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1

Research achievements and outcomes

1.1

Summary

Academic section

Das zentrale Forschungsinteresse des SFB/TR 49 galt dem Verständnis des kollektiven Verhaltens, das sich in einem System einstellt, wenn eine große Zahl von Quantenobjekten miteinander
wechselwirkt. In einem solchen wechselwirkenden Vielteilchensystem erwartet man das Phänomen
der “Emergenz”. Danach sollte das Gesamtsystem Eigenschaften zeigen, die völlig anders sein
können als die Eigenschaften der Bausteine, aus dem das System zusammengesetzt ist. Kollektive
Zustände, die der SFB untersucht hat, umfassten Bose-Einstein-Kondensate unter variablen Bedingungen sowie besondere Arten von Isolatoren, sogenannte Mott-Isolatoren, bei denen die starke
abstoßende Wechselwirkung der Elektronen untereinander dafür sorgt, dass die Elektronen ihre
Beweglichkeit verlieren und das Material zu einem Isolator wird. Hinzu kommen die vielen außergewöhnlichen Zustände, die aus einem solchen Mott-isolierenden Zustand durch Variation von
Temperatur, äußerem Druck oder anderer äußerer Parameter entstehen können. Hierzu zählen unkonventionelle Formen von Supraleitung, bei denen die Wechselwirkung, die zur Cooper-Paarung
der Elektronen führt anders ist als die konventionelle Elektron-Gitter-Wechselwirkung. Andere
Zustände von Interesse, die sich aus einem Mott-Isolator ergeben können, betreffen Ladungsordnung, d.h. eine regelmäßige Anordnung der Ladung der Elektronen, sowie Multiferroizität, bei
der neben einer Ordnung der magnetischen Momente der Elektronen auch eine Ordnung elektrischer Dipole einsetzt. Unter besonderen Umständen, bei denen die Wechselwirkung benachbarter
magnetischer Momente nicht gleichzeitig zufriedengestellt werden kann, kann das System einer
magnetischen Ordnung ausweichen. Es bleibt unmagnetisch und zeigt ein Verhalten, das an die
Eigenschaften von Flüssigkeiten erinnert.
Um in diesen Themenbereichen Fortschritte zu erzielen, hat der SFB ein Konzept verfolgt, bei
dem ausgewählte Phänomene an relativ einfachen Systemen studiert werden, die Modellcharakter
aufweisen. Diese Vision, die der SFB in seiner Gründungsphase formuliert hatte, sollte sich als sehr
fruchtbar erweisen. Die Systeme, die der SFB untersucht hatte umfassten relativ einfache Modellsysteme wie ultrakalte Quantengase, Ionen-Gase sowie Magnonengase in dünnen ferromagnetischen
Filmen. Mit diesen künstlichen Vielteilchensystemen konnte der SFB Techniken erproben und etablieren, mit denen die für das System relevanten Parameter identifiziert und kontrolliert werden
können. Die Fortschritte, die hier erzielt wurden, haben es dem SFB ermöglicht, komplexerer Vielteilchenphänomene anzugehen, die in realen Festkörpersystemen auftreten, bei denen der Grad der
Komplexität deutlich höher ist. Hierzu zählen niedrigdimensionale Spin-Systeme sowie organische
Ladungstransfersalze.
Der SFB konnte durch eine Vielzahl von herausragenden Entdeckungen signifikant zu der Entwicklung des Feldes beitragen. Hierzu zählen Arbeiten auf dem Gebiet der Mott Isolatoren in optischen
Gittern sowie realen Festkörpern, Vielteilchen-Quanten-Effekte in Rydberg Atomen, Bose-EinsteinKondensate in Magnon-Gasen, sowie multiferroische- und Spin-Flüssigkeitszustände in niedrigdimensionalen Molekül-basierten Materialien. Diese Arbeiten basierten zum Teil auf großen Fortschritten im Bereich der Materialentwicklung. Das schließt sowohl die Materialsynthese als auch
das theoretische Modellieren der Materialien am Computer ein. Hinzu kamen herausragende Fortschritte bei der Entwicklungen neuer Techniken, sowohl auf Seiten des Experiments wie auch im
Bereich theoretischer Methoden. Der SFB hat sehr von seiner interdisziplinären Ausrichtung profitiert, bei der Expertise aus den Bereichen Quantenoptik, Festkörperphysik, Materialwissenschaften
und organische Chemie eingeflossen sind.
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The SFB/TR 49 focussed on the understanding of the collective behavior that may occur when a
large number of quantum objects interact with each other. Such interacting many-body systems
form complex matter which in general is expected to exhibit “emergence”. This means that the
overall system may show properties which are distinctly different from the properties of the systems constituents. States of matter which were of particular interest in the SFB program included
Bose-Einstein condensates as well as special types of insulators, so-called Mott insulators, where
the strong interactions between the electrons prevent them from moving, giving rise to an electric
insulator, and the anomalous states which can emerge out of such a Mott insulator. Among these
states are unconventional superconductivity, where the glue giving rise to electron-pairing is different from the conventional electron-lattice type. Other states of interest which may occur close
to the Mott insulator phase included charge-order, i.e., a regular arrangement of the electrons’
charge, as well as multiferroic states, where the electrons’ magnetic moments order simultaneously
with the electric dipoles. Under special conditions, in which the interactions between neighboring
magnetic moments cannot be satisfied simultaneously, these systems may stay non-magnetic and
show properties reminiscent of a liquid so called-spin liquids.
To make progress in these diverse aspects the SFB followed the concept of studying selected phenomena by using relatively simple systems which have model character. This vision, which was
formulated in the initial proposal of the SFB, proved very successful. The systems to be studied
included relatively simple model systems such as ultracold quantum gases in optical lattices, trapped ions and magnon gases in thin ferromagnetic films. By using these artificial systems, the SFB
was able to test and establish techniques for identifying, controlling and treating the relevant parameters. The progress made here, put the SFB in the position to tackle more intriguing many-body
phenomena in real solid state materials, including low-dimensional quantum spin systems and organic charge-transfer salts, where more parameters are involved and, consequently the complexity
is higher.
The SFB has made substantial contributions to the development of the field through a number of
outstanding discoveries in the areas of Mott insulators in optical lattices and real materials, manybody quantum effects in Rydberg atoms, Bose-Einstein condensation in magnon gases, as well as
multiferroic and spin-liquid phases in low-dimensional molecular-based materials. This was possible
thanks to major achievements made in the area of materials design, including both material synthesis as well as theoretical modelling, and the development of new experimental and theoretical
methods. Moreover, the SFB greatly benefitted from the interdisciplinary ansatz pursued, which
combined expertise from the fields of quantum optics, condensed matter physics, material science
and organic chemistry.

1.2

The 40 most important publications and patents

[1] M. Snoek, I. Titvinidze, C. Toke, K. Byczuk, and W. Hofstetter, Antiferromagnetic Order of Strongly
Interacting Fermions in a Trap: Real-Space Dynamical Mean-Field Analysis, New J. Phys. 10, 093008
(2008).
[2] H. C. Kandpal, I. Opahle, Y. Z. Zhang, H. O. Jeschke, R. Valentı́, Revision of model parameters for
κ-type charge transfer salts: An Ab initio study, Phys. Rev. Lett. 103, 067004 (2009).
[3] S. A. Soeffing, M. Bortz, I. Schneider, A. Struck, M. Fleischhauer, and S. Eggert, Wigner crystal vs.
Friedel oscillations in the 1D Hubbard model, Phys. Rev. B 79, 195114 (2009).
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[4] N. Krüger, S. Belz, F. Schossau, A. A. Haghighirad, P. T. Cong, B. Wolf, S. Gottlieb-Schönmeyer,
F. Ritter, and W. Assmus, Stable Phases of the Cs2 CuCl4−x Brx Mixed Systems, Crystal Growth &
Design 10, 4456 (2010).
[5] J. F. Sherson, C. Weitenberg, M. Endres, M. Cheneau, I. Bloch, S. Kuhr, Single-atom-resolved fluorescence imaging of an atomic Mott insulator, Nature 467, 68 (2010).
[6] B. Wolf, Y. Tsui, D. Jaiswal-Nagar, U. Tutsch, A. Honecker, K. Removic-Langer, G. Hofmann, A.
Prokofiev, W. Aßmus, G. Donath, M. Lang, Magnetocaloric effect and magnetic cooling near a fieldinduced quantum-critical point, Proc. Natl. Acad. Sci. USA 108, 6862 (2011).
[7] L. Chen, S. R. Puniredd, Y.-Z. Tan, M. Baumgarten, U. Zschieschang, V. Enkelmann, W. Pisula, X.
Feng, H. Klauk, and K. Müllen, Hexathienocoronenes: Synthesis and Self-Organization, J. Am. Chem.
Soc. 134, 17869 (2012).
[8] D. Cocks, P. Orth, S. Rachel, M. Buchhold, K. Le Hur, and W. Hofstetter, Time-Reversal-Invariant
Hofstadter-Hubbard Model with Ultracold Fermions, Phys. Rev. Lett. 109, 205303 (2012).
[9] P. Lunkenheimer, J. Müller, S. Krohns, F. Schrettle, A. Loidl, B. Hartmann, R. Rommel, M. de
Souza, C. Hotta, J. A. Schlueter, and M. Lang, Multiferroicity in an organic charge-transfer salt that
is suggestive of electric-dipole-driven magnetism, Nature Materials 11, 755 (2012).
[10] S. A. Nepijko, H. J. Elmers, G. Schönhense, H. O. Jeschke, and R. Valentı́, Orbital-Resolved Partial
Charge Transfer from the Methoxy Groups of Substituted Pyrenes in Complexes with Tetracyanoquonodimethane – a NEXAFS Study, J. Am. Chem. Soc. 134, 4694 (2012).
[11] D. Rost, E. V. Gorelik, F. Assaad, and N. Blümer, Momentum-dependent pseudogaps in the half-filled
two-dimensional Hubbard model, Phys. Rev. B 86, 155109 (2012).
[12] U. Bissbort, D. Cocks, A. Negretti, Z. Idziaszek, T. Calarco, F. Schmidt-Kaler, W. Hofstetter, and R.
Gerritsma, Emulating Solid-State Physics with a Hybrid System of Ultracold Ions and Atoms, Phys.
Rev. Lett. 111, 080501 (2013).
[13] S.-I. Kawano, M. Baumgarten, D. Chercka, V. Enkelmann, and K. Müllen, Electron Donors and
Acceptors via 2,7-Functionalized Pyrene-4,5,9,10-tetraone, Chem. Commun. 49, 5058 (2013).
[14] J. Otterbach, M. Moos, D. Muth, and M. Fleischhauer, Wigner crystallization of photons in cold
Rydberg ensembles, Phys. Rev. Lett. 111, 113001 (2013).
[15] X-F. Zhang, Q. Sun, Y.-C. Wen, W.-M. Liu, S. Eggert, and A-C. Ji, Rydberg Polaritons in a Cavity:
A Superradiant Solid, Phys. Rev. Lett. 110, 090402 (2013).
[16] F. Andraschko, T. Enss, J. Sirker, Purification and many-body localization in cold atomic gases, Phys.
Rev. Lett. 113, 217201 (2014).
[17] M. Huth, A. Rippert, R. Sachser, and L. Keller, Probing near-interface ferroelectricity by conductance
modulation of a nano-granular metal, Mater. Res. Expr. 1, 046303 (2014).
[18] A. Rueckriegel, P. Kopietz, D. A. Bozhko, O. A. Serga, and B. Hillebrands, Magneto-elastic modes
and lifetime of magnons in thin yttrium-iron garnet films, Phys. Rev. B 89, 184413 (2014).
[19] A. A. Serga, V. S. Tiberkevich, C. W. Sandweg, V. I. Vasyuchka, D. A. Bozhko, A. V. Chumak, T.
Neumann, B. Obry, G. A. Melkov, A. N. Slavin, and B. Hillebrands, Bose-Einstein condensation in
an ultra-hot gas of pumped magnons, Nature Communication 5, 4452 (2014).
[20] L. F. Tocchio, C. Gros, X.-F. Zhang, and S. Eggert, Phase diagram of the triangular extended Hubbard
model, Phys. Rev. Lett. 113, 246405 (2014).
[21] U. Tutsch, B. Wolf, S. Wessel, L. Postulka, Y. Tsui, H. Jeschke, I. Opahle, T. Saha-Dasgupta, R.
Valenti, A. Brühl, K. Removic-Langer, T. Kretz, H.-W. Lerner, M. Wagner, M. Lang, Evidence of
a field-induced Berezinskii-Kosterlitz-Thouless scenario in a 2-dimensional spin-dimer system, Nat.
Commun. 5, 5169 (2014).
[22] S. Diehl, T. Methfessel, U. Tutsch, J. Müller, M. Lang, M. Huth, and M. Jourdan, Disorder-induced
gap in the normal density of states of the organic superconductor κ-(BEDT-TTF)2 Cu[N(CN)2 ]Br,
Journal of Physics: Condensed Matter 27, 265601 (2015).
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[23] B. Hartmann, D. Zielke, J. Polzin, T. Sasaki, and J. Müller, Critical slowing down of the charge carrier
dynamics at the Mott metal-insulator transition, Phys. Rev. Lett. 114, 216403 (2015).
[24] R. Labouvie, B. Santra, S. Heun, S. Wimberger, and H. Ott, Mesoscopic Rydberg-blockaded ensembles
in the superatom regime and beyond, Phys. Rev. Lett. 115, 050601 (2015).
[25] R. Nath, M. Dalmonte, A. W. Glaetzle, P. Zoller, F. Schmidt-Kaler, and R. Gerritsma, Hexagonal
plaquette spin-spin interactions and quantum magnetism in a two-dimensional ion crystal, New J.
Phys. 17, 065018 (2015).
[26] A. Rückriegel and P. Kopietz, Rayleigh-Jeans condensation of pumped magnons in thin film ferromagnets, Phys. Rev. Lett. 115, 157203 (2015).
[27] T. M. Weber, M. Höning, T. Niederprüm, T. Manthey, O. Thomas, V. Guarrera, M. Fleischhauer,
G. Barontini, H. Ott, Mesoscopic Rydberg-blockaded ensembles in the superatom regime and beyond,
Nature Physics 11, 157 (2015).
[28] D. A. Bozhko, A. A. Serga, P. Clausen, V. I. Vasyuchka, F. Heussner, G. A. Melkov, A. Pomyalov, V.
S. L’vov, and B. Hillebrands, Supercurrent in a room temperature Bose-Einstein magnon condensate,
Nature Physics 12, 1057 (2016).
[29] A. Chernenkaya, A. Morherr, K. Medjanik, S. Witt, X. Kozina, S. A. Nepijko, G. Öhrwall, M. Bolte, C.
Krellner, H. O. Jeschke, R. Valentı́, M. Baumgarten, H.-J. Elmers, and G. Schönhense, Orbital-selective
NEXAFS: two mechanisms of the charge transfer in single crystals based on thiophene derivatives, J.
Chem. Phys. 145, 034702 (2016).
[30] E. Gati, M. Garst, R. S. Manna, U. Tutsch, B. Wolf, L. Bartosch, H. Schubert, T. Sasaki, J. A.
Schlueter, and M. Lang, Breakdown of Hooke’s law of elasticity at the Mott critical endpoint in an
organic conductor, Science Advances 2, e1601646 (2016).
[31] D. Guterding, S. Diehl, M. Altmeyer, T. Methfessel, U. Tutsch, H. Schubert, M. Lang, J. Mueller, M.
Huth, H. O. Jeschke, R. Valentı́, M. Jourdan, H.-J. Elmers, Evidence for Eight-Node Mixed-Symmetry
Superconductivity in a Correlated Organic Metal, Phys. Rev. Lett. 116, 237001 (2016).
[32] Y. B. Borozdina, E. Mostovich, P. T. Cong, L. Postulka, B. Wolf, M. Lang, and M. Baumgarten,
Spin-Dimer Networks: Engineering Tools to Adjust the Magnetic Interactions in Biradicals, J. Mater.
Chem. C 5, 9053 (2017).
[33] F. Kindermann, A. Dechant, M. Hohmann, T. Lausch, D. Mayer, F. Schmidt, E. Lutz, und A. Widera,
Nonergodic diffusion of single atoms in a periodic potential, Nature Physics 13, 137 (2017).
[34] P. Puphal, M. Bolte, D. Sheptyakov, A. Pustogow, K. Kliemt, M. Dressel, M. Baenitz, and C. Krellner,
Strong magnetic frustration in Y3 Cu9 (OH)19 Cl8 : a distorted kagome antiferromagnet, J. Mater. Chem.
C 5, 2629 (2017).
[35] S. M. Winter, K. Riedl, P. A. Maksimov, A. L. Chernyshev, A. Honecker, and R. Valentı́, Breakdown
of magnons in a strongly spin-orbital coupled magnet, Nat. Commun. 8, 1152 (2017).
[36] E. Gati, J. Fischer, P. Lunkenheimer, D. Zielke, S. Köhler, F. Kolb, H.-A. Krug von Nidda, S. Winter,
H. Schubert, J. A. Schlueter, H. Jeschke, R. Valentı́, M. Lang, Evidence for electronically driven
ferroelectricity in a strongly correlated dimerized BEDT-TTF molecular conductor, Phys. Rev. Lett.
120, 247601 (2018).
[37] L. Keller, M. K. I. Al Mamoori, J. Pieper, C. Gspan, I. Stockem, C. Schröder, S. Barth, R. Winkler,
H. Plank, M. Pohlit, J. Müller, and M. Huth, Direct-write of free-form building blocks for artificial
magnetic 3D lattices, Scientific Reports 8, 6160 (2018).
[38] F. Schmidt, D. Mayer, Q. Bouton, D. Adam, T. Lausch, N. Spethmann, und A. Widera, Quantum
spin dynamics of individual neutral impurities coupled to a Bose-Einstein condensate, Phys. Rev. Lett.
121, 130403 (2018).
[39] K. Kolanji, L. Postulka, B. Wolf, M. Lang, D. Schollmeyer, and M. Baumgarten, Planar Benzo[1,2b:4,5b’]dithiophene Derivatives Decorated with Nitronyl and IminoNitroxides, J. Org. Chem.
84, 140 (2019).
[40] K. Riedl, R. Valentı́, S. M. Winter, Critical spin liquid versus valence-bond glass in a triangular-lattice
organic antiferromagnet, Nat. Commun. 10, 2561 (2019).
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Research achievements

