMG reveals an uniform plastic deformatio n by

multiple shear banding (Fig.). The increase of ν is accompanied by the increase of ef-

Fig.: Room temperature compressive engineering
stress-strain curve obtained from the
(Fe0.5Ni0.5)71Nb6B23 BMG sample, together with
lateral surface morphology of failed sample.  

Fig.: The orthorhombic unit cell of NaAl(BH4)xCl4-x

contains complex anions [Al(BH4)xCl4-x]– and Na+

cations. The stability range of the complex double-
cation borohydride is rather narrow with 1<x<1,4.
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fective volume of shear transformation zone (STZ) and the collective motion of STZs then

initiates the nucleation of further shear bands. Therefore, BMGs with a higher ν -value

can effectively improve the shear deformation ability, i.e., generate a larger number of

shear bands during deformation, which is consistent with the present SEM observation.

In general, our findings suggest that the atomic-scale modulation and the tuning of the

elastic constants can effectively improve the mechanical properties of BMGs.

[1] J.M. Park et al. Appl. Phys. Lett. 96 (2010) 031905.

Cooperation: Yonsei University Seoul 

Funding: Korea Ministry of Education, Science and Technology (Global Research 
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High-strength Al-based alloys by powder metallurgy of glassy precursors
S. Scudino, K.B. Surreddi, M. Sakaliyska, F. Ali, M. Samadi Khoshkhoo, T. Gemming, 

U. Kühn, M. Stoica, N. Mattern, H. Ehrenberg, J. Eckert

In this project, novel bulk Al-based alloys with high Al content have been produced by

powder metallurgy methods from amorphous and partially amorphous materials.

The results indicate that consolidation into highly-dense bulk samples cannot be

achieved without extended crystallization of the material. Nevertheless, crystallization

during consolidation is not detrimental and leads to bulk samples with a remarkably high

strength of about 1250 – 1550 MPa (Fig.), which is 2 – 3 times larger than the conven-

tional high-strength Al-based alloys. This is combined with a distinct plastic defor -

mability of 3 – 6 %. The results obtained in the course of this project clearly indicate

that the combined devitrification and consolidation of amorphous precursors is a par-

ticularly attractive method for the production of lightweight Al-based materials charac-

terized by high strength combined with good plastic deformation. Through this method,

the mechanical properties of the consolidated samples can be varied within a wide range

of strength and ductility depending on the microstructure and the consolidation tech-

niques used. This might open a new route for the development of novel and innovative

high-performance Al-based materials for eco-friendly transport applications.

Cooperation: Univ. Bremen; Sejong Univ., Seoul/Korea; Univ. Torino, Italy; 

CNRS Grenoble, France; Slovak Univ. of Technology, Trnava, Slovak Republic.

Funding: DAAD, BMBF, Pieas

Interaction between mechanical defects and corrosion degradation of
bulk metallic glasses (BMG)
A. Gebert, P. F. Gostin, J. Paillier, M. Uhlemann, U. Kühn, J. Eckert, L. Schultz 

It is well established that the surface reactivity and corrosion behaviour of amorphous

alloys is principally determined by various material-dependent factors, i.e. the metasta-

bility of the amorphous state, the alloy composition and ideally, the lack of microstruc-

tural defects and the chemically homogeneous amorphous nature. However, under real

casting and rapid quenching conditions the preparation of absolutely defect-free bulk

amorphous alloys is nearly impossible. Chemical defects (concentration fluctuations,

high-melting inclusions, precipitated second phases etc.) or physical defects (pores, air

pockets etc.) often exist. In particular in the case of Zr-based bulk glasses - though

exhibitin g excellent passivity in many environments - those defects cause a strong

susceptibili ty to local corrosion. A so far mostly neglected aspect is that defects gener-

ated by mechanical deformation of glassy alloys may remarkably influence their surface

reactivity. First systematic studies on the effect of different mechanically generated

Fig.: Corrosion damage morphology developing at 
a mechanical defect on a BMG surface under the 
influence of the local mechanical stress field.

Fig.: Room temperature compression stress-strain
curves for the Al84Gd6Ni7Co3 alloy produced by the
combined devitrification and consolidation of amor-
phous precursors.
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surfac e defect states on the corrosion behaviour of Zr-based bulk metallic glasses were

conducted. It was revealed that the pitting initiation is dependent on the mechanical

defec t concentration. Pits are pinned to pre-formed shear bands at the sample surface.

The stress field surrounding local mechanical defects governs the corrosion process and

determines the corrosion damage morphology (Fig.). Consequently, enhanced pitting

susceptibility of shot-peened glassy samples was detected.       

[1] A. Gebert et al. Corrosion Science 52 (2010) 1711-1720

[2] J. Paillier et al. Materials Characterization 61 (2010) 1000-1008

[3] A. Gebert, Scripta Mater. 62 (2010), 635-638

Cooperation: Univ. of Cambridge, UK; Univ. of Torino, Italy; UAB Barcelona, Spain; 

TU Dresden

Funding: Pakt für Forschung 2008 “Cluster materials with competing properties”

Effective properties of nano-composite materials based on 
bulk metallic glasses
H. Hermann, V. Kokotin

Bulk metallic glasses with nanometre-scale inclusions can feature mechanical proper-

ties which are superior to the properties of the corresponding homogeneous glass. The

understanding of this phenomenon is far from being complete. We have proposed an

approac h to the relation of local and effective properties of BMG-based nano-compos-

ites combining molecular dynamics  simulations and continuum theoretical methods. The

analytical treatment is based on effective medium theory and it takes into account the

specific geometry of the BMG nano-composites. It is supposed that both the macros -

copic system and the constituent phases are isotropic. Furthermore, it is assumed that

the interfacial region between inclusion and matrix forms a separate phase the proper-

ties of which are different from those of the two basic components. This assumption is

confirmed by computer simulations as illustrated by Fig.1. The mean local packing

densit y of the interphase is about 1% smaller than that of the matrix which gives rise

to significant reduction of the elastic shear modulus of the interphase. We derived

expression s describing the dependence of the effective property on volume fractions

and local properties of inclusions, interphase, and matrix. Cross-property relations

betwee n elastic moduli and thermal conductivity are proved to exist and are considered

to be interesting for the understanding of shear band initiation and related local heat

production in BMG nano-composites under external strain.

Cooperation: MPI für Eisenforschung Düsseldorf, Univ. of Appl. Sc. Darmstadt, 

Inst. for Combustion RAN Novosibirsk

New intermetallic anodes for Li-ion batteries
H. Ehrenberg, I. Chumak, S. Oswald, J. Eckert

Intermetallic anodes based on Al, Si and Sn are very attractive for applications in Li-ion

batteries, because of their very high specific capacities. However, they suffer from a very

poor cycling stability, caused by their brittleness in combination with huge volume

changes between 100 and 300% during lithiation, which results in an ongoing break-

ing of particles and accompanied contact loss. A novel anode concept was recently

suggeste d [1], which should overcome these limitations by a stabilizing effect of the

competition between a homogeneous continuous solid solution in the lithiated state and

a separation into immiscible phases in the delithiated state. The system Li(Al,Zn) was

Fig.: Nanocrystallite (red) embedded
in an amorphous matrix. Colours
mark the local packing density 
defined by the ratio of the atomic
volume and the one of the corre-
sponding Voronoi cell. Statistical
analysis shows that the crystallite is
coated by a layer of about 3 atomic
diameters thickness where the mean
local density is smaller than it is in
the matrix by about 1%. This layer
is treated as a separate phase.
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shown to be a very promising example for this approach [1]. While LiAl and LiZn form a

homogeneous continuous solid solution with a B32-type structure (NaTl type) in the

charged lithiated state, Al and Zn are not miscible at room temperature and crystallize

in the fcc Al and hexagonal Zn structures. The interplay between atomic mixing and

precipitatio n has a positive effect on the microstructure and results in a better cycling

stability than for Al alone. However, further stabilization of the solid-electrolyte

“interphas e”(SEI) is necessary, because after 20 cycles about 40% of the lithium is not

mobile anymore, but fixed in an inorganic oxidic environment as revealed by 7Li MAS-NMR

spectroscopy.