The SFB/TR 49 “Condensed Matter Systems with Variable Many Body Interactions” focussed on the investigation and understanding of the collective behaviour of large assemblies of interacting quantum objects.
The phenomena studied, such as novel types of superconductivity or interaction-induced insulating states
and their relation to other kinds of orders associated with spin-, charge-, orbital- or lattice degrees of freedom, continue to be subject of highest interest worldwide. Despite enormous activities, however, progress in
this area is often slow and a fundamental understanding of the microscopic origin of the various phases and
their mutual interrelations has been hampered by the systems’ high degree of complexity.
The concept of the SFB/TR 49 was to study selected phenomena of interacting quantum objects by using
relatively simple systems showing model character. This Ansatz enabled an investigation of the physical
behaviour of interest to be performed in a broader, less material-specific context under well-controllable conditions. The phenomena addressed by the consortium included the Mott metal-insulator transition and the
nearby anomalous phases such as unconventional superconductivity, charge-ordered- or multiferroic insulating states, non-magnetic spin-liquid or valence-bond solid phases as well as Bose-Einstein condensates under
diverse conditions. The vision, which was formulated in the initial proposal proved to be very successful. By
studying relatively simple model systems such as ultracold quantum gases, trapped ions or magnon gases
(Project Area A), we were able to test and establish techniques for identifying, controlling and treating the
relevant parameters in these most basic systems. The progress made here put us in the position to tackle
intriguing many-body phenomena in real solid state materials (Project Area B) where more parameters are
involved leading to a distinctly higher degree of complexity.
While the main focus of the investigations in the first funding period was on the formation of the various
states and their thermodynamic properties, certain dynamical aspects, effects of inhomogeneities and geometrical frustration came to the fore in the second funding period. This enabled the SFB, for the third funding
period, to tackle problems where the combined effects of spin-, charge- and lattice degrees of freedom had
to be taken into account.
The field of interacting many body systems continues to be among the most active areas of modern physics
with enormous activities worldwide. During the term of this SFB the field has seen numerous developments
including the discovery of novel superconductors, new routes towards the realization of spin liquid states,
effects of topology and strong spin-orbit coupling. These developments have been accompanied by major
discoveries on the material side with a large number of new materials. The SFB/TR 49 has made substantial
contributions to the development of the field through outstanding discoveries, a selection of which will be
highlighted below. This was possible due to major achievements made in the area of materials design, including both material synthesis as well as theoretical modelling, and the development of new experimental and
theoretical methods. The ansatz pursued by the SFB/TR 49 was truly interdisciplinary by combining research from the fields of quantum optics, condensed matter physics, materials science and organic chemistry.
Below, we give a list of remarkable discoveries made within the SFB/TR 49 which have been published in
high-impact journals.
 The fluorescence imaging of strongly interacting bosonic Mott insulators in an optical lattice with singleatom and single-site resolution (Sherson et al., Nature 467, 68 (2010)).
 The observation of multiferroicity in an organic charge-transfer salt (Lunkenheimer et al., Nature Materials
11, 755 (2012)).
 The observation of the Kibble-Zurek scaling law for defect formation in ion crystals (Ulm et al., Nature
Commun. 4, 2290 (2013)).
 The observation of a field-induced Berezinskii-Kosterlitz Thouless scenario in a two-dimensional spin-dimer
system (Tutsch et al., Nature Commun. 5, 5169 (2014)).
 The theoretical prediction of a strongly correlated Dirac metal (Mazin et al., Nature Commun. 5, 4261
(2014)).
 The observation of a Bose-Einstein condensation in an ultra-hot gas of pumped magnons (Serga et al.,
Nature Commun. 5, 3452 (2014)).
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 The observation of mesoscopic Rydberg-blockaded ensembles in the superatom regime and beyond (Weber
et al., Nature Physics 11, 157 (2015)).
 The observation of pendular butterfly Rydberg molecules (Niederprüm et al., Nature Commun. 7, 12820
(2016)).
 The observation of a supercurrent in a room-temperature Bose-Einstein condensate (Bozhko et al., Nature
Phys. 12, 1057 (2016)).
 The observation of a breakdown of Hooke’s law of elasticity at the Mott critical endpoint in an organic
conductor (Gati et al., Science Advances 2, e1601646 (2016)).
 The observation of a breakdown of magnons in a strongly spin-orbital couple magnet (Winter et al., Nature
Commun. 8, 1152 (2017)). The observation of nonergodic diffusion of single atoms in a periodic potential
(Kindermann et al., Nature Phys. 13, 137 (2017)).
 The measuring of a finite-range phase coherence in an optical lattice using Talbot interferometry (Santra
et al., Nature Commun. 8, 15601 (2017)).
 The observation of crystallization and vitrification of electrons in a glass-forming charge liquid (Sasaki et
al., Science 357, 1381 (2017)).
 The observation of coherent perfect absorption of nonlinear matter waves (Müllers et al., Science Advances
4, e6539 (2018)).
 The experimental realization of a Rydberg optical Feshbach resonance in a quantum many-body system
(Thomas et al., Nature Commun. 9, 2238 (2018)).
 The finding of a critical spin liquid versus a valence bond glass in a triangular lattice organic compound
(Riedl et al., Nature Commun. 10, 2561 (2019)).

1.4

Academic events

Listed below are the academic events organized or co-organized by members of the SFB/TR 49.

6

Academic event

Year

Important guests

Focus Session on “The Mott transition in model systems”, spring meeting of the German Physical Society
(SKM), Dresden
Organizers: M. Lang, R. Valentı́

2009

Immanuel Bloch (Mainz),
Martin Dressel (Stuttgart),
Achim Rosch (Cologne)

International Symposium on “Novel states in correlated
condensed matter – from model systems to real materials”, Berlin
Organizer: SFB/TR 49

2010

Stephen Blundell (Oxford),
Tilman Pfau (Stuttgart),
Manfred Sigrist (Zurich)

Cross-disciplinary Symposium on “Many-body physics
of model systems and real materials”, spring meeting
of the German Physical Society (SKM & SAMOP),
Dresden
Organizers: H. Ott, S. Eggert, M. Lang, W. Hofstetter

2011

Tilman Esslinger (Zurich),
Frédéric Mila (Lausanne),
Jörg Schmalian (Ames)

DPG School on Physics “Quantum Gases in Dilute Atomic Vapour”), Bad Honnef
Co-organizer: A. Widera

2011

Massimo Inguscio (Florence),
Ian Spielman (Gaithersburg),
Peter Zoller (Innsbruck)
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Academic event

Year

Important guests

“IEEE International Conference on Microwave Magnetics (ICMM)”, Kaiserslautern
Organizer: B. Hillebrands

2012

Bretislav Heinrich (Vancouver),
Boris Kalinikos (St. Petersburg),
Yoshichika Otani (Tokyo)

534. WE-Heraeus-Seminar on “Quantum Many-Body
Dynamics in Open Systems”, Bad Honnef
Organizers: M. Fleischhauer, A. Widera, J. Sirker

2013

Hans-Peter Breuer (Freiburg),
Eric Lutz (Berlin),
Hans-Christoph Nägerl
(Innsbruck)

NewSpin3 conference “Spin-phenomena: From Model
Systems to Complex Matter”, Mainz
Co-organizers: H. Ott, W. Hofstetter

2013

Eugene Demler (Harvard),
Markus Greiner (Harvard),
Laurens Molenkamp (Würzburg)

Focus sessions on “Physics at high pressure”, “Magnetic
frustration” and “Designing correlated materials” at the
Edgar-Lüscher Seminar, Klosters, Switzerland
Co-organizers: R. Valentı́, M. Lang

2012,
2013,
2014

Silke Biermann (Paris),
Philipp Gegenwart (Göttingen),
Malte Grosche (Cambridge),
Didier Jaccard (Genf),
Christian Rüegg (Villigen),

International Symposium on “Pressure and Strain
Effects in Correlated Electron Materials”, Dresden
Co-organizer: R. Valentı́

2014

Kazushi Kanoda (Tokyo),
Igor Mazin (Washington),
James Schilling (St. Louis)

2nd International Symposium on “Novel states in
correlated condensed matter – from model systems to
real materials”, Königstein
Organizer: SFB/TR 49

2014

Andrey Chubukov (Wisconsin),
Jean Dalibard (Paris),
Philippe Mendels (Paris)

International Workshop on “Computational Quantum
Magnetism”, Mainz
Co-organizer: R. Valentı́

2015

Antoine Georges
(College de France),
Mikhail Katsnelson (Nijmegen),
Warren Pickett (UC Davis)

International Symposium on “Crystalline Organic
Metals, Superconductors and Ferromagnets” (ISCOM),
Bad Gögging, Germany
This conference, representing the main international
forum for organic charge-transfer salts, was chaired
and (co-)organized by M. Lang, J. Müller and R. Valentı́

2015

Hidetoshi Fukuyama (Sendai),
Reizo Kato (Tokyo),
Jean-Paul Pouget (Paris)

Tandem Workshop between Max Planck Institute
for Physics of Complex Systems and New Zealand
Institute of Advanced Studies on “Nonlinear Physics
at the Nanoscale: A Cross-Fertilization on Stochastic
Methods”, Rotorua, New Zealand
Co-organizer: M. Fleischhauer

2015

Boris Altshuler (USA),
Joerg Schmiedmayer (AT),
David Snoke (USA)

Annual Meeting of the German Society of Crystal
Growth, “Deutsche Kristallzüchtungstagung 2015”,
Frankfurt
Organizers: C. Krellner, F. Ritter, W. Aßmus

2015

Arne Cröll (Freiburg),
Koichi Kakimoto (Fukuoka),
Alexandre Revcolevschi (Paris)

Focus Session on “Frustration in Mott insulators
and Mott criticality”, spring meeting of the German
Physical Society (SKM), Dresden
Organizers: M. Lang, R. Valentı́

2017

Bernd Büchner (Dresden),
Vladimir Dobrosavljevic
(Tallahassee),
Michael Norman (Argonne)

SFB/TR 49
Frankfurt / Kaiserslautern / Mainz

7

A

Academic section

Academic event

Year

Important guests

Focus Session on “Superconductivity in the Vicinity
of a Quantum Critical Point”, spring meeting of the
German Physical Society (SKM), Dresden
Co-organizers: C. Krellner, R. Valentı́

2017

Antony Carrington (Bristol),
Amalia Coldea (Oxford),
Frank Steglich (Dresden)

3nd International Symposium on “Novel states in
correlated condensed matter – from model systems to
real materials”, Bad Neuenahr
Organizer: SFB/TR 49

2019

Claudia Felser (Dresden),
Cristiane Morais Smith (Utrecht),
Matthias Weidemüller
(Heidelberg)

1.5

National and international collaboration

The members of the SFB/TR 49 had close contacts, through collaborations with and/or participation in the
following research centres in Germany:
FOR 723 (Heidelberg) “Functional renormalization group in correlated Fermion systems”
FOR 801 (München) “Strong correlations in multiflavor ultracold quantum gases”
FOR 960 (Karlsruhe) “Quantum phase transitions”
FOR 1346 (Augsburg, Hamburg) “Dynamical mean-field approach with predictive power for strongly correlated materials”
FOR 1493 (Stuttgart) “Diamond materials for quantum applications”
SFB/TR 21 (Ulm, Stuttgart, Tübingen) “Control of quantum correlations in tailored matter - common
perspectives of mesoscopic systems and quantum gases”
SFB/TR 173 (Kaiserslautern, Mainz) “Spin + X – Spin in its collective environment”
SFB/TR 185 (Bonn, Kaiserslautern) “Open system control of atomic and phontonic matter”
SPP 1391 (Bielefeld, Kaiserslautern) “Ultrafast Nanooptics”
SPP 1458 (München, Dresden, Garching, Aachen) “High-temperature superconductivity in iron-pnictides”.
SPP 1538 (Regensburg) “Spin-Caloric Transport”
SPP 1666 (Berlin) “Topological insulators – fundamental properties – devices”
EU STREP “Emulators of Quantum Frustrated Magnetism EQuaM”.
In addition, members of the SFB/TR 49 had close ties through the exchange of ideas and collaborations
to numerous groups around the world, including Austria, Australia, China, France, Great Britain, Israel,
Japan, U.S.A., Russia, Spain, Sweden, and Switzerland. Members of the SFB/TR 49 were also integrated in
large-scale international collaborations such as (1) the International Research Unit FOR 1464 “ASPIMATT:
Advanced spintronic materials and transport phenomena” between the Max Planck Institute CPfS, Dresden, the Johannes Gutenberg University Mainz, the University of Kaiserslautern and the Tohoku University
Sendai, Japan, (2) The German-Israel Cooparation (DIP) on “Quantum Phases of Ultracold Atoms in Optical Lattices” (Goethe-Universität Frankfurt, LMU München and the Weizmann Institut), as well as (3) the
European-Consortium AQUTE (Atomic Quantum Technologies) aiming at developing quantum technologies
based on atomic, molecular and optical systems.
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Listed below are the most important international guests of the SFB/TR 49.
2007
Prof. Gennadiy Melkov, National Taras Shevchenko, University of Kiev, Ukraine
3 weeks
Experimental and theoretical study of collective effects and instabilities of a magnon gas caused by a strong
parametric electromagnetic pumping.
Prof. S. Basu, Indian Institute of Technology, Guwahati, India
1.-31.12.2007
Prof. Saurabh Basu discussed with us during his visit the implementation of the RVB-Gutzwiller approach,
in particular via the Renormalized Mean-Field Theory, to various frustrated electron systems. Of particular
interest were the anisotropic triangular lattice, as of interest for the organic superconductors, as well as the
bilayer Hubbard model, which are relevant for the high-temperature superconductors.

2008
Prof. Karyn Le Hur, Yale University, Physics Dept., New Haven, USA
28.5.-31.5.08
Collaborative work on “Supersolid phases in Bose-Fermi mixtures with DMFT methods”
Prof. Andrei Slavin, University of Rochester, Michigan, U.S.A
18.5.08-21.6.08
Prof. Slavin was working on theoretical studies of evolution of pumping-free magnon gases and condensates.
Prof. Peter Hirschfeld, Dept. of Physics, University of Florida, USA
9.-13.7.2008
Prof. Peter Hirschfeld is an expert for superconductivity and strongly correlated electron systems. He is
collaborating with our group on various projects, for example on effective models for superconductors.
Prof. Tanusri Saha-Dasgupta, Condensed Matter Physics Group, S.N. Bose National Centre for Basic
Sciences, Kolkata, India
18.-21.11.08
Prof. Tanusri Saha-Dasgupta is an expert on Nth order muffin tin orbital (NMTO) downfolding. She collaborates with our group on many projects involving the search for effective model Hamiltonians relevant to
SFB/TR 49.
Prof. J. P. Pouget, Laboratoire de Physique des Solides, Universite Paris Sud, Orsay, France
23.4.08-25.4.08
Collaborative work on the effect of charge ordering in organic charge-transfer salts and the preparation of a
joint publication.
Prof. Takahiko Sasaki, Institute for Materials Research, Tohoku University, Sendai, Japan
20.10.-4.11.2008
Collaboration on gas-pressure experiments on organic conductors. Seminar on Prof. Sasaki’s recent work.
Prof. N. Toyota, Institute for Materials Research, Tohoku University, Sendai, Japan
20.10.-28.10.08
Discussions on transport and thermodynamic properties on charge-transfer salts, in particular the lattice
effects at the Mott transition; fathom out of future collaborative works.

2009
Prof. Alvaro Ferraz, International Center of Condensed Matter Physics, Universidade de Brasilia, Brazil
04.-17.02.2009
Collaboration on the subject of renormalization groups.
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Prof. Hermann Freire, University of Brasilia, Brazil
27.07.-02.08.2009
Collaboration on the subject of renormalization groups.
Prof. N. Hasselmann, Universidade Federal do Rio Grande do Norte, Natal, Brazil
05.09.-13.10.2009
Collaboration on the subject of renormalization groups.
Prof. Dr. Hoang Nam-Nhat, Faculty of Physics, Hanoi University of Science, Vietnam
08.-21.12.2009
Discussion of various projects related to the subjects of quantum magnetism and correlated electron systems.
Seminar on Prof. Hoang Nam-Nhat’s recent work.
Prof. Dr. Bach Thanh-Cong, Faculty of Physics, Hanoi University of Science, Vietnam
12.-21.12.2009
Discussion of various projects related to the subjects of quantum magnetism and correlated electron systems.
Seminar on Prof. Bach Thanh-Cong’s recent work.
Prof. Hirokazu Tsunetsugu, Institute for Solid State Physics, University of Tokyo, Japan
22.-27.03.2009
Invited talk ”Mott Transition in Frustrated Lattice Systems” at the SFB-Symposium during the 73th DPGSpring meeting in Dresden.
Prof. Takahiko Sasaki, Institute for Materials Research, Tohoku University, Sendai, Japan
26.05.-04.06.2009
Collaboration on strongly correlated π-electron systems. Seminar on Prof. Sasaki’s recent work.

2010
Prof. N. Hasselmann, Universidade Federal do Rio Grande do Norte, Natal, Brazil
05.03.-28.04.2010
The scientific stay of Nils Hasselmann of the IIP was part of a beginning collaboration between scientists
based in Natal and the group of Walter Hofstetter. During his stay, a joint project to study the dynamics of
bosons with both renormalization group techniques and dynamical mean field approaches was started, which
is a topic also relevant to the SFB. Nils Hasselmann further gave a talk at the IIP seminar on the thermal
fluctuations of graphene.
Prof. Takahiko Sasaki, Institute for Materials Research, Tohoku University, Sendai, Japan
15.02.-07.03.2010
Planning of a joint project on the Mott criticality and the effects of charge carrier concentration and disorder.
Seminar on Prof. Sasaki’s recent work.

2011
Prof. Frédéric Mila, Ecole Polytechnique Fédérale de Lausanne, Switzerland
05.07. – 07.07.2011; Two SFB talks in Mainz and in Kaiserslautern on “Unconventional quantum phases in
quantum magnetism and cold atoms”
Prof. Andrei Slavin, Dep. of Physics, Oakland University, Rochester, Michigan, USA, 28.06. – 24.07.2011
Collaborative work on transitional dynamics of parametrically-driven magnon gases and on the theory of
nonlinear evaporative supercooling of a hot Bose-Einstein condensate of quasi-particles.
Prof. Gennadii Melkov, Faculty of Radiophysics, Taras Shevchenko National University of Kyiv, Kyiv,
Ukraine
01.07. – 24.08.2011
Collaborative work on nonlinear magnetic theory, theoretical analysis of temporal dynamics of a condensate
of photon coupled magnon pairs and spin pumping phenomena caused by parametric injection and nonlinear
scattering of exchange and dipole-exchange magnons in magnetic insulator - non-magnetic metal bi-layer
structures.
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Prof. Takahiko Sasaki, Institute for Materials Research, Tohoku University, Sendai, Japan
22. - 25.09.2011
Discussions on organic charge-transfer salts, Mott criticality, dielectric properties and electrocrystallization.
Prof. Maria A. Senarı́s Rodrı́guez, Department of Chemistry, Univ. A Curuna, Spain
12. - 15.10.2011
Discussions and SFB colloquium on “Perovskite-like metal organic frameworks with outstanding dielectric
and magnetic properties”.
Prof. Oliver L. A. Monti, University of Arizona, Tucson, USA
10.07. – 06.08.2011
Measurement of adsorbates on topological insulators using time-resolved ARPES (angle-resolved photoemission spectroscopy)
Prof. Dongmei Niu, Central South University, Changsa, Hunan, PR China
25.08. – 09.09.2011
Cooperative work on method development on time-resolved ARPES (angle-resolved photoemission spectroscopy).

2012
Prof. Gennadii Melkov, Faculty of Radiophysics, Taras Shevchenko National University of Kyiv, Kyiv,
Ukraine
16.08. – 15.09.2012
Collaborative work on aspects of phonon-magnon interactions in parametrically- and thermally-driven magnetic insulators
Prof. Andrei Slavin, Department of Physics, Oakland University, Rochester, Michigan, USA
20. – 30.08.2012
Collaborative work on the energy distribution of magnon gas in parametrically-pumped magnetic insulator
and thermalization processes in strongly overheated magnon gases.
Prof. Ian Affleck, University of British Columbia, Canada
25. – 28.04.2012
Collaboration on the transport and scattering in inhomogeneous interacting one-dimensional fermion systems
in order to identify and characterize a non-trivial conducting fixed point.
Prof. Ying Jiang, Department of Physics, Shanghai University, China
24. – 29.06.2012
For frustrated magnets the competition of geometric frustration and disorder-induced frustration are investigated by the example of Bose gases in a triangular optical lattice.
Dr. John Schlueter, Argonne National Laboratory, Materials Science Division, Argonne, USA
07. - 28.11.2012
Participation in a joint diffraction experiment from 24th to 28th of November 2012 at the Synchrotron Source at DESY, Hamburg, Germany. Visit of our laboratories in Mainz, to give a seminar on November 29th
and Frankfurt. Discussion of various common projects related to the structural and dielectric properties of
organic charge-transfer salts.
Prof. Silvia Tomic, Institut za fiziku, Zagreb, Croatia
15.–17.11.2012
Discussion and colloquium on “Complex and nonlinear dynamics of charge and spin structures in strongly
correlated systems”.

2013
Prof. Dr. Aristeu R. P. Lima, University for the International Integration of the Afro-Brazilian Lusophony - UNILAB, Brasil
06. – 24.05.2013
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A joint study of both the frequencies and the dampings of the low-lying excitation modes of a trapped,
one-component dipolar Fermi gas at zero temperature has been worked out on the basis of the underlying
Boltzmann-Vlasov equation.
Prof. Dr. Andrey Kolovsky, Kirensky Institute of Physics and Siberian Federal University, Krasnoyarsk,
Russia
15.09. – 14.11.2013
Collaboration on dynamics of bosons in two-dimensional lattices with artificial gauge fields.
Prof. Dr. Marco Roncaglia, National Institute of Metrology, Turin, Italy
21. – 25.10.2013
The common project deals with analyzing a model where anyons are created in one-dimensional lattices with
fully tunable exchange statistics.
Prof. Gennadii Melkov, Faculty of Radiophysics, Taras Shevchenko National University of Kyiv, Kyiv,
Ukraine
01.07. – 31.08.2013
Collaborative work on aspects of phonon-magnon interactions in parametricall- and thermally-driven magnetic insulators.
Prof. Markus Greiner, Harvard University, USA
02. – 05.04.2013
Scientific discussions and invited talk at the NewSpin3 conference in Mainz, Germany.
Prof. Sebastian A. Reyes, Pontificia Universidad Catolica de Chile, Santiago, Chile,
07. – 13.07.2013
Start of a new project on driven impurities in low-dimensional interacting fermion systems.
Prof. Zakir Hossain, IIT Kanpur, India
01. - 30.04.2013
Collaboration on single crystal growth of various compounds.
Prof. Dr. Taichi Okuda, University of Hiroshima and HISOR Synchrotron source, Hiroshima, Japan
01. - 30.09.2013
Preparation of k-resolved spectroscopy of radiation-sensitive samples using synchrotron radiation and ultrashort pulse laser radiation.

2014
Prof. Tobias Brandes, Technische Universität Berlin
07. – 09.05.2014
SFB Kolloquium on “Excited-state quantum phase transitions in Dicke superradiance models”. Discussion
on a common project analyzing the thermal and the condensate equilibrium properties of a photon gas
confined in a dye-filled optical microcavity.
Prof. Dr. Andrey Kolovsky, Kirensky Institute of Physics and Siberian Federal University, Krasnoyarsk,
Russia
14.09. – 31.11.2014
Collaborative work on weakly interacting bosons in lattice models with artificial gauge fields; SFB colloquium: “Wannier-Stark states of a quantum particle in double-periodic 2D lattices”.
Prof. Yaroslav Tserkovnyak, University of California (UCLA), Los Angeles, USA
18. – 27.07. 2014
Collaborative work on theoretical description of experimental results on the dynamics of Bose-Einstein
magnon condensate in thermal gradients and on the enhanced Spin-Hall Effect voltage from the magnon
Bose-Einstein condensate in YIG/Pt bilayers.
Dr. Igor Mazin, Naval Research Laboratory’s Material’s Science and Technology Division, Washington,
USA
03. - 23.5.2014
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Collaboration on kagome systems and quantum-spin systems.
Prof. Silvia Picozzi, Consiglio Nazionale delle Ricerche CNR-SPIN. L’Aquila, Italy
30.10. – 01.11.2014
Discussion and SFB colloquium on “Interplay between spin and dipolar degrees of freedom in relativistic
ferroelectrics”.
Prof. Dr. Tieyan Si, Harbin Institute of Technology, P.R. China
10.02. – 17.02.2014
Collaboration on interactions between topological strings in condensed matter systems; Seminar on “Entangled
cluster states of four interacting spins with frustrated quasiparticles”.
Prof. Sebastian A. Reyes, Pontificia Universidad Catolica de Chile, Santiago, Chile
12. – 19.07.2014
Collaboration on driven impurities in low-dimensional interacting fermion systems using the method of Floquet states.
Dr. John Schlueter, Argonne National Laboratory, Materials Science Division, Argonne, USA
07. - 12.04.2014
Collaboration on electro-crystallization of organic charge-transfer salts.