The interplay between phase formation and microstructure is one of the main challenges

for the development of novel anodes in Li-ion batteries, based on Li-rich intermetallic

compounds in the charged state and Li-poor in the discharged one. The phase se-

quences are studied by in situ synchrotron diffraction and reveal that even in some bi-

nary systems, for example Li-Zn, still unknown phases exist. Sufficient cycling stabili-

ty can only be obtained in a composite anode, which is flexible enough to compensate

the charge-dependent volume changes without significant losses of electronic contact

or lithium mobility.

[1] Chumak et al. J. Mater. Res. 25 (2010) 1492-1499.

Cooperation: TU Darmstadt, Ivan Franko Lviv National University (Ukraine), 
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Deformation mechanisms of a wire drawn antiferromagnetic FeMnNiCr alloy
D. Geißler, J. Freudenberger, A. Kauffmann, M. Krautz, T. Marr, H. Klauß, D. Seifert, 

T. Wolf, C. Rodig, H.-P. Trinks, M. Frey, A. Voss, M. Gründlich, S. Yin, J. Eickemeyer 

and L. Schultz

A variety of antiferromagnetic FeMn-based austenitic alloys show pronounced mag-

neto-volume effects at the Néel temperature as a prerequisite for Élinvar applications.

These alloys reveal the typical deformation behaviour of low stacking fault energy (SFE)

materials. The mechanisms of plastic deformation interrelate to their high strength and

ductility. By combining microstructural features, texture evolution and tensile stress-

strain response of a Fe-24Mn-7Ni-8Cr (mass percent) alloy the deformation mechanisms

were identified. A slip-dominated deformation process and, at a later stage of deforma-

tion, twinning induced plasticity (TWIP) is observed. The annealed starting material

exhibit s a bimodal fibre texture and the occurrence of TWIP is texture sensitive, i.e.

deformatio n twinning is only observable in grains of a single texture component, as

shown in the Figure. Based on these results, a model is derived, which reflects an ori-

entational and configurational peculiarity of fcc stacking faults bound by two Shockley

partial dislocations. With this model the onset point of twinning is reflected by the start-

ing point of stacking fault growth, i.e. movement of the leading partial and stopping of

the trailin g partial. Calculations based on this model allow to compatibly describe the

mechanica l behaviour apparent from tensile testing with respect to the microstruc -

tural evolution. Finally, a reasonable SFE of about 8 … 9 mJ/m2 can be extracted from

tensile test data.

Cooperation: TU Bergakademie Freiberg; Stahlzentrum Freiberg e.V.; Gurofa GmbH,

Glashütte; =evico GmbH, Dresden

Funding: DFG and BMBF

Fig.: Microstructural changes due to deformation in a
Fe-24Mn-7Ni-8Cr alloy: (a) true stress vs. true strain
curve (tensile test), EBSD maps of the microstructure
(b) in the annealed condition and (c) in the deformed
state (η = 0.42), (d) inverse pole figure defining the
color code for the grain orientation. Deformation
twins (thin bands intersecting the grain interiors) only
occur in grains of the <111>-fibre texture component
oriented in the direction of the tensile axis.

Fig.: Crystal structures of the involved end
members during the reversible electrochemical
delithiation of Li(Al0.8Zn0.2).
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Research Area 5
Stress-driven architectures and phenomena

Ordered SiGe islands on patterned Si(001) substrates: 
fundamental and applications
J. J. Zhang, A. Rastelli, O. G. Schmidt

The performance of Si-based metal–oxide–semiconductor field-effect transistors

(MOSFETs) can be significantly enhanced by strain. In n-channel MOSFETs, the electron

mobility in the Si channel can be enhanced through tensile strain induced by a buried

Si1-xGex layer. An alternative route is represented by Si channels above coherently

strained SiGe islands, which was proposed by Schmidt and Eberl ten years ago [1] and

recently became reality [2]. The advantage of SiGe islands over planar SiGe layers is that

islands only induce strain locally in the Si channel and they can therefore have a larger

Ge content. Although the Ge fraction in the SiGe islands increases approximately linear-

ly with decreasing temperature, the island width decreases quadratically. Therefore,

strain maximization requires a careful choice of growth parameters yielding large and

relatively Ge-rich islands. 

In this work, we address this issue by fabricating site-controlled arrays of two closely-

stacked SiGe/Si island layers on pit-patterned Si(001) substrates. Finite element method

calculations of the strain distribution with the realistic structure reveal that (i) the Si

spacer between a pair of islands can act as a lateral quantum dot molecule made of four

nearby dots for electrons and (ii) the tensile strain in a Si cap deposited on top of the

stack is significantly enhanced with respect to a single layer (Fig.) [3]. In addition, by

guiding the formation of QDs on periodically patterned substrates, we find that the QDs

are able to cope with the increasing stress by cyclically incorporating large amounts of

material from the substrate and corresponding changes of their shape. This allows

them to keep growing in size while delaying relaxation mediated by defects [4].

[1] O. G. Schmidt and K. Eberl, IEEE Trans. Electron Devices 48, 1175 (2001).

[2] V. Jovanovi et al., IEEE Electron Device Lett. 31, 1083 (2010).
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Wrinkling and rolling of strained nanomembranes
P. Cendula, S. Kiravittaya, Y. F. Mei, Ch. Deneke, and O. G. Schmidt

A thin bilayer film with initial compressive strain can either bend or wrinkle if it is fixed

at one end and free on the other, Figs. (a-c). Interestingly, the competing mechanisms

of wrinkling and bending, as the strain gradient inside the film changes, have not been

quantified so far. The roll up of a strained film into a cylindrical geometry seems parti -

cularly appealing since size, orientation, and number of rotations become well controlled

entities.

Whether the film bends or wrinkles sensitively depends on the built-in strain gradient

Δε = ε2 –ε1 across the film thickness. By an energetic comparison between bent/rolled

and wrinkled films, we have calculated a quantitative phase diagram for the formation

of bent and wrinkled structures, Fig. (d). If the strain gradient is large and the average

strain ε⎯ = (ε2 +ε1)/2 is small, the film bends into a curved structure with radius R0,

whereas for a small strain gradient and large average strain the film wrinkles.

We further consider the tube, which has already rolled up some rotations, and an ad -

ditional portion of the released layer is going to be relaxed. This portion can continue

to roll up with radius R > R0 and larger elastic energy or alternatively form wrinkles with

different elastic energy, inset of Fig. (e). When the wrinkle elastic energy is lower than

the roll elastic energy, rolling will stop as it is no longer energetically favorable. The

maximu m number of rotations given by our model is shown in Fig. (e) and hundreds of

rotations are predicted for typical bilayer films (dashed line).

Our considerations provide the theoretical framework to fundamentally understand

bending and wrinkling of free-hanging films. Our work is of practical interest for many

applications, material combinations, geometries and length scales.

Funding: BMBF (Grant No. 03N8711)

Electronic properties of rolled-up materials 
C. Ortix, J. van den Brink

The experimental progress in synthesizing low-dimensional nanostructures with novel

geometries has triggered the interest in the quantum physics on curved two-dimen-

sional manifolds. As opposed to classical particles, a quantum particle retains some

knowledge of the surrounding three-dimensional space. In spite of the absence of

interaction s, it indeed experiences a purely quantum attractive potential of geometri-

cal nature [1]. Such a curvature-induced potential has been shown to cause many in-

triguing phenomena as for instance topological bandgaps in periodic curved surfaces.

We investigated the electronic properties of rolled-up nanostructures, in particular, in

the form of Archimedean spirals [2]. 

Fig.: Electronic spectrum of an Archimedean spiral
with different number of rotations as obtained from
exact diagonalization of the Hamiltonian. 