2015
Prof. Dr. Pierre Pillet, Laboratoire Aimé Cotton, CNRS, Univerité Paris-Sud, ENS Cachan, France
30.01.2015
Guest talk
Prof. Dr. Eugene Demler, University of Havard, Cambridge, USA
06.02.2015
Guest talk
Prof. Dr. Genadii Melkov, Faculty of Radiophysics, Taras Shevchenko National University of Kyiv, Kyiv,
Ukraine
06.07. – 23.08.2015
Research stay
Prof. Dr. Sonja Franke-Arnold, School of Physics and Astronomy, University of Glasgow, United Kingdom
02. – 04.12.2015
Guest talk

2016
Prof. Dr. Stephen J. Blundell, Department of Physics, Clarendon Laboratory, University of Oxford,
Oxford, United Kingdom
12. – 14.01.2016
Guest talk
Prof. Dr. Chris Ford, University of Cambridge, Cambridge, United Kingdom
11. – 13.05.2016
Guest talk
Prof. Dr. Yongqing Li, Institute of Physics, Chinese Academy of Sciences, Beijing, China
26. – 28.07.2016
Guest talk
Prof. Dr. Victor L’vov, Weizmann Institute of Science, Rehovot, Israel
25.07. – 21.08.2016
Research stay
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Prof. Dr. Scott Bergeson, Department of Physics and Astronomy, Brigham Young University, Provo,
USA
16. – 17.11.2016
Guest talk

2017
Prof. Dr. Andrey Varlamov, SPIN-CNR, University of Tor Vergata, Rome, Italy
11. – 14.01.2017
Guest talk
Prof. Dr. Hiroshi M. Yamamoto, Research Center of Integrative Molecular Systems, Institute for Molecular Science, Okazaki, Japan
04. – 05.05.2017
Guest talk
Prof. Dr. Philippe Mendels, Laboratoire de Physique des Solides, CNRS, Université Paris-Sud, Orsay,
France
11. – 12.05.2017
Guest talk
Prof. Dr. Stephen Hill, National High Magnetic Field Laboratory, Tallahassee, Florida, USA
28. – 30.05.2017
Guest talk
Prof. Dr. Goran Karapetrov, Department of Physics, Energy Materials Research Laboratory, Drexel
University Philadelphia, Drexel, USA
03. – 07.06.2017
Guest talk
Prof. Dr. John T. Chalker, Theoretical Physics, University of Oxford, Oxford, United Kingdom
07. – 09.06.2017
Guest talk
Prof. Dr. Gang Cao, Department of Physics, University of Colorado at Boulder, Boulder, USA
05. – 08.07.2017
Guest talk, research stay

2018
Prof. Dr. Rajeev Ahuja, Department of Physics and Astronomy, Uppsala University, Uppsala, Sweden
31.01. – 01.02.2018
Guest talk
Prof. Dr. Peter J. Hirschfeld, Department of Physics, University of Florida, Gainesville, USA
11. – 21.05.2018
Guest talk, research stay
Prof. Dr. Bindiya Arora, Guru Nanak Dev University, Amritsar, India
01. – 30.06.2018
Research stay
Prof. Dr. Masaki Mito, Kyushu Institute of Technology, Faculty of Engineering, Kitakyushu, Japan
09. – 13.06.2018
Guest talk, research stay
Prof. Dr. Georg Raithel, University of Michigan, Ann Arbour, USA
13. – 16.10.2018
Guest talk
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Prof. Dr. Assa Auerbach, Department of Physics, Technion, Haifa, Israel
28. – 29.11.2018
Guest talk
Prof. Dr. Joachim Brand, Massey University, Auckland, New Zealand
12. – 14.12.2018
Guest talk, research discussion
Prof. Dr. Wolfgang Ketterle, Research Laboratory for Electronics, MIT-Harvard Center for Ultracold
Atoms, Department of Physics, Massachusetts Institute of Technology, Cambridge, USA
13.12.2018
Guest talk

2019
Prof. Dr. Igor Lyubchanskii, O. Galkin Donetsk Institute for Physics and Engineering, National Academy of Sciences of Ukraine, Kiev, Ukraine
03. – 04.02.2019
Guest talk
Prof. Dr. Thomas Barthel, Duke University, Durham, USA
23. – 24.05.2019
Guest talk
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Individual project reports for the final funding period

2.1

About project A3

2.1.1

Title:

Hofstetter

Inhomogeneous quantum phases and dynamics in ultracold gases and hybrid atom-ion systems

2.1.2

Principal investigators

Hofstetter, Walter, Prof. Dr., 18.07.1972, German
Institut für Theoretische Physik, Goethe-Universität Frankfurt am Main
Phone: +49 (0)69 798 47819
E-Mail: hofstett@physik.uni-frankfurt.de
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2.2

Project history

2.2.1

Report

We have studied the formation and dynamics of polarons
in a system with mobile impurities in a lattice immersed
in a Bose-Einstein condensate (BEC), which has been experimentally realized using ultracold atoms. We consider
a two-band model for the impurity atoms. The phonons
are coupled to impurities via intraband and interband
transitions by a Fröhlich-type term, which we decouple
by a two-band variational Lang-Firsov polaron transformation. The resulting effective Hamiltonian with two (polaron) bands is characterized by modified coherent transport, polaron energy shifts, and induced long-range inter- Figure 1: (a) Induced density-density inaction (see Fig. 1). Residual incoherent coupling between teractions between different bands. (b) Rapolaron and bath is taken into account within a Lindblad tio between induced onsite and nearestmaster equation. We obtain a renormalized interband re- neighbor interaction terms. (c) Effective polaxation rate compared to Fermi’s golden rule. At strong laronic interactions in a multiple-tube setup
with two Bloch bands (figure from [P1]).
coupling, the polaron is tightly dressed in each band and
can not tunnel between them, leading to an interband self-trapping effect [P1].
In collaboration with project A9 (Ott), we have studied
transport of strongly correlated bosons in a three-dimensional optical lattice. Transport is induced by a small displacement of the overall harmonic trapping potential. The
subsequent relaxation dynamics has been monitored by
high precision density measurements using scanning electron microscopy. Good agreement has been found with
time-dependent Gutzwiller mean-field simulations within
the single-band approximation, see Fig. 2 [P2].
We have derived a self-contained operator-based approach
to the phonon excitation spectrum of trapped ion arrays.
It yields the complete normal form of the low-energy quadratic Hamiltonian, including an effective free-particle
degree of freedom for each spontaneously broken spatial
symmetry. We have applied the formalism to characterize
an ion chain both in the linear and the zigzag regime. We
have computed spatial correlations, heat capacity, and
dynamical susceptibility at zero and finite temperature.
For the ground state, we analyze the energy reduction
compared to an uncorrelated state with minimum energy [P3].

Figure 2: Time evolution of the centerof-mass after the harmonic trapping potential is suddenly shifted, for different values of the dimensionless lattice depth s.
Shown are: experimental data (orange), the
results of time-dependent Gutzwiller simulations (blue), and the equilibrium position
(magenta). Figure from [P2].

We have investigated strongly correlated spin-1 ultracold bosons with antiferromagnetic interactions in a cubic optical lattice, using bosonic dynamical mean-field theory (DMFT). The phase
diagram is mapped out at zero and finite temperature, and the existence of a spin-singlet condensate is established. At finite temperature, we have found that the superfluid can be heated into a
Mott insulator, analogous to the Pomeranchuk effect in 3 He. We have estimated the critical temperature (entropy) for different ordered phases [P4].

18

SFB/TR 49
Frankfurt / Kaiserslautern / Mainz

A3

Hofstetter

We have addressed (quasi)-steady states with photonic currents in arrays of coupled photonic cavities driven by external lasers, in the presence of dissipation. In a first setup, photonic currents
arise due to a phase difference of applied lasers, while in a second one, photons are injected locally
and redistribute over the lattice. Effects of interactions are taken into account by mean-field theory. In the first setup, we found that the current exhibits a resonant behavior with respect to the
driving frequency. In the second setup, the lattice current can be controlled via selected cavities
with stronger dissipation rates, which serve as sinks for photonic currents [P5].
We have investigated by Gutzwiller mean-field theory and bosonic DMFT an ultracold, twocomponent bosonic gas in a square optical lattice at unit filling. The atoms are subject to local
density-density interactions, and to coherent light-matter interactions that couple different internal
states. The interplay of these interactions affects the Mott insulator transition and shifts the tip of
the Mott lobe towards higher values of the tunneling amplitude. In the strongly interacting Mott
regime, the resulting Bose-Hubbard model can be mapped onto an effective spin Hamiltonian [P6].
Recent experiments have shown that crystalline phases are within reach in Rydbergdressed quantum many-body systems in
optical lattices, which possess strong longrange interactions due to the large polarizability of Rydberg atoms. A wide range of quantum phases has been predicted, such as a devil’s staircase of latticeincommensurate density wave phases and
the lattice supersolid order for bosonic sy- Figure 3: T = 0 phase diagram of a two-species extended
stems, which we considered in our work. Bose-Hubbard model with excited Rydberg species. Shown is
Guided by results in the “frozen”-gas li- the dependence of the average Rydberg fraction n̄e on detumit, we have studied the ground-state pha- ning and hopping. The occurrence of a finite condensate orse diagram at finite hopping and in the vi- der parameter is marked by the green (gray) line with dots.
cinity of resonant Rydberg driving, whi- Transitions between different supersolid (SS) phases above
this line, as well as between density wave (DW) ordered phale fully including the long-range tail of ses below, are separated by black lines (circles for second
the van der Waals interaction. Simulati- order, points for first order). Besides the homogeneous suons with bosonic DMFT yielded an ex- perfluid (SF), we specifically label the checkerboard supertension of the devil’s staircase into the solid (CB-SS) in the diagram. (e) Lattice-averaged Rydberg
supersolid regime, where the competiti- fraction n̄e . (a)–(d), the inset in (e), and (f)–(i) show the
on of condensation and interaction leads spatial distribution of specified local observables at different
to a sequence of crystalline phases, see points indicated in the phase diagram in (e). If mentioned in
a diagram, the values for excited states are rescaled by the
Fig. 3 [P7].
indicated factor (figure from [P7]).

We have also investigated emerging supersolid quantum phases in bosonic Rydberg-excited quantum lattice gases in the presence of nonunitary processes. Within Gutzwiller theory, we first analyzed the many-body ground state of a bosonic Rydberg-excited quantum gas in a two-dimensional
optical lattice for variable atomic hopping rates and Rabi detunings. Furthermore, we performed
time evolution of different supersolid phases using the Lindblad-master equation. Including two
different nonunitary processes, i.e. spontaneous decay from a Rydberg state to the ground state
and dephasing of the addressed Rydberg state, we found that long-lived supersolid quantum phases
are observable within a range of realistic decay and dephasing rates [P8].
Using DMFT, we have studied thermodynamic properties of four-component fermionic mixtures
described by the Hubbard model on a cubic lattice, with special focus on the system with SU(4)SFB/TR 49
Frankfurt / Kaiserslautern / Mainz
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symmetric interactions at half filling, where we have analyzed equilibrium many-body phases and
their coexistence regions at finite temperature. By calculating the entropy for different symmetries
of the model, we have determined optimal regimes for experimentally approaching the studied phases with ultracold alkali and alkaline-earth-like atoms in optical lattices [P9].
We have furthermore investigated the effect of local dissipation on density-wave ordering in spinful
fermions with local and nearest-neighbor interactions described by the extended Hubbard model.
We found density-wave order to be robust against decoherence effects up to a critical point where
the system becomes homogeneous. These results are relevant for future cold-atom experiments
using fermions with nonlocal interactions due to dressing by highly excited Rydberg states, which
have finite lifetimes due to spontaneous emission processes [P10].
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2.2

Project history

2.2.1

Report

The goal of this project was to develop, implement, and use advanced numerical methods for the
simulations of ultra cold gases in connection to other model systems within the SFB. Our numerical
work was always based on open problems of current physical interest.
1) Critical scaling near the BKT transition
Using extensive Quantum Monte Carlo simulations we
have analyzed the Berezinsky-Kosterlitz-Thouless transition in a two-dimensional dilute Bose gas in collaboration with Project A8, which used the functional
renormalization group (FRG) on this model [P1]. Our
results extend previous analytical renormalization-group
calculations for thermodynamic observables at µ = 0 to
finite values of µ and solve a controversy about the detailed scaling behavior in the quantum disordered and
the quantum critical regime close to the dilute Bose
gas quantum critical point. The numerical results give Figure 1: Region of validity (red area) where
a clear region of validity for the asymptotic analytical analytical extrapolation works and analytical
predictions from FRG yield accurate results.
scaling expressions as shown in Fig. 1.
2) Phase transitions in the BHM
The Bose-Hubbard model (BHM) is one of the prototypical models for ultra-cold gases in an optical
lattice, with strong theoretical interest which has been of fundamental interest decades before the
experiments were possible [1].
By combining high-precision quantum Monte-Carlo simulations with the the process-chain method and a symbolized evaluation we worked out in detail a high-order symbolic strong-coupling
expansion (HSSCE) for determining the quantum phase boundaries between the Mott insulator
and the superfluid phase of the Bose-Hubbard model for different fillings in hypercubic lattices
of different dimensions [P2]. We presented the general HSSCE method, which is not limited to
the Bose-Hubbard model, but is also suitable to analyze other lattice systems, which describe, for
instance, the supersolid-solid transition, a mixture of two bosonic species, three-body interactions,
and even frustrated systems like Kagome superlattices suffering from the sign problem. Furthermore it should be noted that our theoretical high-precision results could, in principle, be checked
with in situ density measurements and single atom detection.
3) Inhomogeneous one-dimensional systems
We considered a one-dimensional interacting Fermigas with inhomogeneous parameters along the system, which is relevant both for ultra-cold gas setups as well as for transport in quantum wires [P3].
We theoretically model junctions as an inhomogeneous chain where the parameters at the junction
change on the scale of the lattice spacing as shown
in Fig. 2. We studied such systems analytically
in the appropriate limits based on Luttinger liquid theory and compare the results to large-scale
quantum Monte Carlo calculations of the conduc-
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Figure 2: A quantum wire connected to two noninteracting leads. The identical leads are modeled
as a chain with hopping t` , chemical potential µ` ,
and interaction U` = 0. The wire has parameters
Uw , tw , µw .
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tances and local densities near the junction. We first considered an inhomogeneous spinless fermion
model with a nearest-neighbor interaction and then generalize our results to a spinful model with
an on-site Hubbard interaction. We find that the inhomgeneities generally have a significant effect
on the transport via backscattering, but that remarkably in both cases a fine-tuning to a perfectly
condcuting fixed point is possible, e.g. by velocity matching.
4) Anisotropic frustrated systems
Frustrated systems are of large current interest due to the possibility of understanding new physics
of exotic phases such as e.g. spin-liquids and supersolids. One of the prototypical models with the
largest frustration effects is known to be the kagome lattice.
We analyzed ultracold bosons in a kagome superlattice, which can be created and tuned by enhancing the long wavelength laser in one direction based on recent progress for creating highly
frustrated lattices. By using numerical QMC simulations and the Generalized Effective Potential
Landau Theory, we obtained the entire quantum phase diagram including Mott phases and fractionally filled charge density phases. In the superfluid phase an anisotropic superfluid density is found,
which changes direction as the overall density, the hopping, or the interaction is varied. By tuning
the hopping t/U it is possible to induce a continuous melting from a supersolid-like state with one
filled sublattice to an ordinary superfluid phase. Both the fractionally filled insulating phases and
supersolid phases have received much attention by using models with longer-range interactions.
Using the superlattice structure proposed in this work these phases become experimentally much
more accessible by a simple laser setup instead of using dipolar interactions. Moreover, the characteristic signature of those effects can be measured in straight-forward TOF absorption experiments,
without the need of single site resolution. In particular, by implementing off-diagonal measurements
in QMC loop updates, it was possible to simulate TOF flight images which show a clear signature
of the anisotropic superfluid density and the change of its direction, when the melting takes place.
5) Dynamics of quantum impurities in Bose-Einstein condensates
The physics of a quantum impurity in collective
Feynman
10 6
RG
many-body environments is an important subject
MF
of condensed matter physics. It dates back to the
10 4
weak
classic problem of a polaron put forward by Landcoupling
2
au and Pekar and Fröhlich and Holstein to explain
10
charge transport in solids resulting from the dresstrong
10 0
sing of a moving electron with phonon-like excitacoupling
intermediate
tions of the surrounding material. Individual atoms
coupling
-2
10
placed in a Bose-Einstein condensate are a perfectly suited model system to study the physics of such
10 0
10 1
10 2
10 3
10 4
10 5
quantum impurities and their dressing by phononlike quasi particles. In collaboration with project Figure 3: Ratio of polaron mass Mp to impurity
mass M as function of the dimensionless coupA12 we investigated several aspects of this physics.
ling α in a quasi 2D BEC for different ratios of
impurity to host mass M /m. Feynman’s approach
predicts a sharp transition for M /m ≲ 0.01, in contrast to mean-field (MF) theory and renormalization group (RG).

In [P5] we theoretically analyzed the Bose polaron
within the framework of the Fröhlich Hamiltonian using a renormalization group ansatz. For sufficiently light impurities, Feynman’s variational approach to the Fröhlich model predicted a sharp selftrapping transition indicated by a non-analyticity of the polaron mass Mp , while other more sophisticated approaches indicated an extended regime of intermediate couplings, where phonons
become correlated due to phonon-phonon interactions mediated by the impurity. Their strength is
determined not only by the impurity-phonon coupling constant α but also by the impurity mass
M . We suggested a realistic experimental setup using dark-state polaritons as effective impurity for
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exploring the polaron formation with mobile impurities of variable mass inside a BEC and analyzed
theoretically the transition region between weak-coupling and self-trapping regimes, see Fig.3.
Besides properties of the Bose polaron itself we
were also interested in the dynamics of its formation. To this end we studied in collaboration
with project A12 (A. Widera) theoretically the
cooling dynamics of an impurity atom injected
into a BEC. In a 3D condensate we identified
in [P6] a separation of time scales of scattering
processes associated with single phonon processes as described by the Fröhlich Hamiltonian and
those involving two-phonon processes not captured in that model. This leads to a rapid formation of a temporary pre-thermalized momentum distribution of the impurity, see Fig.4, with
two characteristic momenta. In lower spatial dimensions, [P7], we showed that two-phonon processes become relevant depending on the trap
dimension and the temperature of the BEC in
a trap. Furthermore two-phonon scattering processes induced by thermal phonons become of increasing importance and we determined the crossover conditions. These processes destroy the separation of time scales found in the 3D case.

Figure 4: Impurity momentum distribution starting
from thermal state with p⃗0 = 0 and Timp = 10Tc and
TBEC = 0.1Tc . The BEC density is n0 = 10/ξ 3 , gIB = 1,
and M /m = 87/39 corresponding to a Rubidium impurity in a Potassium BEC. Momenta are given in
units of the Landau critical momentum pc = M c.
Left: Dynamics including only single-phonon processes. Right: Dynamics including one- and two-phonon
processes.
√ Vertical lines indicate critical momenta
(2)
(1)
= c M 2 − m2 (solid vertical line) and pc =
p√
c
c M 2 − 4m2 (dashed vertical line).

Finally we extended our studies to impurities
with an internal structure. In particular we studied the cooling dynamics of rotational degrees
of freedom of two-atomic molecules immersed in a BEC of atoms in [P8]. The rotational cooling
is markedly different in the case of a macro molecule with a size r0 exceeding the BEC healing
length ξ and for a typical molecule, for which r0 ≪ ξ. In the first case we found a universal behavior
of the cooling rates and a Landau critical angular momentum caused by the superfluidity of the
condensate, resulting in the formation of pre-thermalized rotational state. For molecules of typical
size, there is no effect of the superfluidity due to the dominace of particle-like phonons. Thus the
rotational analoge of polarons, the so-called angulon is intrinsically unstable.
6) Spin physics with Rydberg atoms
In collaboration with project A9 (H. Ott) we continued our research on spin physics using Rydberg
atoms.
Ultracold Rydberg gases are an ideal platform to study many-body spin physics with strong and
long-range interactions.Current measurement techniques allow one to observe their excitation dynamics as well as their spatial correlations. When atomic gases are laser driven to Rydberg states in
an off-resonant way, a single Rydberg atom may enhance the excitation rate of surrounding atoms.
This leads to a facilitated excitation referred to as Rydberg antiblockade. In the usual facilitation
scenario, the detuning of the laser from resonance compensates the interaction shift. In [P9] we
identified a different excitation mechanism, which we called anomalous facilitation.
Spin-lattice models play a central role in the studies of quantum magnetism and non-equilibrium
dynamics of spin excitations – magnons. We showed in [P10] that a spin lattice with strong nearestneighbor interactions and tunable long-range hopping of excitations can be realized by a regular
array of laser-driven atoms, with an excited Rydberg state representing the spin-up state and a
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Rydberg-dressed ground state corresponding to the spin-down state. We find exotic interactionbound states of magnons that propagate in the lattice via the combination of resonant two-site
hopping and non-resonant second-order hopping processes.
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2.2.1

Report

The main goal of our project was to study the processes resulting in the formation of quantum macroscopic states of a magnon gas in ferro- and ferrimagnetic materials and to understand the role of
multi-particle interactions, including magnon-magnon and magnon-phonon scattering processes, in
the properties of these correlated states of matter. During the third funding period, the focus of these studies was on non-equilibrium transition processes in dense magnon and magnon-phonon gases,
and on coherent transport processes in a magnon Bose-Einstein condensate (BEC). The work was
organized into two subprojects: (a) Spatially confined magnon condensates and coherent magnon
transport and (b) Coherent interactions and phase transitions in magnon gases and condensates.
The main experimental methods were the technique of electromagnetic parallel pumping for magnon excitation [P4] and the space-, time-, and wavector-resolved Brillouin light scattering (BLS)
spectroscopy for their detection. The existing BLS setup was improved by the implementation of
a novel technique of wavevector resolution [1] combined with a system of local optical heating of
magnetic samples [P8]. The experiments were performed using single crystal films of yttrium iron
garnet (YIG, Y3 Fe5 O12 ), which exhibit low magnetic damping and, thus, ensure a long lifetime of
the magnon condensates.
The discovery of a supercurrent—a macroscopic effect of a phase-induced collective motion of a
quantum condensate—in a room-temperature magnon BEC is one of the major achievements of our
project [P3]. It has been found that heating in the focus of a probing BLS beam locally enhances the
decay of the magnon condensate, but does not alter the relaxation dynamics of gaseous magnons.
In the heated focal spot, the saturation magnetization decreases compared to the rest of the film,
inducing a frequency shift between different parts of the magnon condensate. The resulting phase
gradient in the coherent BEC wave function creates a magnon supercurrent, flowing out of the hot
spot and leading to a faster decrease of the BLS signal.
In Ref. [P8], we demonstrate that the magnon
supercurrent, propelled in a thermally induced
magnetic inhomogeneity [P3], creates perturbations in the BEC density, which travel hundreds
of micrometers through the thermally homogeneous YIG film areas (see Fig. 1). These perturbations, which are associated with the Bogoliubov waves with a linear dispersion law [2], can
be considered as a second sound potentially featuring inviscid propagation. The further understanding of this phenomenon needs accounting
of interactions between the gaseous and BEC
magnons, e.g., in a model analogous to the twofluid model of superfluid helium. In such a model, a relation between the Bogoliubov waves of
the magnon BEC and the just reported another
type of magnon second sound [3]—the waves of
the gaseous magnon density—can be found.

Figure 1: Supercurrent- and second-sound-related
magnon BEC dynamics. After the pumping is switched
off at t = 0, a BEC density peak is formed. The BEC,
which escapes from the hot spot, propagates through
the cold film areas in form of two second sound pulses.

The behavior of a magnon BEC, when the pumped magnons are transferred towards the condensed
state via a multistage Kolmogorov-Zakharov cascade of the weak-wave turbulence or a one-step
kinetic instability process [4], is studied in Ref. [P7]. It turns out that an intense peak in the
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population of gaseous magnons, created via the kinetic instability process near the bottom of the
magnon spectrum, serves as an efficient precursor for the BEC formation. The resulting BEC state
is denser by an order of magnitude compared to the one created without this process. By analysis
of the supercurrent dynamics in different thermalization regimes we shown a wide-range BEC tunability, formulated the concept of a BEC-based space-time crystal, and together with S. Eggert
(project A5), proposed it as a model nonlinear Floquet system that brings in touch the fields of
classical nonlinear waves, magnonics, and periodically driven systems [P9].
By further developing our studies on thermalization dynamics of magnon gases, we showed in
Ref. [P1] that the Bose-Einstein condensation
in a parametrically driven magnon gas is preceded by conversion of initially pumped magnons
into a few secondary exchange-dominated magnon groups (see Fig. 2). This parametrically
stimulated thermalization process is an essential precondition for the BEC formation. Indeed,
in addition to the previously observed transfer
of the parametric magnons to the BEC state
through the dipolar part of a magnon spectrum
[5], the opening of an exchange thermalization channel is clearly demonstrated in Ref. [P2].
This channel dominates at high pumping powers, when the stimulated thermalization becomes the most efficient process.

Figure 2: Mechanism of parametrically stimulated
magnon thermalization. The red arrows illustrate the
magnon injection by parametric pumping. The second
magnon group is shown by four green dots. The yellow
arrows outline the stimulated magnon scattering.

As an important step towards understanding of the temperature-related properties of magnon
gases and condensates, we elaborated microwave studies of temperature-dependent relaxation of
dipole-exchange magnons in YIG films and bulk samples [P6]. For the YIG films, we have found
a significant increase in the magnon relaxation rate below 150 K—up to eight times the reference
value at 340 K. This increase is mostly related to rare-earth impurities contaminating the YIG
samples. In the same films, we investigated the magnon BEC dynamics by means of BLS spectroscopy and found that magnon supercurrents are strongly enhanced in the temperature range near
the maximum of magnon lifetime at T ≈ 200 K [6].
Investigating new quasiparticle condensation scenarios mediated by magnon-phonon interactions
we discovered a spontaneous accumulation of hybrid magnetoelastic bosonic quasiparticles at the
intersection of the lowest magnon mode and a transversal phonon branch. The interaction between
the accumulated magnetoelastic bosons and the pure magnon BEC is demonstrated and the theory,
which takes into account magnon-phonon intra- and inter-modal scattering processes, is developed
in Ref. [P5]. Recently, two-dimensional anisotropic spin transport by two groups of the accumulated quasiparticles was observed by us in a locally pumped YIG film.
Our work on the generation, manipulation and detection of magnon condensates by electricallycarried spin currents reveals the contribution of phonon-, magnon- and electron interactions for
the magnon thermalization and phase transitions. For example, in collaboration with P. Kopietz
(project A8) we understood the origin of the enhancement of the spin pumping effect by magnon
confluence processes in YIG/Pt bilayers [P10] and showed that under the action of a strong pumping field these processes lead to an increase of the total number of magnons. Being combined
with the spin-Seebeck-effect-induced condensation scenario, reported in ultra-thin YIG films at low
temperature [7], it could allow for the formation of a persistent magnon BEC at room temperature.
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Paving the way towards realization of a BEC of magnetic polaritons in perpendicularly magnetized
magnetic films we investigated the transformation of thermal magnon spectra in course of transition from in-plane to out-of-plane magnetization regimes, determined the transversal profiles, and
the BLS visibility of in-plane-propagating dipole-exchange magnon modes [1]. We shown that in
obliquely magnetized films, these profiles are only quasi-standing, and may allow for the transport
of a spin angular momentum along the film normal even in the absence of any surface spin sink.
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condensation, Phys. Rev. B 91, 220402(R) (2015).

[P2]

D. A. Bozhko, P. Clausen, A. V. Chumak, Yu. V. Kobljanskyj, B. Hillebrands, A. A. Serga, Formation
of Bose-Einstein magnon condensate via dipolar and exchange thermalization channels, Low Temp.
Phys. 41, 1024 (2015).

[P3]

D. A. Bozhko, A. A. Serga, P. Clausen, V. I. Vasyuchka, F. Heussner, G. A. Melkov, A. Pomyalov,
V. S. L’vov, B. Hillebrands, Supercurrent in a room temperature Bose-Einstein magnon condensate,
Nat. Phys. 12, 1057 (2016).

[P4]

T. Brächer, P. Pirro, B. Hillebrands, Parallel pumping for magnon spintronics: Amplification and
manipulation of magnon spin currents on the micron-scale, Phys. Rep. 699, 1 (2017).

[P5]

D. A. Bozhko, P. Clausen, G. A. Melkov, V. S. L’vov, A. Pomyalov, V. I. Vasyuchka, A. V. Chumak,
B. Hillebrands, A. A. Serga, Bottleneck accumulation of hybrid magnetoelastic bosons, Phys. Rev. Lett.
118, 237201 (2017).

[P6]

L. Mihalceanu, V. I. Vasyuchka, D. A. Bozhko, T. Langner, A. Yu. Nechiporuk, B. Hillebrands,
A. A. Serga, Temperature dependent relaxation of dipolar-exchange magnons in yttrium iron garnet
films, Phys. Rev. B 97, 214405 (2018).

[P7]

A. J. E. Kreil, D. A. Bozhko, H. Yu. Musiienko-Shmarova, V. S. L’vov, A. Pomyalov, B. Hillebrands,
A. A. Serga, From kinetic instability to Bose-Einstein condensation and magnon supercurrents, Phys.
Rev. Lett. 121, 077203 (2018).

[P8]

D. A. Bozhko, A. J. E. Kreil, H. Yu. Musiienko-Shmarova, A. A. Serga, A. Pomyalov, V. S. L’vov,
B. Hillebrands, Bogoliubov waves and distant transport of magnon condensate at room temperature,
Nat. Commun. 10, 2460 (2019).

[P9]

A. J. E. Kreil, H. Yu. Musiienko-Shmarova, D. A. Bozhko, S. Eggert, A. A. Serga, B. Hillebrands,
A. Pomyalov, V. S. L’vov, Tunable space-time crystal in room-temperature magnetodielectrics, Phys.
Rev. B 100, 020406(R) (2019).
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[P10] T. B. Noack, V. I. Vasyuchka, D. A. Bozhko, B. Heinz, P. Frey, D. V. Slobodianiuk, O. V. Prokopenko,
G. A. Melkov, P. Kopietz, B. Hillebrands, A. A. Serga, Enhancement of the spin pumping effect by
magnon confluence process in YIG/Pt bilayers, Phys. Status Solidi (b), 1900121 (2019).

2.3

Funding

Funding of the project within the Collaborative Research Centre started in July 2007 and ended
in June 2019.

2.3.1

Project staff in the ending funding period
No.,
Name,
academic degree,
position

Field of research

Dept. of
university
or nonuniversity
institution

Commit- Category Funded
ment in
through
hours/
week

Available
Research staff 1 Hillebrands, B., Prof.Dr. Experim. Physics

Non-research
staff

K-PHY

5

K-Uni

2 Serha, O., PD Dr.

Experim. Physics

K-PHY

10

K-Uni

3 Chumak, A., PD Dr.

Experim. Physics

K-PHY

10

K-Uni

K-PHY

5

K-Uni

4 Weller, D., Dipl.-Ing.

Supported through funds granted to the CRC
Research staff 5 Bozhko, Dmytro

Experim. Physics

K-PHY

PhD st.