Fig.: Schematics of (a) flat film released over length
h, which can relax into (b) bent film with inner radius
R0, or into (c) wrinkled film with amplitude A and
wavelength λ. (d) Diagram of favorable film shapes
for typical 10/10 nm In0.1Ga0.9As/GaAs bilayer. Solid
curve shows the boundary between bent and wrin-
kled shapes. Tube radius R0 is shown for the bent
structure and wavelength λ for the wrinkled struc-
ture. (e) Contour of the maximum number of tube
rotations Nmax as a function of average strain and
strain gradient. The inset shows a comparison be-
tween the strain energies of roll up and wrinkling 
for ε– = –1.0 % and Δε = –2.0 %.
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They are unique structures that mimic the cylindrical symmetry of a radial crystal. It turns

out that the characteristic Coulomb-like behavior of the curvature-induced geometric

potential leads to the appearance of atomic-like electronic states localized at the points

of largest curvature. Interestingly, the number of these bound states corresponds

precisel y to the rotation number of the rolled-up nanotube (Fig.) therefore proofing the

close relation among the geometrical and the electronic properties of these novel

nanodevice s. An external magnetic field adds a new degree of freedom to manipulate the

quantum states of the carriers. The competition among the typical magnetic length and

the radial superlattice constant results in the formation of quasi-1D conducting chan-

nels. It is conceivable that these features are at the heart of the topology dependent

electro n transport of these materials. 

[1] R.C.T. Da Costa, PRA 23, 1982 (1981)

[2] C. Ortix and J. van den Brink, PRB 81, 165419 (2010)

Strain-dependent ferroic switching in oxide heterostructures
A. Herklotz, O. Bilani, M. C. Dekker, C. Deneke, A. Efimenko, K. Nenkov, J. Plumhof, 

A. Rastelli, A. D. Rata, O. G. Schmidt, L. Schultz, K. Dörr

Magnetic and ferroelectric materials form a foundation for numerous modern techno -

logies. Many applications require thin films or nanostructures of these materials which

contain heterogeneous interfaces exerting mechanical constraints. Therefore, most of

the applied ferroic materials are subject to lattice strains. 

We investigate the role of lattice strains in epitaxial films of oxide ferroelectrics

(BiFeO3, PbZr1-xTixO3, BaTiO3) and magnets (doped LaMnO3 and LaCoO3, SrRuO3) grown

by Pulsed Laser Deposition. In particular, films on piezoelectric substrate crystals of

Pb(Mg1/3Nb2/3)0.72Ti0.28O3(001) (PMN-PT) allow for the reversible uniform strain control

during experiments. This approach is utilized to measure the strain dependences of co-

ercive fields and switching times as characteristics of the dynamic response which are

only accessible in a reversible-strain experiment. Ab initio and thermodynamic theories

have succeeded to derive the strain-dependent polarization for a number of (mostly

ferroelectri c) materials in good agreement with experiments. Our measurements reveal

that the switching dynamics of ferroelectrics show strong strain dependence, too. The

underlying mechanisms of domain nucleation and wall motion are influenced by defects

and intrinsic properties of the crystallographic lattice in a not yet well-understood way.

We believe that reversible-strain experiments are promising to provide a foundation of

reliable data for the development of theoretical models.         

Cooperation: Oak Ridge National Laboratory, University of Bonn, 

MLU Halle-Wittenberg, TU Dresden 

Funding: DFG, A. v. Humboldt Foundation

Strain-tuning of the excitonic fine structure splitting in single 
self-assembled semiconductor quantum dots
J. D. Plumhof, F. Ding, A. Herklotz, K. Dörr, A. Rastelli, O. G. Schmidt

Optically active self-assembled semiconductor quantum dots (QDs) are attractive for the

generation of single and entangled photons on demand. 

For the creation of polarization entangled photon pairs it is important to decrease the

fine structure splitting (FSS) of the neutral exciton, related to the QD anisotropy, to

energie s smaller than the emission linewidth (a few μeV). We employ a piezoelectric

Fig.: Polarization loop of a 200 nm thick BiFeO3 film
in defined reversible strain states (upper panel), and
switched fraction of polarization in a PZT capacitor
structure in two strain states controlled by the piezo-
electric substrate (lower panel). 
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actuato r (PMN-PT) to manipulate the excitonic emission of GaAs/AlGaAs as well as

InGaAs/GaAs QDs embedded in ∼200 nm thick (Al)GaAs membranes.

By attaching the membranes on the PMN-PT we can apply highly anisotropic stress to the

nanostructures. Polarization resolved micro-photoluminescence is used to determine the

excitonic FSS as well as the orientation of the linear polarization of the emitted light.

The strain makes it possible to manipulate the FSS in a range of 70 μeV. Fig. (a) shows

the behaviour of the FSS vs. the mean excitonic emission energy as the strain is varied.

We see that the magnitude of FSS reaches a minimum before increasing again. Fig. (b)

shows that the polarization angle of the emitted light relative to the main strain-axis

rotate s by up to 70 degrees. These effects can be explained as an anticrossing of the

bright excitonic states. Most importantly the approach can be used to tune the FSS down

to values suitable for the generation of entangled photon pairs.

Cooperation: Masaryk Univ. Brno, Czech Republic, Univ. of Stuttgart 

Direct Laser Writing of Nanoscale Light-Emitting Diodes
S. Kumar, A. Rastelli , and O. G. Schmidt

The most common approach to create narrow current channels in optoelectronic devices

relies on deep etching of semiconductor multilayers. We have developed a new technique

to define a narrow current channel in a mesoscopic device by means of a focused laser

beam. 

Using this technique we have fabricated sub-micrometer light emitting diodes (LEDs) in

a mesoscopic semiconductor structure. Our devices are p-i-n resonant tunnelling LEDs

with a two dimensional AlAs/GaAs/AlAs quantum well embedded in the intrinsic (i)

layer, see Fig. a. This is sandwiched between a bottom n-type GaAs contact layer and a

top p-type layer of Ga1−x Mnx As with x > 5%. 

The local heating produced by the laser beam allows spatially controlled diffusion of mo-

bile interstitial manganese (Mni) ions out of the GaMnAs layer towards the underlying

QW heterostructure. This activates nanoscale regions of the LED to emit light at a bias

well below the threshold voltage for emission from the non-annealed regions, see Figs.

(b,c). The technique, which also provides real-time in-situ control of the nanostructures

during their formation, may be advantageous with respect to deep etching for thermal

management at high injection currents.

Cooperation: Univ. of Nottingham

Funding: DFG, Royal Society, EPSRC

Fig.: (a) Schematic showing the p-i-n diode and the
thermally-induced diffusion of Mni ions from the 
p-type GaMnAs layer towards the AlAs/GaAs/AlAs
QW. (b) Optical microscopy image of the diode and
colour-coded image of the electroluminescence (EL)
intensity emitted by an LED fabricated by local laser
annealing at the energy of the GaAs EL peak
(T= 293K and V = 2 V). The white square indicates
the location of the annealed spot on the diode. 
(c) An array of LEDs as a colour-coded image of the
EL intensity (V = 2 V, T = 6 K)

Fig.: (a) FSS of the emission of a GaAs/AlGaAs QD
vs. the mean emission energy. (b) Polarization angle
of the emitted light vs. mean emission energy.
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Possible mechanism of long-time relaxation in the electron glass
A. Möbius

Long-time relaxation of electronic transport in high-resistivity materials such as

amorpho us InO [1] has been puzzling for nearly two decades. Various models based

on complex changes of the occupation of the localized states have been proposed, see

e.g. [2, 3].

The exponentially low rate of long-range single-particle hops, however, seems to pro-

vide a simpler explanation: In the formation of the Coulomb gap, such long-range hops

are responsible for the low-energy part of the single-particle density of states.