6 Mihalceanu, Laura

Experim. Physics

K-PHY

PhD st.

7 Timo, Noack

Experim. Physics

K-PHY

PhD st.

Job description of staff (supported through available funds)
(1) Prof. Dr. B. Hillebrands
Supervision and coordination of the whole project and general supervision of the BLS experiments.
(2) PD Dr. O. Serha
Supervision of project tasks and coordination of BLS and microwave experiments.
(3) PD Dr. A. Chumak
Staff researcher. Analytical and numerical approaches for the analysis of experimental data, sample
preparation and patterning of YIG samples.
(4) Dipl.-Ing. D. Weller
Engineer. Design of experimental circuits and maintenance of experimental setups.
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Job description of staff (supported through funds granted)
(5) Dmytro Bozhko (PhD Student, July 2013 – January 2017)
Research on magnon-phonon interactions in overpopulated magnon gases. Investigation of magnon
thermalization processes, coherent magnon transport in one- and two-dimensional thermal gradients, and magnon-phonon accumulation phenomenon.
(7) Laura Mihalceanu (PhD Student, July 2015 – June 2019)
Characterization of magnon gases and condensates at low-temperatures, including measurements
of magnon damping and time-dependent distribution functions. Studies of magnon-magnon and
magnon-phonon scattering and condensation scenarios as temperature-dependent phenomena.
(8) Timo Noack (PhD Student, September 2016 – June 2019)
Study on the influence of spin-polarized electron currents on magnon condensation process in hybrid
magnetic∣non-magnetic structures and realization of electric detection of magnon BEC.
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2.2

Project history

2.2.1

Report

The proposed research program during the third funding period of this SFB was subdivided into
the following three parts:
Part A: Magnon-phonon interactions and non-equilibrium dynamics of magnons in YIG;
Part B: Theory of ultrasound in the vicinity of the dilute Bose gas quantum critical point;
Part C: Renormalization group approach to driven dissipative Bose systems.
Part A is motivated by an ongoing collaboration with the experimental project A7 (Serha, Hillebrands) of this SFB, where the non-equilibrium dynamics of the pumped magnon gas in the
magnetic insulator yttrium-iron-garnet (YIG) is studied experimentally using the method of Brillouin light scattering. We aim of part A of our project A8 is to achieve a microscopic description of
the experimental results, especially of the phenomenon of “Bose-Einstein condensation” magnons.
As detailed below, this aim has been fully achieved [P3]. Part B is motivated by an ongoing collaboration with the experimental project B1 (Wolf, Lang) of this SFB where measurements of the
sound velocity and the sound attentuation rate in frustrated antiferromagnets such as Cs2 CuCl4
are performed. In the previous funding period we have used spin-wave theory to calculate these
quantities in the regime where the system exhibits long-range magnetic order [1]. These methods
cannot be used to calculate ultrasound in the regime close to the quantum critical point or if
the system does not exhibit any long-range magnetic order. For example, at temperatures above the magnetic ordering temperture the magnetic properties of Cs2 CuCl4 can be modeled by a
one-dimensional antiferromagnetic Heisenberg chain, where conventional spin-wave theory is not
applicable. In Ref. [P6] we have used the exact diagonalization technique of the Bethe ansatz to
develop a many-body theory of magnetoelasticity in this regime. Finally, the last part C of our
research proposal, i.e. the development of a renormalization group approach to driven dissipative
Bose systems, has not been carried out because shortly after submission of our proposal very similar
research has been performed and published by another group [2, 3]. Instead, we have used functional renormalization methods and Monte Carlo simulations to investigate the thermodynamics
of model systems in the vicinity dilute Bose gas quantum critical point [P5] which controls the
phase transition between the spiral antiferromagnetic phase and the saturated ferromagnetic phase
in Cs2 CuCl4 .
Let us now briefly discuss the most important results of our research obtained during the third
funding period of this SFB. First of all, in Ref. [P3] we have obtained a microscopic description of
the dynamics of the magnon condensation in YIG. This has been achieved by deriving and solving
the following non-Markovian dissipative Landau-Lifshitz-Gilbert equation,
t

Ṡi (t) = Si (t) × [H(t) + hi (t) + ∑ Kij Sj (t)] − Si (t) × ∫
j

0

dt′ ∑ Gij (t, t′ )Ṡj (t′ ).

(1)

j

Here the time-dependent external magnetic field H(t) is measured in units of energy and Kij is a
αβ
αβ
matrix in the spin components with elements Kαβ
ij = δ Jij + Dij , where the exchange couplings
αβ
Jij connect nearest neighbor sites with strength J, and Dij
is the dipolar tensor [4]. The effect of
the phonon bath on the spin dynamics manifests itself via the induced magnetic field hi (t) and the
non-Markovian dissipation kernel Gij (t, t′ ) which is a matrix in the spin components. A microscopic
derivation of these quantities starting from the coupled spin-phonon Hamiltonian for YIG is given
in the Supplemental Material of Ref. [P3]. It turns out that the dissipation kernel Gij (t, t′ ) can be
expressed in terms of the properties of the phonons in YIG as follows,
′
Gαβ
ij (t, t ) =

1
cos[ωkλ (t − t′ )]
µ
ν ′
ik⋅(Ri −Rj )
B
B
S
(t)S
(t
)
e
(k
⋅
e
)(k
⋅
e
)
,
∑
∑
αµ
αµ
βν
kλ
βν
−kλ
j
i
2
N S 4 µν
M ωkλ
kλ
(2)
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Figure 1: Snapshots of the stochastic time evolution of the magnon distribution nk (t)/nth
k relative to the
thermal distribution nth
,
showing
(a)
the
magnetoelastic
hybridization,
(b)
the
parametric
instability, (c)
k
the redistribtion of magnons in momentum space, and (d) the quasiequilibrium with the magnon condensate.

where N is the number of lattice sites, ωkλ is the dispersion of an acoustic phonon with polarization
vector ekλ , and λ labels one longitudinal and two transverse phonon polarizations. The effective
ionic mass in the unit cell is denoted by M , and we have introduced the notation kαβ = kα eβ +kβ eα ,
where eα are Cartesian unit vectors in direction α = x, y, z. Because for YIG the magnetoelastic
couplings Bαβ and all phonon properties are known [5,6], we can explicitly calculate the dissipation
′
kernel Gαβ
ij (t, t ). Assuming that the phonons are in thermal equilibrium at temperature T , the hi (t)
are Gaussian non-Markovian random processes. As usual, the covariance of the induced magnetic
field is related to the damping kernel via the fluctuation-dissipation theorem, ⟨δhαi (t)δhβj (t′ )⟩ =
′
T Gαβ
ij (t, t ). In the experimentally used parallel pumping geometry where the external magnetic
field is of the form H(t) = [H0 + H1 cos(2ωp t)]ez (where ωp is the pumping frequency and the static
part H0 of the magnetic field is much larger than the amplitude H1 of the oscillating part) we may
substitute Si (t) → Sez in Eq. (2), thus replacing Gij (t, t′ ) by an ergodic process. In Ref. [P3] we have
succeeded to solve the resulting ergodic stochastic Landau-Lifshitz-Gilbert equation numerically
in momentum space without further approximation. A typical result for the time-evolution of the
magnon distribution is shown in Fig. 1. We find a multi-stage time-evolution of the non-equilibrium
magnon distribution, evolving via a paramagetic instability and a complicated re-distribution in
momentum space to a accumulation in the mode with the lowest energy. An important insight of
our calculation is that the magnon condensation in YIG at room temperature can be explained
within a purely classical model, i.e., quantum effects and Bose statistics do not play any role for the
condensation. We have therefore proposed to call this phenomenon Rayleigh-Jeans Condensation.

Next, let us briefly discuss our results in Part B of our research program. Although we have not
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succeeded to develop a comprehensive theory of ultrasound attentuation in the vicinity of the dilute
Bose gas quantum critical point, important steps in this direction have been taken. On the one
hand, in Ref. [P6] we have developed a microscopic theory of ultrasound attentuation in magnetic
insulators in the regime where these systems can be described by a one-dimensional antiferromagntic
spin chain that is coupled to phonons. The relevant Hamiltonian is of the form H = Hm + Hph + V ,
with
N

Hm = J ∑ Si ⋅ Si+1 + B ∑ Siz ,
i=1

i

Hph = ∑ ωk ak ak ,

(3)

k

N

V = ∑ [J1 (xi+1 − xi ) + J2 (xi+1 − xi )2 ] Si ⋅ Si+1 .

(4)

i=1

where J is the nearest neigbor exchange interaction between neighboring spins, B is an external
magnetic field, ak creates a phonon with energy ωk and xi is the phonon displacement operator at
lattice site i. The magneto-elastic couplings are parametrized in terms of two coupling constants J1
and J2 . Using the fact that the pure Heisenberg chain with Hamiltonian Hm can be diagonalized
exactly by means of the Bethe-ansatz we have calculated the renormalization of the sound velocity
as well as the sound attentuation due to the magneto-elastic coupling perturbatively to first order in
J2 and second order in J1 . The resulting expressions depend on two-spin and four-spin correlation
functions of the Heisenberg chain, which we have calculate exactly without relying on additional
approximations in the magnetic sector. The results for the velocity renormalization agree quite well
with the experimental results of project B1 (Wolf, Lang) obtaind for a high quality single crystal of
Cs2 CuCl4 in the quasi one-dimensional regime at temperatures of 0.7−2.1 K. We have also developed
a simple Hartree-Fock theory for quantum spin systems [P8] which produces quantitatively accurate
results for the thermodynamics of low-dimensional quantum antiferromagnets [P10].
Finally, we have used modern functional renormalization group methods [7] to study the thermodynamics and the renormalized quasi-particles in the vicinity of the dilute Bose gas quantum
critical point in two dimensions [P5]. This work has been done in collaboration with project B3
(Eggert) of this SFB, where quantum Monte Carlo simulations for the quantum XY model have
been performed in the regime where the quantum critical behavior is controlled by the dilute Bose
gas quantum critical point. In the regime where the chemcial potential is negative the analytical
renormalization group results agree quaite well with the Monte Carlo results up to relatively high
temperatures. The next step in this project would be to add the coupling of phonons to the critical
fluctuations and investigate how the coupling to the phonons affects the renormalization group flow
in the vicinity of the dilute Bose gas quantum critial point. Although this problem has not been
solved in the third funding period of this SFB, we have laid the methodological ground which will
enable us solve to this problem in the near future.
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Project-related publications

a) in scientific jounals
[P1]

S. Streib, P. Kopietz, P. T. Cong, B. Wolf, M. Lang, N. van Well, F. Ritter, and W. Aßmus, Elastic
constants and ultrasound in the spin-liquid phase of Cs2 CuCl4 , Phys. Rev. Phys. Rev. B 91, 041108(R)
(2015).
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A. Rückriegel and P. Kopietz, Rayleigh-Jeans condensation of pumped magnons in thin film ferromagnets, Phys. Rev. Lett. 115, 157203 (2015).
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[P7]
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Rev. B 95, 104436 (2017).

[P8]

A. Werth, P. Kopietz, and O. Tsyplyatyev, Spin Hartree-Fock approach to quantum Heisenberg antiferromagnets in low dimensions, Phys. Rev. B 97, 180403(R) (2018).

[P9]

T. B. Noack, V. I. Vasyuchka, D. A. Bozhko, B. Heinz, P. Frey, D. V. Slobodianiuk, O. V. Prokopenko,
G. A. Melkov, P. Kopietz, B. Hillebrands, and A. A. Serga, Enhancement of the Spin Pumping Effect
by MagnonConfluence Process in YIG/Pt Bilayers, Phys. Status Solidi B, 1900121 (2019).

b) other publications
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Excitations in the Layered Frustrated Quantum Antiferromagnets Cs2 CuCl4−x Brx , arXiv:1901.07799
(2019).

2.3

Funding
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Dept. of
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or nonuniversity
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Commit- Category Funded
ment in
through
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Theor. Physics

F-ITP

10

F-Uni

Theor. Physics

F-ITP

20

F-Uni

Available
Research staff 1 Kopietz, P., Prof. Dr.
2 Tsyplyatyev, O. Dr.

Supported through funds granted to the CRC
Research staff 3 Rückriegel, A.
4 Tsyplyatyev, O.

Theor. Physics

F-ITP

PhD st.

Theor. Physics

F-ITP

20/40 postdoc

Job description of staff (supported through available funds)
(1) Prof. Dr. P. Kopietz
Supervision of the project, perform and check all analytical calculations.
(2) Dr. O. Tsyplyatyev (up to January 2017)
Perform Bethe-ansatz calculations and develop theory of magneto-elasticity.

Job description of staff (supported through funds granted)
(3) A. Rückriegel (PhD Student, January 2014 – January 2017)
Derivation and solution of the non-Markovian stochastic Landau-Lifshitz equation for YIG.
(4) Dr. O. Tsyplyatyev (Postdoc, January 2017 – June 2019)
Development of theoretical descriptions of low-dimensional spin systems.