Roughly speaking, only after complete relaxation concerning all hops up to a certain

length, the single-particle density can be expected to be correct for energy values

down to the Coulomb interaction energy corresponding to this length. Thus the related

energy-bound is inversely proportional only to the logarithm of the relaxation time.

Using own software which had been developed for the study of the Coulomb gap in very

large samples [4], low-energy system states were constructed by means of relaxation

versu s single-particle hops. In this, restrictions concerning maximum hopping length

Rmax and minimum energy reduction for the individual hops emulated the influence of

finite time t and finite temperature T, respectively. Percolation analyses concerning the

fastest single-particle hops, which are possible for the obtained system states, yielded

estimates of the characteristic hopping time and thus of the conductivity. The figure

demonstrates for kBT being equal to 1/50 of the Coulomb interaction of nearest neigh-

bours that this mechanism may indeed explain aging of the conductivity σ on experimen-

tally relevant time scales.

[1] M. Ben-Chorin et al. Phys. Rev. B 48 (1993) 15025.

[2] A.L. Efros et al. phys. stat. (b) 241 (2004) 20.

[3] A. Amir et al.Phys. Rev. Lett. 105 (2010) 070601.

[4] A. Möbius et al. Journal of Physics: Conf. Series 150 (2009) 022057.

Funding: KITP Santa Barbara, workshop “Electron Glasses”

Fig.: Long-time relaxation of the conductivity for two
samples of 6403 sites with random on-site potential.
Here, the spatial factor of the nearest-neighbour
hopping rate is estimated to be 1012s–1, and the 
decay length of the wave function of the localised
states is assumed to be equal to the nearest-neigh-
bour distance.
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The Institute by numbers

Personnel

In 2010 the Leibniz Institute for Solid State and Material Research Dresden employed 535 staff

member s, including 113 doctorate students, 44 post docs, and 23 apprentices. The quote of female

staff is 35 %. Furthermore, in 2010, the IFW hosted 54 fellows, that came with their own money to work

at the institute. 35 diploma students worked at the IFW and 39 trainees did a practical course at the

institute in 2010. The total number of guest scientists, above all was 173.

77% of the staff belongs to the five scientific IFW institutes, 9% to the Research Technology De -

partment, 7% to Administration, 3% to the Executive Board and support staff. The percentage of

apprenti ces amounts to 4%.

Financing

Total budget  ………………………..………… 41,258 k€ 

Thereof

Federal States of Germany ………..……..… 13,804 k€

Free State of Saxony ……………..………… 13,804 k€ 

Third party funding spent …………..……… 13,394 k€

Return on infrastructure, interest, royalties .. 256 k€ 

Third party funding

by the DFG …………………..………...…… 3,131 k€ 

by the EC  …………………....……………… 3,599 k€   

by the Federal States of Germany .............… 1,545 k€

by Free State of Saxony ……...…...………… 2,720 k€

by industry ………………..……..………… 1,802 k€

by foundations / others ……..…...………… 598 k€

Total ……………………………..……….… 13,394 k€

Expenditures 

Remuneration costs …………….………….… 20,479 k€

Equipment, infrastructure and consumables .... 9,731 k€

Investment  …………………………………… 11,048 k€

Total  ……………………………..…………… 41,258 k€

Patents 

By December 31, 2010 the institute can boast of a total of 129 German and 203 patents registered

abroad. In 2010 a total of 14 inventions of the IFW were filed as a patent applications in Germany.
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Issues of Patents 2010

DE 103 39 865 Temperaturstabiler Oszillator auf der Basis akustischer Oberflächenwellen
Inventors: G. Martin, M. Weihnacht

DE 103 57 264 Einrichtung zur Erzielung von Fahrtrichtungsänderungen für supraleitende Magnetschwebesysteme
Inventors: O. de Haas, C. Beyer, L. Schultz

DE 10 2005 005 706 Magnetschwebevorrichtung
Inventors: C. Beyer, O. de Haas, T. Riederich, L. Schultz

DE 10 2005 005 704 Verwendung von Partikeln für die Ermittlung der lokalen Temperatur in organischen und nichtorganischen Körpern  
Inventors: B. Büchner, R. Klingeler, A. Leonhardt, J. Haase et. al.

DE 10 2006 016 229 Verfahren und Vorrichtung zur simultanen Ermittlung von Höhenunterschieden und Zusammensetzungen 
mittels Glimmentladungsspektroskopie
Inventor: V. Hoffmann

DE 10 2007 038 280 Aktuator und Verfahren zu seiner Herstellung
Inventors: S. Menzel, H. Schmidt

DE 10 2008 000 292 Röhrenförmiger Multifunktionssensor in Flüssigkeiten, Verfahren zu seiner Herstellung und Verwendung
Inventors: O. G. Schmidt, E. Bermudez, Y. Mei

DE 10 2008 040 930 Verfahren zur Herstellung von dotierten Vanadiumoxid-Nanoröhren
Inventors: G. Zakharova, C. Täschner, A. Leonhardt et. al.

DE 10 2008 026 009 Verfahren zur Bestimmung der Viskosität und Elastizität von viskoelastischen Medien
Inventors: R. Brüning, M. Weihnacht, H. Schmidt

Patent Applications 2010

11002 Verfahren und Anordnung zur Manipulation von in einem magnetischen Medium gespeicherten 
Domäneninformationen
Inventor: R. Schäfer

11003 Elektrodenmaterial und seine Verwendung zur Herstellung von elektrochemischen Zellen
Inventors: H. Ehrenberg, F. Scheiba, M. Herklotz et. al.

11006 Wandler mit natürlicher Unidirektionalität für akustische Oberflächenwellen
Inventor: G. Martin, S. Biryukov et. al.

11007 Verfahren und Anordnung zur Anregung von Spinwellen in magnetischen Festkörpern
Inventor: R. Schäfer

11009 Hochfeste, bei Raumtemperatur plastisch verformbare und mechanische Energie absorbierende Formkörper 
aus Eisenlegierungen
Inventors: U. Kühn, J. Eckert, U. Siegel, J. Hufenbach et. al.

11010 Neues Lithium-metall-phosphat
Inventors: H. Ehrenberg, F. Scheiba, M. Herklotz et. al.

21011 Kurbelarm
Inventors: D. Klamm, R. Taranczewski

11012 Magnetisches Speichermedium
Inventors: M. Richter

11013 Production Method of Rare Earth Magnet
Inventors: T. Woodcock, O. Gutfleisch et. al.

11014 Atomic-Layer-Deposition (ALD) für mikroakustische Bauteile
Inventors: S. Menzel, M. Spindler et. al. 

11015 Bauelement auf der Basis akustischer Oberflächenwellen
Inventor: G. Martin et. al.

11016 Verwendung eines seltenerdmetallfreien Stoffes als magnetokalorisch aktives Material
Inventors: M. Richter, M. Kuz’min

11017 Verfahren zur Wärmebehandlung von hochfesten Eisenlegierungen 
Inventors: J. K. Hufenbach, J. Eckert, U. Kühn, S. Kohlar

11018 Oberflächenstrukturierte metallische Gläser und Verfahren zur Herstellung
Inventors: B. Jerliu, J. Eckert, S. Scudino, K.- B. Surreddi, S. Pauly
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Habilitations, PhD and diploma theses 2010

Habilitation 

Prof. Dr. Jürgen Eckert Metastabile Phasen in mehrkomponentigen Systemen, TU Dresden

PhD theses 

Glen Guhr Mikroakustische und elektrische Charakterisierung komplexer biologischer Fluide

Tetyana Shapoval Local imaging of magnetic flux in superconducting thin films

Roman Schuster Electron Energy-Loss Spectroscopy on Underdoped Cuprates and Transition-Metal Dichalcogenides

Markus Löffler Nanomanipulation and In-situ Transport Measurements on Carbon Nanotubes

Mohammed El Bahrawy High field electron magnetic resonance in complex correlated spin systems

Olga Shuleshova Equilibrium and metastable solidification in Ti-Al-Nb and Al-Ni systems

Cristina Bran Domain structure and magnetization processes of complex multilayers

Jörg Buschbeck Stabilisierung martensitischer Strukturen mittels epitaktischen Wachstums ungeordneter Eisen-Palladium 
Schichten und deren magnetische Eigenschaften

Martina Cornelia Dekker Phase-separated manganites - The effect of reversible elastic lattice strain on the electronic properties

Alexander Gaganov Hochfeste und hochleitfähige Cu-Ag-Leitermaterialien 

Julia Lyubimova Einfluss thermomechanischer Behandlung auf die Struktur-Eigenschaftsbeziehung von CuAgZr-Legierungen

Jacub Adam Koza Electrocrystallization of CoFe Alloys under the Influence of External Homogeneous Fields

Tetyana Shapoval Local imaging of magnetic flux in superconducting thin filmsKatarzyna Werniewicz: 
Fe-based composite materials with advanced mechanical properties 

Liran Wang Thermal Expansion and Magnetostriction Studies on Iron Pnictides

Nikolai Kyselov Phenomenological theories of magnetic multilayers and related systems

Jorge E. Hamann Borrero X-ray studies of magnetism and electronic order in Fe-based materials

Christine Hamann Magnetische Hybridschichten - Magnetische Eigenschaften lokal austauschgekoppelter 
NiFe/IrMn-Schichten

Ute Queitsch Nanopartikel – Substrat – Wechselwirkungen

Tim Niemeier Supraleitung in biaxial texturierten Seltenerd-Nickel-Borkarbidschichten

Claudia Apetrii YBa2Cu3O7-x thin films prepared by Chemical Solution Deposition

Julia Lyubimova Einfluss thermomechanischer Behandlung auf die Struktur-Eigenschaftsbeziehungen von 
CuAgZr-Legierungen

Katarzyna Werniewicz Fe-based composite materials with advanced mechanical properties

Uwe Siegel Strukturelle thermische und mechanische Charakterisierung von amorphen Eisenbasislegierungen und 
Glasmatrixkompositen

Valentin Kokotin Polyhedra-based analysis of computer simulated amorphous structures

Simon Pauly Phase formation and mechanical properties of metastable Cu-Zr-based alloys

Narendirakumar Narayanan Physical properties of double perovskites La2-xSrxCoIrO6 (0 ≤ x ≤ 2)

Diploma, master and bachelor theses 

Mariann Banki Hybridmaterialien aus Übergangsmetalloxiden und metallischen Schäumen zur elektrochemischen 
Energiespeicherung, HTW Dresden

Christian Behler Fe-Pt-Schichten als Modellsystem für magnetisches Schalten und magnetokristalline Anisotropie,
TU Dresden

Björn Bieniek Oberflächennahe Gitterstruktur von Übergangsmetall-Nanopartikeln, TU Dresden

Juliana Brunzlaff Konstruktion eines Rastertunnelmikroskops, TU Dresden

Daniel Eichner Mikrostrukturelle und mechanische Charakterisierung von hochfesten Aluminium-Basislegierungen 
hergestellt über Pulvermetallurgie, TU Dresden

Jan Engelmann Herstellung und Charakterisierung von nbN/SmCo5 Bilagen, TU Dresden

Andy Fiedler Untersuchungen zur elektrokatalytischen Bildung von Li2O2 an Kohlenstoff-basierten Elektroden 
(Bachelor), Hochschule Lausitz

Kathleen Fischer Einfluss von strukturellen Merkmalen von CAE PVD beschichteten Werkzeugen auf die Schneidleistung, 
TU Dresden

Felix Fleischhauer Koerzitivfeldstärkemechanismus in gekoppelten SmCo5/PrCox Schichten, TU Dresden

Gerd Friemel Transportmessungen an 122-Eisenarsenid-Supraleitern, TU Dresden
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Ronald Gärtner Entwicklung einer biaxial texturierten Pufferschichtarchitektur für metallische Substrate auf der Basis 
von IBAD-TiN, TU Dresden

Christian Geipel Mg0.69Ni0.26Ti0.05 for Solid State Hydrogen Storage: from Thin Film to Bulk, TU Dresden

Colin Georgi Mn-Fe-Oxide als Konversionselektrode in Lithium-Ionen-Batterien, TU Dresden

Stefan Giron Entwicklung und Aufbau eines Kerrmikroskops mit getrennten Strahlengängen, TU Dresden

Anna Grushina Electron spin resonance spectroscopy on magnetically active polynuclear molecular complexes, 
TU Dresden (Master)

Arne Helth Untersuchung zum Einfluss von Bor und Sauerstoff auf die mechanischen und strukturellen Eigenschaften 
der Legierung Ti66Nb13Ni6.8Al6.2Cu8, TU Dresden

Maik Hensel Katalysatorentwicklung für die Synthese von SW/DWCNT s durch CVD, Hochschule Zittau/Görlitz

Julia Hufenbach Mikrostrukturelle und mechanische Charakterisierung von Fe88,9Cr4,3V2,2C4,6 (at. %), 
TU Bergakademie Freiberg

Diana Iselt Herstellung und Charakterisierung von FeGa Legierungsschichten, TU Dresden

Stefan Kaufmann Epitaktische Schichten als Modellsystem für adaptiven Martensit in Ni-Mn-Ga, TU Dresden

Stefanie Kohlar Mikrostrukturelle und mechanische Charakterisierung von Fe(CrMoVWC), TU Dresden

Julia Köhler Untersuchungen der strukturellen und mechanischen Eigenschaften hochverformter 
Ti60Nb40-Legierungen, TU Dresden

Andreas König Charge Density Waves and Plasmon Dispersion in the Transition-Metal Dichalcogenide 2H-TaSe2, TU Dresden

Lukas Löber Mechanische und thermische Charakterisierung einer rascherstarrten 
Fe84.3Cr4.3Mo4.6V2.2C4.6-Legierung, TU Dresden

Konrad Löwe Investigation of the thermal decomposition reaction in the magnetocaloric system La(Fe,Si,Co)13,
TU Dresden

Benjamin Mahns Elektronische Anregungen in dotiertem Mangan-Phthalocyanin, TU Bergakademie Freiberg

Katarina Manthey NQR-Messungen an FeAs-Supraleitern, TU Dresden 

Robert Niemann Magnetostrukturelle Transformation in epitaktischen Ni-Co-Mn-In-Schichten, TU Dresden

Sven Partzsch Structural and Magnetic Properties of Multiferroic Iron-doped Yttrium Manganate YMn2-xFexO5, TU Dresden

Heike Pfau Aufbau eines Systems für thermische Transportmessungen bis 300 mK, TU Dresden

Carmen Powik Mikrostrukturelle und mechanische Charakterisierung von Fe84.4Cr4.3Mo4.6V2.2C4.6 und 

Martin Queck AlCuFe(Sn) quasicrystals as reinforcing agents for Al-based metal matrix composites: 
preparation, structure and mechanical properties, TU Dresden

Andreas Reisner Herstellung und Charakterisierung von NbFe2-Schichten, TU Dresden

Tobias Ritschel Druckabhängige Untersuchung der elektronischen Ordnung 1T-TaS2, TU Dresden

Jan Romberg Untersuchungen von geometrischen Einflussfaktoren auf die thermomechanischen Eigenschaften von 
Ni-Mn-Ga polykristallinen magnetischen Formgedächtnislegierungen, TU Dresden

Lotta Römhildt Exploring novel concepts for magnetic hardening mechanisms of NdFeB, TU Dresden

Simon Sawatzki Maximierung der Energiedichte magnetisch austauschgekoppelter SmCo5/Fe-Vielfachschichten mittels 
statistischer Prozessführung, TU Dresden

Thomas Schied Phasenbildung und Magnetismus dünner Eisen-Palladium-Schichten auf amorphem Siliziumoxid, TU Dresden

Ronny Schlegel Aufbau und Inbetriebnahme eines Eintauch-Rastertunnelmikroskops, TU Dresden