40

SFB/TR 49
Frankfurt / Kaiserslautern / Mainz

A9

2.1

About project A9

2.1.1

Title:

Ott

Ultracold Bose Gases with Variable Interactions

2.1.2

Principal investigators

Ott, Herwig, Prof. Dr., 27.07.1971, German
Fachbereich Physik, Technische Universität Kaiserslautern
Phone: +49 (0)631 205 2817
E-Mail: ott@physik.uni-kl.de

SFB/TR 49
Frankfurt / Kaiserslautern / Mainz

41

A9

Ott

2.2

Project history

2.2.1

Report

In the reported funding period, project A9 has investigated static and dynamic properties of strongly interacting ultracold Bose gases with short- and long-range interactions. Two experimental
platforms, where different types of interactions are implemented, were used. The first platform is
specialized to study Bose-Hubbard and Josephson-like systems with high precision in situ imaging
capabilities. The two main achievements comprise the realization of a Talbot interferometer sequence, which allows to measure finite range phase coherence in an optical lattice [P1], and the
precision measurement of transport of strongly interacting bosons in a three-dimensional optical
lattice [P2], which was a collaboration with theory project A3. The second experimental platform is
specialized for Rydberg physics and allows to implement long-range interactions between Rydberg
atoms. The interactions either arise directly via the dipole-dipole interaction between two Rydberg
atoms or on a shorter distance via the interaction between an atom being in a Rydberg state and a
ground state atom, which dwells within the orbit of the Rydberg electron. The latter is the realm
of Rydberg molecules [P3–P5]. By the demonstration of a Rydberg optical Feshbach resonance, we
were able to merge both worlds and could change the s-wave scattering length of rubidium ground
state atoms by up to 30 % [P6]. In the following we give a short summary of these outcomes.
 Talbot interferometry [P1]. The Talbot effect is a near-field interference effect. It leads to
revivals of the interference pattern behind a diffraction grating, which appear at multiples of
a characteristic distance, the so-called Talbot distance. We have transferred this principle to
ultracold atoms trapped in an optical lattice, extending previous work [1–3]. By rapidly switching
off and on the optical lattice, we let the atoms interfere in free space for a short evolution time.
The switching on of the lattice projects the atomic matter wave back to the original equilibrium
density distribution. After multiples of the Talbot time, perfect revivals occur and only little
excess energy is put into the system. In between those revivals, the overlap with the original
densitiy distribution is smaller and atoms are projected into higher bands upon switching on
the lattice again. Recording the excess energy for different evolution times, we can follow up
to 15 revivals of the interference pattern. The important feature of this interferometer is that
we can attribute every revivial to a phase correlator between a well defined relative distance in
the lattice. The interferometer therefore allows to measure finite range phase coherence in an
optical lattice. This paves the way to measure spatially resolved the built up or decay of phase
coherence in out-of-equilibrium Bose-Hubbard systems. This work was also partially funded by
the SFB/TR 185, project B3.
 Strongly correlated bosonic mass transport [P2]. One of the special features of the first
experimental setup is a scanning electron microscopy imaging technique, which allows to measure
the in situ densitiy distribuion of atomic gases with sub micrometer precision. We have used this
technique to monitor non-equilibrium dynamics of a strongly correlated bosonic quantum gas in
a three-dimensional optical lattice, superimposed with a harmonic potential. Bringing the atomic
cloud out of equilibrium by shifting the harmonic potential by 1 µm, we observe the subsequent
relaxation of the center of mass (Fig. 1). We benchmarked the experimental measurements with
real space DMFT calculation, performed in project A3. We found very good agreement between
experiment and theory. From a purely numerical experiment, we can also conclude that the
application of the Gutzwiller ansatz is well justified and the implementation of a projection
operator method does not further improve the results.
 Photoassociation of Rydberg molecules [P3–P5]. The scattering interaction between an
electron in a Rydberg state and a ground state atom, which dwells within the electron’s orbit,
leads to a contact potential between the electron and the ground state atom. A detailed partial
wave analysis of the scattering process reveals an S-wave and P-wave contribution to the resulting
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Figure 1: Transport in optical lattices [P2]. A cloud of ultracold bosons residing in a parabolic trap with
superimposed three-dimensional optical lattice is shifted out of its equilibrium position. The subsequent
relaxation dynamics is studied with high precision density measurements. The sketched optical lattice on
the right hand side of the gas extends homogeneously over the whole cloud.

potential. An even more refined theory identifies different scattering channels, depending on the
total spin of the Rydberg electron and the spin of the valence electron of the rubidium ground
state atom (triplet or singlet). The resulting potential energy landscape shows a large number
of molecular bound states. These so-called Rydberg molecules have a binding energy of several
tens/hundreds of MHz. Some of these molecules show peculiar features, which have their origin
in a resonance structure of the scattering process. In particular the shape of the electron wave
function is reminiscent of ”butterflies” or ”trilobites”. Those molecules have typically a larger
binding energy in the GHz range. The field of Rydberg molecules has seen an increasing interest in
the last years and project A9 has contributed to this field with a series of studies, complementing
and extending first results already achieved in the second funding period. An overview of the
current state of the research field can be found in this review article [4].
In order to calculate the potential energy curves for Rydberg molecules, we have developed in
project A9 a toolbox to perform state-of-the-art numerical simulations in Born Oppenheimer
approximation. Based on this toolbox, we have been able to identify a spin-flip process, which
occurs, when two ground state atoms are excited to a Rydberg molecule. The combination of
the hyperfine interaction in the remaining ground state atom and the total spin dependence of
the scattering channel are key to this process. As a result, starting from two atoms in the F = 2
ground state, we excite a Rydberg molecule, where the remaining ground state atom is in the
F = 1 state. In other words, the excitation of the Rydberg electron is accompanied by a spin-flip
collision between the Rydberg electron and the ground state atom [P3]. Such processes might
be used to prepare entangled pairs of atoms or to induce a spin-dependent interaction over a
distance of several tens of nanometers. Such a characteristic distance for the interaction is in
between what is usually classified as short- or long range. In the future, by increasing the main
principal quantum number of the Rydberg molecules, this spin-dependent interaction might even
extend to the neighboring lattice site in an optical lattice.
A second major result in the field of Rydberg molecules was the first observation of so-called
butterfly molecules. These molecules arise from a shape resonance in the 3 P scattering channel of
the Rydberg electron and the ground state atom. A very interesting feature of these molecules is
their large permanent electric dipole moment of several hundred Debye [P4]. Moreover, we could
show a series of pendular states, where the molecule oscillates around an externally applied
electric field. In the context of many-body physics, the dipole-dipole interaction between two
butterfly molecules could be used, for instance, to implement a next nearest neighbor interaction
in an optical lattice.
In a purely theoretical publication [P5], we have described the numerical procedure to calculate
photoassociation processes of ground state atoms to Rydberg molecules. Special care was taken
to fully include the spin structure of the initial state and the final Rydberg molecule.
 An optical Feshbach resonance using Rydberg molecules [P6]. In the last work to report
on, we have merged the two research fields of Rydberg molecules and ultracold quantum gases,
by experimentally demonstrating a Rydberg optical Feshbach resonance [9] for rubidium atoms.
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Optical Feshbach resonances exploit the coupling to an electronically excited molecular state to
change the scattering properties between two colliding ground state atoms. Previous work was
using Rb2 molecules, Sr2 molecules and Yb2 molecules [?, 6–8]. Yb and Sr molecules feature
metastable electronically excited states, which reduces losses from the molecular state. However,
the same mechanism that leads to metastability also leads to a small coupling matrix element
for photoassociation. True advances therefore require large Franck Condon overlap with the
vibrational wave function. This is where Rydberg molecules can benefit from. Due to the huge
dimension of the electronic wave function in a Rydberg molecule, the vibrational wave function
of the molecule has a large internuclear separation and the coupling to the molecule is much
stronger compared to conventional molecules. Studying a Bose-Einstein condensate in a threedimensional optical lattice, we could indeed demonstrate that Rydberg molecules can be used
for an optical Feshbach resonance. However, the parasitic losses which are very characteristic for
dense Rydberg systems set a limit to the achievable sample lifetime. Overall, we could achieve
a change in the s-wave scattering length of 30 a0 at a sample lifetime of 1 ms. While this is
comparable to the previous reported performance in other molecular system, there is plenty of
room for improvement in future experiments by addressing lower principal quantum numbers
and reducing the atomic density in the gas. This work was also partially funded by the SFB/TR
185 project B2.
Beyond these major results, two review articles emerged in the context of project A9. One was an
invited review by Reports on Progress in Physics [P7], where the current state of the art regarding
single atom detection in quantum gases was reviewed. A part of the results achieved in project A9
are summarized i this review. A second review on Rydberg molecules excited in ultracold quantum
gases is part of the finial publication of the CCR [P8].
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On 1 March 2016 Rene Gerritsma followed the call on a professorship at the University of Amsterdam and left the SFB/TR 49.

SFB/TR 49
Frankfurt / Kaiserslautern / Mainz

47

A10

Schmidt-Kaler, Gerritsma

2.2

Project history

2.2.1

Report

The field of atom-ion interactions is newly upcoming one. The challenges are on the theory side to
understand properties of this novel platform for quantum simulation, or to develop new application
for settling open questions in solid state models, or to study the properties of the atom-ion interactions from an AMO viewpoint. From the experimental side, one has to understand specific collission
properties for various pairs of ion and atom species, and to develop experimental techniques to
control and vary all parameters accordingly for realizations of quantum simulations.
In A10, we have followed both paths in parallel, and delevoped experimental techniques to store
and manipulate linear ion crystals of Ytterbium, to study interactions with trapped cold neutral Rubidium atoms. For the theory side, we have intensivly collaborated with groups inside the
SFB consortium and outside, and we studied the quantum dynamics of an atomic double-well
system interacting with a trapped ion [P9] and the impact of many-body atomic correlations on
the dynamics of such ion-controlled Josephson junction [P7]. This project A10 has stimulated the
understanding of long-range interactions between neutral atoms in highly excited Rydberg states
and trapped ions [P8]. The giant electric polarizability of Rydberg states enhances the atom-ion
interaction such that even at larger distances, exceeding by far the size of the atomic wavepaket,
with the advantage that chemical reactions and heating effects are minimized. Futhermore, the
enhancement of the interaction is so strong at long ranges, that even Rydberg-dressing of the atom
is sufficient [P10]. After Rene Gerritsma accepted a call on a Professorship at the University of
Amsterdam – a clear signature of excellence but also of success of the SFB/TR 49 – he and his
group obtained experimental outstanding results on the interaction of ions and atoms [10]. Most
recently they could experimentally demonstrate the interaction of ions and Rydberg atoms [11].
The setup had been assembled from an ERC grant of Rene Gerritsma in Mainz, and was operated
there with Ytterbium ion crystals interacting with neutral, cold Lithium atoms. Both experiment
shared the common laser sources for exciting Ytterbium ions, and shared the know-how in atom-ion
interactions.
In our Yb+ -Rb experiment, we follow two main
physics cases when we realizing a hybrid atomion system. On one side we aim to emulate a solid state system with interactions between electrons and phonons. The role of the electrons is
emulated by neutral atoms and the lattice vibrations are mimiqued by the phonons of an ion
crystal [P2]. We have also shown that in such
systems structural phase transtions may occur,
such as a Peierls transition into an insulating
state. Second, our setup is aiming for studies
of the tunneling dynamics of a bosonic Jose- Figure 1: Bose-Einstein condensate trapped in a douphson junction coupled to a single or a string ble well potential with an ion in the center. The interof trapped ions [P4, P7, P9]. Even a single ion nal state of the ion can betuned by laser light and
ˆ see [P4].
trapped in the center of the atomic double-well controls the tunneling rate J,
potential can control the atomic tunneling rate
via spin-dependent atom-ion interactions (Fig. 1). Since in this proposal a trapped ion can control
many-body tunneling dynamics, mesoscopic entanglement between the atomic matter wave and the
spin of the ion may be created. The interplay between the spin-dependent tunneling and the inter
atomic interactions could also result in superposition of quantum self-trapping [1] and Josephson
tunneling. Single, neutral impurities have also been proposed to control and measure the dynamics
in Josephson junctions, but the sub-µm controllability may be better realized with a single ion.
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We employ neutral cold Rubidium atoms and trapped Ytterbium ion crystals, and in order to study
interactions it is important to have sub-µm control over positioning ion crystals. Serving for this
purpose, we introduce a microfabricated planar ion trap featuring 21 DC electrodes. The ion trap is
controlled by a home-made FPGA voltage source providing independently variable voltages to each
of the DC electrodes. To assure stable positioning of ion crystals with respect to trapped neutral
atoms, we integrate into the overall design a compact mirror magneto optical chip trap (mMOT)
for cooling and confining neutral 87 Rb atoms. The trapped atoms will be transferred into an also
integrated chip-based Ioffe-Pritchard trap potential formed by a Z-shaped wire and an external bias
magnetic field. The stable positioning of ions with respect to the neutral atoms allows to limit their
interactions to the central region of the ion trap, and micromotion induced heating is small [2].
We developed a new planar hybrid atom-ion trap (Fig. 2) that employs strong inhomegenous
magnetic fields generated by integrated electromagnets to trap the neutral atoms. We take the
benfit from the small sizes of the combined segmented surface trap for both atoms and ions, which
makes it possible to possition the ion crystals in the required strong magnetic field gradient of
about 50 T/m.

D

C

co

nn

ec

tio

ns

14 mm

We measured the lifetime of a single Yb+ ion
under continuous Doppler cooling and in the
18 mm
dark. The lifetime of a Doppler cooled single
Ground connection
ion in our setup is abour 2 min only due to relatively high background gas pressure of 1.3 ×
Low-pass filters
10−9 hPa. Nevertheless these values are in good
agreement with other shallow surface Paul traps
Holes for Rb loading
1.4 mm
at room temperature [5]. The lifetime of a single
ion in dark is about 1 min which is long enough
for atom-ion interaction studies. In typical seCurrent flow
quences, modifications of the loss rate are an
RF connection
observable at time scales of about 100 ms.
Micromotion compensation is an important and
necessary condition for experiments where cold
atoms interact with cold trapped ions. In cax
ses, where the center of the DC potential and
the RF potential are not superimposed the ions
z
Figure 2: The atom trap is composed of an octagonal will undergo a fast oscillation at the frequency
chip with an outside diameter of 45 mm which is used of the trap drive. This shift has to be deteras the surface for the atom trap wires. In the assembly mined and corrected by applying the proper
of atom-ion chip, the ion trap is glued on top of the corrections to the DC potential. For this, seatom trap covering the central region of the octagon. veral methods have been applied [7–9] and the
Underneath the octagon chip surface there are a big best compensation achieves a residual shift of
U-shaped, a small U- and a Z-shaped wire. It is also 0.7 µm at respective trap frequencies of (ω , ω )
r
z
schematically shown how electric current can flow in
= 2π × (350, 50) kHz [6]. After the 2D compenthe wires during the trapping phase (red arrows) to
form the magnetic field configuration required for a sation we estimate a residual electric stray field
uncertainty of (δstray,x , δstray,z ) = (0.90, 0.30)
mMOT or IP trap.
V/m with the corresponding trap frequencies of
(ωz , ωx ) = 2π × (305, 435) kHz. The residual electric stray field uncertainty measured in our ion trap
are sufficient enough for a first atom-ion interaction study.
Theoretically this work is strongly supported by the group of Hofstetter (A3), we benefit also from
collaborations with A5 (Fleischhauer/ Eggert), A9 (Ott), A12 (Widera) and B3 (Eggert).
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Funding of the project within the Collaborative Research Centre started in July 2007 and ended
in June 2019.
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Setup of the Z-wire trap for neutral atoms, in combination with the setup of the planar ion trap.
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Project history