Christian Schmidt Photoemissionsspektroskopie an Übergangsmetall-Phthalocyaninen, TU Dresden

Wolf Schottenhamel Weiterentwicklung und Kalibrierung eines höchstauflösenden Dilatometers zur Messung der 
Magnetostriktion, FH Mittweida

Matthias Schrade Elektronen-Energieverlust-Spektroskopie an La1-xSr1+xMnO4, TU Dresden

Michael Schulze Synthese und Charakterisierung von supraleitenden Proben im System Eisen-Selen-Tellur, FH Jena

Christian Stieler AC losses in superconducting YBCO double-pancake coils, TU Dresden

Evelyn Stilp Bestimmung des Anisotropiefeldesvon SmCo5 in gepulsten Magnetfeldern bis 50T, TU Dresden

Robert Taranczewski 3D-Laserstrahlschmelzen – verfahrensgerechte Gestaltung, Burg Giebichenstein Hochschule für Kunst und 
Design Halle

Alexander Thomas Untersuchung zur Synthese und den elektrochemischen Eigenschaften von Li3Ti(MO4)3, (M=Mo,W), 
HTW Dresden

Uwe Treske Photoelektronenspektroskopie an hochgeordneten Phthalocyaninschichten, 
Friedrich-Schiller-Universität Jena

Henning Turnow Mikrostruktur und mechanische Eigenschaften von FeCr(Mo)VC-Gusslegierungen, TU Dresden

Sandra Weiß Ni2MnGa-Polymer-Komposite, TU Dresden

Susi Wintz Photoelektronenspektroskopie an Grenzflächen zwischen SrTiO3 und Metallen, TU Bergakademie Freiberg

Martin Zier Ermüdung von Elektrodenmaterialien in unter Druck verbauten Lithium-Ionen-Batterien, TU Dresden



Calls and Awards 2010

Calls on Professorships

Dr. Yongfeng Mei Fudan Univ. Shanghai

Prof. Dr. Bernd Büchner Univ. Köln

Dr. Helmut Ehrenberg Karlsruhe Institute of Technology

Dr. Helmut Ehrenberg TU München (appointment offer)

Dr. Kathrin Dörr Univ. Bonn

Dr. Kathrin Dörr Univ. Halle

Appointments as Guest and Honorary professorships

Prof. Dr. Ludwig Schultz Univ. Ulsan, South Korea (Fellow Professorship)

Dr. Oliver Gutfleisch Imperial College London (Visiting Professorship)

Dr. Helmut Ehrenberg TU Bergakademie Freiberg (Guest Professorship)

Dr. Bernhard Holzapfel TU Bergakademie Freiberg (Guest Professorship)

Awards

Dr. Jens Freudenberger Georg-Sachs-Preis der Deutschen Gesellschaft für Materialkunde

Dr.-Ing. Franziska Schäffel Bertha Benz-Preis für junge Ingenieurinnen 2010

Dr. Simon Pauly DGM Nachwuchspreis

Robert Taranczewski Eurobike Award Students Category

Dr. Oliver Gutfleisch IEEE Magnetics Society 2011 Distinguished Lecturer

Prof. Dr. Oliver G. Schmidt Sachsen ASSE 2010, category Science

Prof. Dr. Ludwig Schultz Thornton Medal (incl. Clerk Maxwell Award), The Institute of Materials, Minerals & Mining (IOM3)

Prof. Dr. Ludwig Schultz Ehrennadel der Deutschen Physikalischen Gesellschaft

Dr. h. c. Rolf Pfrengle Memorial Eurocoin Aurel Stodola TU Bratislava

IFW Dresden “Baupreis Plauen 2010“ for the high pressure depot for liquid Helium

Publication and poster awards

Ferdinand Lipps Nature publishing group prize for best student poster, 6th International Conference on Quantum Dots, 
Nottingham, UK, 26-30 April 2010

Johannes D. Plumhof Quantum Dot 2010 Runner up Poster Prize, 6th International Conference on Quantum Dots, Nottingham,
UK, 26-30 April 2010

Varvara Efimova Best presentation award – second price, International Glow Discharge Spectroscopy Symposium, 
22.-27.08.2010, Albi 

Fatemeh A. Javid Best Poster Award, ISMANAM 2010, 17th International Symposium on Metastable, Amorphous and 
Nanostructured Materials, 4.-9. Juli, Zürich

IFW Awards

Dr. Annett Gebert IFW Research Award 2010

Dr. Simon Pauly Deutsche Bank Junior Award 2010 for the best PhD thesis

Dr. Hans-Joachim Grafe IFF Research Award 2010

Dr. Bernd Rellinghaus IMW Research Award 2010

Prof. Dr. Mariana Calin IKM Research Award 2010

Dr. Carlos Cesar Bof Bufon IIN Research Award 2010
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122 Scientific conferences and IFW colloquia 2010

Scientific conferences and IFW colloquia 2010

Conferences

Symposium on Low-dimensional Magnetism and Multi-band Superconductivity

Third annual IEEE Magnetics Society Summer School

Joint Meeting Ohio State University - IFW Dresden 

Workshop: Biomedical applications of functionalised carbon nanotubes 

126. Versammlung der Gesellschaft Deutscher Naturforscher und Ärzte

IFW colloquia

Prof. Theo H. M.  Rasing, Radboud University of Nijmegen, Controlling Magnetism by light, 14.01.2010

Prof. Hans Hilgenkamp, Univ. of Twente, Conductance and magnetic effects at interfaces between insulating perovskite oxides, 
21.01.2010

Prof. Joel Mesot, PSI-Institute, Switzerland, Combined neutron and ARPES studies of cuprate superconductors: What have we learned? 
28.1.2010

Prof. Jasper Knoester, Zernike Institute for Advanced Materials, Univ. of Groningen, Spectroscopy of complex molecular systems: 
Physics on an exciton cake-walk, 4.2.2010

Prof. Horst  Biermann, TU Bergakademie Freiberg, TRIP-Matrix-Composite - neue Hochleistungs-Verbundwerkstoffe, 25.2.2010

Prof. Paul M. Koenraad, Eindhoven Univ. of Technology, Semiconductor nanostructure formation and doping studied at the atomic scale 
by cross-sectional scanning tunneling microscopy, 15.4.2010

Prof. Hidenori Takagi, Univ. of Tokyo, Japan Phase Sensitive Imaging of Complex Electrons in High Temperature Superconductors, 
22.4.2010

Prof. David J. Singh, Oak Ridge National Laboratory Electronic Structure, Chemistry and Physical Properties of Iron-Based Supercon-
ductors, 6.5.2010

Prof. Dr. Gustaaf van Tendeloo, Univ, of Antwerp, EMAT research group  Advanced electron microscopy and applications to inorganic 
materials, 20.5.2010

Prof. Markus Braden, Univ. Köln, Itinerant magnetism in layered ruthenates, 27.5.2010

Prof. Peter Fratzl, MPI of Colloids and Interfaces Biological materials with mechanical function, 3.6.2010

Prof. David Cahen, Weizmann Institute of Science, Israel, Towards Molecular Modulation of Electronic Devices, 10.6.2010

Prof. Gunther Eggeler, Ruhr-Univ. Bochum, Gitterdefekte, Mikrostrukturen und Phasenumwandlungen in NiTi-Formgedächtnis-
legierungen, 1.7.2010

Prof. Achim Rosch, Univ, zu Köln, Ultracold fermions in optical lattices: Mott transitions and non-equilibrium states, 15.7.2010

Prof. Thomas Palstra, Zernike Institute for Advanced Materials, Univ, of Groningen Multiferroic Behavior in Transition-Metal and Hybrid 
Systems, 28.10.2010

Prof. Alberto Morpurgo, Univ. of Geneva, Organic single-crystal field-effect transistors, 04.11.2010

Prof. Dieter Weiss, Univ, Regensburg, Semiconductor Spintronics, 11.11.2010

Prof. Jan Zaanen, Univ. Leiden, Quantum criticality, high Tc superconductivity and the AdS/CFT correspondence of string theory, 
16.12.2010

IFW Winterschool on superconductivity in Oberwiesenthal, Jan. 10-13, 2010

Honorary colloquium on the occasion of the 70th birthday of Prof. Klaus Wetzig, Oct. 7, 2010

Opening of the IFW Colloquium in the winter terms with talks of the prize winners of the Research Awards 2010 of the IFW’s Institutes, 
Oct. 14, 2010

Dresden, Germany
May 6 – 7, 2010
Chairperson: Dr. M. Richter (IFW Dresden)

IFW Dresden, Germany
August 16 – 20, 2010
Chairperson: Dr. O. Gutfleisch (IFW Dresden)

IFW Dresden, Germany
23. – 25. August 2010 
Chairperson: Prof. Dr. B. Büchner (IFW Dresden)

Dresden, Germany
September 6 – 9, 2010 
Chairperson: Dr. R. Klingeler (IFW Dresden)

Dresden, Germany
September 17 – 21, 2010 
Chairperson: Prof. Dr. L. Schultz (IFW Dresden)
1200 Participants
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Guests and Scholarships

Guest scientists (stay of 4 weeks and more)

Name Home Institute Home country

Azar Aliabadi Sharif Univ. of Technology Iran

Luuk Ament Leiden Univ. Netherlands

Dr. Mircea-Odin Apostu Cuza Univ.Tazi Rumania

Prof. Dr. Victor Aristov Institute of Solid State Physics, Moscow Russia

Prof. Dr. Ernest Arusanov Institute for applied physics Kishiniew Rep. Moldavia

Artur Ascherov Moldova State Univ. Rep. Moldavia

Bassem Assfour TU Dresden Syria

Dr. Alicja Bachmatiuk Szczecin Univ. of Technology Poland

Dr. Seung Ho Baek Los Alamos Laboratory South Korea

Dr. Nilam S. Barekar Indian Institute of Technology Kharagpur India

Dr. Maria Bendova TU Wien Slovakia

Valentina Bisogni Politecnico di Milano Italy

Dr. Cordula Braun TU Dresden Germany

Dr. Pedro M. F.J. da Costa CICEDO-Univ. of Averio Portugal

Dr. Alexander Darinskiy Institute for Crystallography Moscow Russia

Martina C. Dekker Leiden Univ. Netherlads

Dr. Fei Ding MPI Stuttgart China

Hryhoriy Dmytriv Lviv National Univ. Ukraine

Dr. Roger Domenech Ferrer Univ. Autonoma de Barcelona Spain

Dr. Sesegma Dorzhieva Baikal Institute of Nature Management Russia

Prof. Dr. Ilgiz Garifullin Zavoisky Phys.-Techn. Institute Kazan Russia

Florian German Daimler AG Stuttgart Germany

Dr. Romain Giraud CNRS, Lab. de Photoique et de Nanostructures France

Dr. Luminita Harnagea Univ. Paris Rumania

Dr. Oleg Heczko Institute of Physics, Prague Czech Rep.

Alexanne Holcombe Ohio State Univ., Columbus USA

Felix Jasenek Univ. Stuttgart Germany

Dr. Steven Johnston Lorentz-Institute, Leiden Univ. Canada

Dr. Martin Kalbac Heyrovski Institute of  Physical Chemistry Prague Czech Rep.

Dr. Olga Kataeva Arbuzov Inst. of Organic and Physical Chemistry Kazan Russia

Prof. Dr. Konstantin Kikoin School of Physics and Astronomy, Tel-Aviv Univ. Russia

Dr. Xianghua Kong Institute of Chemisty, Peking China

Natalia Kuratyeva Nikolaev Inst. of Inorganic Chemistry, Novosibirsk Russia

Dr. Roman Kuzian Institute for Materials Sc. Kiew Ukraine

Dr. Min Ha Lee Iowa State Univ., USA South Korea

Caiju Li Kunming Univ. of Science and Technology China

Ran Li Bejing Univ. of Aeronautics and Astronautics China

Angela Llavona Univ. Complutense de Madrid Spain

Dr. Libo Ma Shandong Normal Univ. Jinan China

Dr. Jiri Malek Univ. Prague Czech Rep.

Dr. Daria Mikhailova TU Darmstadt Russia

Dr. Hector Mireles California State Polytechemei Univ. USA

Dr. Igor Morozov Lomonosov Univ. Moscow Russia

Narendirakumar Narayanan TU Darmstadt Germany

Denis Nica Moldova State Univ. Rep. Moldavia

Dr. Kristian Nikolowski TU Darmstadt Germany

Dr. Satoshi Nishimoto MPI PKS Dresden Japan

Dr. Jin Man Park Yonsei Univ. Seoul South Korea
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Oleksiy Perevertov Institute of Physics, ASCR, Prague Ukraine

Dr. Fabio Pezzoli Universita Di Milano-Bicocca Italy

Katja Pinkert TU Dresden Germany

Dr. Ashim Kumar Pramanik UGC-DAE Consortiu, Univ. Indore India

Carine Rongeat INRS Université du Québec, Canada France

Dr. Vanishri Saligrama Indian Institute of Science India

Maria Grazia Salvaggio Univ. of Messina Italy

Wenping Si TU Chemnitz China

Dr. Surjeet Singh Univ. de Paris-Sud India

Sung Woo Sohn Yonsei Univ. Seoul South Korea

Dr. Liudmila Syurakshina LIT JINR, Moscow Russia

Arthur Westphal Taylor TU Dresden Brazil

Dr. Rinaldo Trotta Univ. Rom Italy

Chih-Yen Tseng National Univ. of Tainan China

Dr. Thomas Vad TU Dresden & HASYLAB DESY Hamburg Germany

Oleksii Vakaliuk Institute for Metal Physics NASU Ukraine

Prof. Alexander Vasiliev Moscow State Univ. Russia

Dr. Evgeniya Vavilova Physical Technical Institute Kazan Russia

Dr. Olga Volkova Moscow State Univ. Russia

Dr. Maxim Voronov Univ. Greifswald Russia

Dr. Guojiang Wan Southwest Jiaotong Univ. China

Dr. Wang Xi Univ. of Oxford China

Masao Yamazaki Aichi Steel Cooperation Japan

Liping Yang FOM, Lorentz-Institute, Leiden Univ. China

Dr. Shangfeng Yang Univ. of Science and Technology of China China

Dr. Victor Yushankhai Laboratory Theoretical Physics Russia Russia

Dr. Galina Zakharova Institute of Solid State Chemistry Yekaterinburg Russia

Yue Zhang TU Darmstadt China

Prof. Dr. Zhe-Feng Zhang Institute of Metal Research Shenyang China

Dr. Honglou Zhen Institute of Metal Research Shenyang China

Scholarships

Name Home country Donor

Dr. Qiang Luo China Alexander von Humboldt-Stiftung

Dr. Yuri Naidyuk Ukraine Alexander von Humboldt-Stiftung

Dr. Hengxing Ji China Alexander von Humboldt-Stiftung

Dr. Surendran K. Peethambharan India Alexander von Humboldt-Stiftung

Dr. Guillaume Manilal Lang France Alexander von Humboldt-Stiftung

Dr. Daoyong Cong China Alexander von Humboldt-Stiftung

Dr. Alexey Popov Russia Alexander von Humboldt-Stiftung

Dr. Teng Qiu China Alexander von Humboldt-Stiftung

James B. Whitaker USA Alexander von Humboldt-Stiftung

Dr. Krzysztof Wohlfeld Poland Alexander von Humboldt-Stiftung

Dr. Peter Rapta Slovakia Alexander von Humboldt-Stiftung

Dr. Gang Wang China Alexander von Humboldt-Stiftung

Sami A. Mahmoud Makharza Palestine DAAD 

Maria Dimitrakopoulou Greece DAAD 

Dr. Sesegma Dorzhieva Russia DAAD

Anil Kumar Chaubey India DAAD 

Fedor Fedorov Russia DAAD 

Hyo Yun Jung South Korea DAAD



Roman Rezaev Russia DAAD 

Santosh Kumar Pal India DAAD 

Kumar Babu Surreddi India DAAD 

Cristiano da Silva Teixeira Brazil Erasmus Mundus External Cooperation

Dr. Saisamorn Niyomsoan Thailand Erasmus Mundus External Cooperation

Karolina Wyszynska Poland Erasmus Mundus External Cooperation

Anna Efimenko Russia Erasmus Mundus FAME

Claudia Patschureck Germany Studienstiftung des deutschen Volkes 

Marietta Seifert Germany Studienstiftung des deutschen Volkes 

Maria Sparing Germany Studienstiftung des deutschen Volkes 

Silvia Vock Germany Cusanuswerk 

Dr. Simon Pauly Germany Cusanuswerk 

Franziska Thoss Germany Deutsche Bundesstiftung Umwelt 

Grzegorz Parzych Poland ECEMP Internat. Graduiertenschule

Alexey Alfonsov Russia Int. Max Planck Research School 

Anupama Parameswaran India Int. Max Planck Research School 

Shasha Zhang China Int. Max-Planck Research School 

Martin Philipp Germany Saint-Gobain Recherche Frankreich

Peng Li China China Scholarship Council / DAAD 

Shilong Li China China Scholarship Council 

Jun Tan China China Scholarship Council 

Kaikai Song China China Scholarship Council 

Yiku Xu China China Scholarship Council 

Yang Zhang China China Scholarship Council 

Na Zheng China China Scholarship Council 

Jun-Wie Cui China China Scholarship Council 

Lin Zhang China China Scholarship Council 

Zhi Wang China China Scholarship Council 

Ruitao Qu China China Scholarship Council 

Dr. Chien-Hung Lin Taiwan National Science Council Taiwan

Fahad Ali Pakistan PIEAS Islamabad 

Ahmed A. Mahmoud Elgendy Egypt Egypt Government 

Mahmoud Abdel-Hafez Mohamed Egypt Egypt Government

Abdelwahab Hamdy Hassan Egypt Egypt Government

Dr. Alexander Grüneis Austria APART Austria

Cristina Liliana Iordache Rumania Rumania SOPHRD 
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126 Guest stays of IFW members at other institutes 

Guest stays of IFW members at other institutes

Dr. Kathrin Dörr Oak Ridge National Laboratory, Tennessee, USA, May and Oct./Nov. 2010, 
CNMS user project on ferroelectric switching 

Christian Stieler     Niigata Univ., Japan, Feb./March 2010, Guest scientist at the Faculty of 
Engineering

Christina Bran        Institute of Physics, Uppsala Univ., Sweden, March - May 2010, 
Guest scientist in the magnetic force microscopy laboratory

Kristina Tschulik   Univ. of Virginia, Charlottesville, USA, May – July 2010, Guest scientist at 
the Faculty Materials Science and Engineering

Dr. Rudolf Schäfer   Simon Fraser Univ., Burnaby, Canada, July – Aug. 2010, Guest scientist in 
the Kerr microscopy laboratory

Phillip Grohmann      Institute of Physics, Uppsala Univ., Sweden, Oct./Nov. 2010, Preparation 
and magnetic measurements on magnetic particles

Arnulf Möbius Univ. of California, Santa Barbara, USA, Aug. – Oct. 2010, participation in 
the guest program „Electron glasses“

Thomas Kroll The Solomon Laboratory, Stanford Univ. Stanford, USA, Oct.-Dec. 2010, 
research cooperation

Claudia Nacke Univ. Paris-Sued Paris, France, Oct.-Nov. 2010, research cooperation

Sven Partzsch Brookhaven National Laboratory New York, USA, May-Nov. 2010 research 
cooperation

Ronny Schönfelder Centro de Investigacion Cientifica de Yucatan Merida, Mexico, 
Sept. 2010 – July 2011

Roman Schuster Univ. de Fribourg, Switzerland, May – Sept. 2010, measurement stay

Laura Steller Univ. of Crete und IMBB (Institute of Molecular Biology & Biotechnology), 
Forth Heraklion, Crete, Greece, March-May 2010, research cooperation

Andreas Winkler Micro/Nanophysics Research Laboratory (MNRL) of the Monash Univ. 
Melbourne, Australia, Oct. 2010 – Jan. 2011 research cooperation

Katarzyna Werniewicz Univ. di Torino, Dept. of Chemistry, Italy, Feb./March 2010, DAAD financed 
stay on Ti-based amorphous alloys 

Na Zheng Institute of Metal Research, Chinese Academy of Sciences (IMR CAS), 
Shenyang, China Sept./Oct. 2010, DAAD financed research cooperation 
on metallic glasses 

Jin Young Kim Korea Institute for Rare Metals, Korea Institute of Industrial Technology, 
Incheon/Korea, Nov. 2010 – Feb. 2011, research cooperation on porous 
materials 

Uwe Gaitzsch Boise State Univ., Idaho, USA, Oct. 2010 – Feb. 2011 DAAD financed stay on 
magnetic shape memory alloys



Board of trustees

Joachim Linek, Saxonian Ministry of Science and Art - Head -

Dr. Herbert Zeisel, Federal Ministry of  Education and Research

Prof. Dr. Bernd Kieback, TU Dresden

Prof. Dr. Konrad Samwer, Univ. Göttingen

Scientific Advisory Board

Prof. Dr. Reiner Kirchheim, Univ. Göttingen, Germany - Head -

Prof. Dr. Dominique Givord, Laboratoire Louis Néel, Grenoble, France 

Prof. Dr. Alan Lindsay Greer, Univ. of Cambridge, U.K.

Prof. Dr. Rudolf Gross, Walter Meißner Institute Garching, Germany

Prof. Dr. Rolf Hellinger, Siemens AG Erlangen, Germany

Prof. Dr. Max Lagally, Univ. of Wisconsin-Madison, U.S.A.

Prof. Dr. Xavier Obradors Berenguer Univ. Autònoma de Barcelona, Spain

Prof. Dr. Stuart Parkin, IBM Almaden Research Center, San Jose, USA

Prof. Dr. Eberhardt Umbach, Karlsruhe Institute of Technology, Germany

Prof. Dr. Gertrud Zwicknagl, TU Braunschweig, Germany 
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IFW’s Research Program 2011

1. Superconductivity and superconductors
1.1 Electronic structure and fundamentals

1.2 Superconducting materials

1 P1 Superconducting transport systems and magnetic bearings

1 P2 YBCO tape conductors

1 P3 Nanoscaled inhomogeneities in superconductors (Pakt 2009) 

2. Magnetism and magnetic materials
2.1 Theoretical and experimental fundamentals

2.2 Magnetic materials 

2.3 Magnetic microstructures

2.4 Phase equilibria and single crystal growth

2 P1 Pulsed high magnetic fields

2 P2 Magnetic shape memory alloys

2 P3 Energy efficient cooling with magnetocaloric materials (Pakt 2010)

3. Molecular nanostructures and molecular solids
3.1 Nanotubes and fullerenes

3.2 Conducting polymers and organic molecular solids

3.3 Molecular Magnets

3 P1 Manipulation of nanoscaled magnets (Pakt 2007)

4. Metastable alloys
4.1 Solidification and crystallization

4.2 Corrosion and hydrogen

4.3 Bulk amorphous metals and composite materials

4.4 Lithium-ion batteries

4 P1 Cluster materials with competing properties (Pakt 2008)

5. Stress-driven architectures and phenomena
5.1 3D micro/nanoarchitectures 

5.2 Quantum dots

5.3 Ferroic oxid films

5.4 SAW systems

128 IFW’s Research Program 2011