2.2.1

Report

The project has realized the immersion of individual Caesium (Cs) impurities into an ultracold Rubidium (Rb) gas. The main progress during
the last funding period can be divided into three parts. First, technical
and conceptual advances were made to control the immersion of single impurities in an ultracold gas. Second, experimental and theoretical
works enabled shedding new light on the motional dynamics of single Figure 1: Cs atom (red)
atoms in a bath formed by either a light field or an ultracold cloud of immersed in an ultracold
atoms. And third, the spin dynamic of single impurities in an ultracold Rb bath (blue).
gas was studied and controlled with unprecedented precision.
Technical progress. Technical progress includes the operation of a novel experimental apparatus
to immerse single neutral Cs atoms into an ultracold cloud of Rb. The system was desgined and
operated specifically for polaron studies, as outlined in Ref. [P1]. Technical achievements include
first the realization of a species-selective optical lattice potential, which at the same time opened
a view into atomic polarizabilities with unprecedented precision [P2]; and second the optimization
of the quantum gas production by an evolutionary algorithm [P3] to optimize statistics of singleatom immersion experiments. degenerate Raman sideband cooling of Cs atoms was a key step for
achieving successful immersion of individual Cs impurities into a Rb BEC [1].
Motional dynamics. Studies on motional dynamics are two fold. On the one hand, the dynamic
of single atoms trapped in a periodic potential and coupled to a light field was investigated. Our
results showed that, surprisingly, atomic diffusion reaches an ergodic behavior only very slowly [P4].
A coarse-grained model for diffusion in a periodic potential was devised, directly linking microscopic mechanisms with macroscopic, coarse-grained observations [P10], highly relevant to recent
observations in soft matter [2]. Moreover, the atomic data was used to experimentally investigate
extreme-event statistics on Markov-chains with drift [3], where theoretical predictions are scarce.
On the other hand, motional dynamics of single impurities in
a gas was studied. For thermal ultracold gases, the single atom
was used as classical thermometer [P5], as well as tracer atom
to follow diffusion in rarified gases [P6]. For the latter, a surprising result was that, despite the fact that the gas formed by
no means a continuous medium, the diffusion of single atoms
could be described by a slightly modified Langevin equation.
The key to still employ a continuous medium description was
to render the friction velocity dependent, which is a consequence of the linear dependence of the collision rate on velocity in a microscopic picture. For much lower temperatures
of the gas, well below the critical temperature, superfluid effects are expected to emergy. Theoretically, we have studied
together with project A5 the cooling dynamic of single impurities impinging on a quantum gas in three dimensions [P7] as
well as in two and one dimensions [4]. We have found that,
for a quantum gas in three dimensions and for short cooling
time scales, a prethermalized state of the impurity emerges Figure 2: (top) Cs atom impinging
for single-phonon scattering processes as a consequence of the onto ultracold Rb cloud. (bottom) Cs
tracers (blue) in the Rb cloud (gray).
superfluid nature of the gas. Here, for low momenta, the impurity cannot be coupled to the quantum gas. Only at longer time scales, thermal two-phonon
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scattering leads to a thermalization of the impurity. By contrast, this effect vanishes for lower
dimensions. This is a consequence of the Mermin-Wagner-Hohenberg theorem [5], where thermal
phonon scattering diverges for low momenta, leading to a fast thermalization of the impurity even
at very low temperatures.
Spin dynamics. The fundamental Hamiltonian coupling a single Cs impurity with internal hyperfine state FCs to a Rb (quantum) gas of hyperfine state FRb is given by [6]
Ĥ =

FRb +FCs

∑

P F × gF ,

(1)

F =∣FRb −FCs ∣

where F̂ = F̂Rb + F̂Cs is the total coupled angular momentum in a collision, PF projects onto
two-atom states having total angular momentum F̂ , and gF is the interaction strenght associated
with the coupling channel of angular momentum F . While this Hamiltonian is relevant for elastic
scattering leading to the thermalization and diffusion dynamic discussed above, it also allows for
spin-exchange (SE) processes. For such SE processes the total magnetic quantum number is preserved mRb + mCs = m′Rb + m′Cs , where ∆mi = mi − m′i = ±1 usually. The microscopic scattering rate
is given by Γ = ⟨n⟩ × σ × v, where ⟨n⟩ is the Rb-Cs density overlap, σ is the microscopic scattering
cross section, which depends on atomic-physics details of the molecular interaction potential for the
respective combination of Rb-Cs internal states, and v is the relative collision velocity, determining
the collision energy.
We have explored SE processes of individual Cs impurities coupled to a Rb bath, both in the quantum
degenerate and thermal regime. In the first case, we
could map the Rb-BEC density distribution onto the
pin population of Cs impurities, and we could show,
that despite efficient thermalization in the bath, internal state coherence is preserved [P8]. Moreover,
we have investigated and controlled SE dynamic for
different external magnetic fields [P9]. Due to the
relatively large mass of Rb and Cs atoms in a collision, the molecular interaction potential is comparatively shallow, and bound states are densely spaced
close to the dissociation threshold. Therefore, even
for ultralow scattering energies, magnetic Feshbach
resonances occur. We have mapped out Feshbach resonances which emerge from coupling of the scatte- Figure 3: (top) Cross-sections for SE-collsion
ring state to a bound halo state at binding energies channels of different Cs and Rb states. (bottom)
of only 400 Hz, and with spatial extensions of up Experimental SE dynamics of single Cs atoms for
to micrometers. Our findings allow tuning the SE SE cross-sections in all channels approximately
dynamic of individual (trapped) impurities in an ul- equal (right), and one channel suppressed by a
tracold gas at ultralow energies, paving the way for, Feshbach resonance (left).
e.g., investigation of Bose-Kondo physics.
Results of the project have been summarized in a feature article Ref. [7].
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2.2

Project history

2.2.1

Report

This project was concerned with the anomalous magnetic properties of quantum magnets resulting
from the interplay of strong quantum fluctuations in reduced dimensions, geometrical frustration
and the effect of spin-lattice interactions. Target materials were low-dimensional quantum-spin systems with different geometry of their exchange coupling constants. Of particular interest were 2D
spin-1/2 Heisenberg antiferromagnets with anisotropic triangular arrangements of spins interacting
by exchange coupling constants J and J ′ . Based on achievements made in the previous funding
periods, where in a collaborative work between the present project and the project B4 (Ritter,
Krellner) novel well-ordered quantum magnets were discovered in the series Cs2 CuCl4−x Brx [1], we
investigated in the third funding period the character of their magnetic excitations by using lowtemperature specific heat measurements [P1]. We also studied the spin-phonon interaction for these
materials by means of ultrasonic experiments [P2,P3]. In a collaborative work with project A8 (Kopietz) we found that the ultrasonic behavior for x = 0 is in excellent agreement with the theoretical
expectations based on a many-body theory of magnetoelasticity in one dimension [P4], yielding an
unexpectedly small magnetoelastic coupling constant. Using magnetic susceptibility measurements
under He-gas pressure we confirmed this surprising result in the series Cs2 CuCl4−x Brx with x = 1,
2, and 4. We assigned this effect to structural peculiarities inherent to this system [P5].
These investigations were complemented by studies on 2D- and 3D-coupled spin-dimer systems of
organic nature prepared in project B5 (Baumgarten). Target materials were spin-dimer materials where the spins originate from the stable organic radicals nitronyl-nitroxide (NN) and iminonitroxide (IN). Based on results obtained in the previous funding periods [2, 3] the main focus
was on radicals linked by tolan or modified tolan bridges. In addition, we investigated an organic
radical salt that forms chain-like arrays locked into a distorted Kagomé packing pattern. Magnetic
measurements over a wide temperature range from 30 mK to 300 K suggest strongly frustrated antiferromagnetic interactions on the scale of J/kB ∼ 30 K, without showing indications for long-range
magnetic order [P6].
1) Specific heat study of 1D and 2D excitations in layered frustrated quantum antiferromagnets
Starting point of our investigations was the observation that in triangular-lattice S = 1/2 Heisenberg antiferromagnets, the geometrical frustration supports an effective decoupling of the spin
chains, defined by the dominant coupling constant J. As a result, 1D behavior is observed up to
relatively high values of J ′ /J < 0.6, see, e.g. Ref. [4]. In this parameter range, fractionalized S = 1/2
excitations with fermionic character propagate along the chains, giving rise to a low-temperature
contribution to the specific heat, Cm , which varies linearly with temperature T , i.e., Cm ∝ T . On
the other hand, when the ratio of the exchange couplings is sufficiently larger than 0.6, 2D behavior
is expected. For the 2D range, contradictory proposals have been made for the temperature variation of Cm . According to modified spin-wave [5] and Schwinger-boson-based mean-field theory [6],
a Cm ∝ T 2 behavior is expected. This contrasts with Cm ∝ T ν and 0.67 ≤ ν ≤ 1, obtained using
Resonating Valence Bond theory [7], Wigner-Jordan fermions [8], Gutzwiller projection of fermionic mean-field states [9], and a recent spin Hartree-Fock approach obtained in the project A08
(Kopietz) [10]. For identifying the character (bosonic vs. fermionic) of the low-energy excitations
in the 2D range, we have studied selected concentrations of the series Cs2 CuCl4−x Brx . As we have
detailed in Ref. [P1] the compounds with x = 0, 1, 2, and 4 allow, for the first time on a series of
well-ordered isostructural compounds, to study the excitations on triangular-lattice S =1/2 Heisenberg antiferromagnets over an unprecedented wide range of frustration 0.37 ≤ J ′ /J ≤ 0.78, which
includes both the 1D as well as the 2D regime.
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The salient result of this study is shown in Fig. 1,
which contains three important pieces of information. (i) For the newly discovered intermediate compounds x = 1 and 2 we were able
to identify phase transition anomalies at TN =
0.41 K (x = 1) and TN = 0.095 K (x = 2). The
strong suppression of TN for the x = 2 compound already indicates an extraordinarily high
degree of frustration for this concentration. (ii)
By using a fit procedure, based on the recently
developed spin Hartree-Fock method [10], we
were able to quantify the degree of frustration, J ′ /J, for the various concentrations. This
method was crosschecked for the border compounds (x = 0 and 4) where these J ′ /J values Figure 1: Magnetic specific heat as Cm /T vs. T of
were known with high accuracy from inelastic Cs2 CuCl4−x Brx for various x. Circles (crosses) repreneutron scattering and ESR experiments [P1]. sent experimental data of this work (from Ref. [11]
Together with fits to magnetic susceptibility da- for x = 0 and Ref. [12] for x = 4). Lines represent fit
curves based on the spin Hartree-Fock approach [P1].
ta, by using the finite-temperature Lanczos method, the following values were derived: J ′ /J = 0.37 (x = 0), 0.45 (x = 1) and 0.42 (x = 4), all
of which imply 1D magnetic behavior. Importantly, however, for the x = 2 compound, we found
J ′ /J ≈ 0.78, which clearly places this system in the 2D regime. The low-temperature specific heat
measurements on this compound, shown on extended scales in the inset of Fig. 1, thus allowed
us to address the controversy on the character of the low-energy excitations in the 2D case: the
observation of a wide range of temperature where Cm ∝ T clearly demonstrates the significant role
of Fermi-like statistics for this 2D quantum antiferromagnet [P1].
2) Coupled spin dimers systems based on stable organic radicals
Magnetic dimers formed by weakly antiferromagnetically-coupled spin S = 1/2 centers have been recognized as suitable model systems for exploring critical phenomena under well-controlled
conditions [13].

χ[ ( µ B / f . u . ) / T ]

When these systems are exposed to a magnetic
1 .0
field strong enough to close the dimer gap, a gas
of triplet excitations (triplons) is formed [13].
0 .8
Depending on the geometry of the inter-dimer
0 .6
couplings, various scenarios can be observed, including a Bose-Einstein condensation (BEC) of
0 .4
triplons in 3D [14] or a Luttinger-liquid beha0 .2
vior for 1D [15]. The interesting case of a 2Dcoupled system was investigated in the previous
0 .0
6
funding period by studying a copper coordi4
nation polymer with large inter-layer distan2
ce. Indeed, the magnetic response was found
Figure
2:
Magnetic
AC susceptibility of the tolan
to be consistent with a Berezinskii-Kosterlitzbridged IN biradical BY310 as a function of magnetic
Thouless scenario expected for 2D [16]. In Fig. 2
field at various temperatures. The field-induced phase
we show AC-susceptibility data for the tolan- is clearly visible below 0.45 K.
bridged IN biradical labelled BY310 [P7]. The
data highlight a well-pronounced double-peak feature in χAC at low temperatures, clearly indicating a field-induced ordered state between Bc1 = 1.8 T and Bc2 = 4.3 T. The phenomenology
observed, including the sharp features at Bc1 and Bc2 , where Bc1 is the critical field where the
lower edge of the band of magnetic excitations crosses the ground state, and Bc2 is the field where
0

T

[K

]

.1

T]
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the full magnetization is obtained, reflects the 3D character of this system.
3) Development of a phase-sensitive dynamic susceptibility setup for DC- and pulsed
magnetic fields
The dynamic susceptibility, χAC , is a powerful tool to magnetically characterize a material by
studying possible magnetic ordering or spin-relaxation phenomena.
In the present project we have developed a setup which allows for a phase-sensitive detection of the AC-susceptibility. This setup was
used in DC fields for temperatures down to
0.028 K with particular focus lying on the determination of the magnetization dynamics of lowdimensional spin systems around field-induced
quantum critical points. In addition, a modified
setup has been developed, which enabled for the
first time to determine both the in- and outof-phase components of the AC-susceptibility
in pulsed magnetic fields [P8]. This setup was
used to study the field-induced phase of the sy- Figure 3: AC-susceptibility of single crystalline azustem (Ba1−x Srx )CuSi2 O6 , where – in contrast rite [P8]. (a) χ′ (B) at a bath temperatures T b = 4.2 K
to the x = 0 compound – the tetragonal crystal (red full circles) and T b = 1.5 K (black open circles)
structure is stabilized down to low temperatu- with increasing field up to B = 36 T and (black full
res [P9]. Moreover, we investigated the in- and circles) taken with decreasing field. Inset: Magnetiza′
out-of-phase components of the natural mineral tion of the sample obtained from integrating the χ (B,
azurite, see Fig. 3 , which has been intensively T b = 1.5 K) data. The dashed lines ′′indicate the magnetization plateau at 1/3 M s . (b) χ (B) in the same
studied in connection with the magnetization color code as in (a). The magnetization
plateau is marplateau at 1/3 of the saturation magnetization ked by the dashed blue lines.
M s . Because of the high value of the saturation
field the experiments were performed in pulsed fields. The χ′′ (B) data in Fig. 3b clearly demonstrate
for the first time the occurrence of pronounced magnetic losses in the plateau region of azurite.
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2.2

Project history

2.2.1

Report

The main goal of this project within the SFB/TR 49 was to provide a microscopic understanding
of the electronic, magnetic and superconducting properties of a selection of correlated frustrated
quantum magnets and organic charge transfer salts under the effects of pressure, doping and temperature.
Methods.We considered a combination of density functional theory (DFT), dynamical mean field theory,
variational Monte Carlo studies, spin fluctuation exchange theory and a few other alternative
many-body methods for this purpose.
During this funding period we set some focus into method development. For instance in Ref. [P1] we
introduced a generalization of the two-particle self-consistent method TPSC for multisite Hubbard
models suitable for the description of correlated charge transfer salts. Further, within spin fluctuation exchange theory in the random phase approximation and in the framework of a multiorbital
Hubbard model description of superconductivity, we showed that in a matrix formulation of the
superconducting pairing interaction, additional terms are generated which have the diagrammatic
structure of vertex corrections [P2].
Materials.Based on the progress made in the previous funding period concerning methods and materials, we
pursued the following new investigations:
(a) Quantum spin systems: We explored the implications of different lattice geometries and
modifications of the lattice geometry on the behavior of the system.
Kagome, honeycomb and triangular lattice systems:
Together with the synthesis group of C. Krellner from the TRR49 and the experimental group
of M. Dressel (Univ. Stuttgart) we investigated the nature of optical excitations in the frustrated kagome compound Herbertsmithite (ZnCu3 (OH)6 Cl2 and the closely-related kagome-lattice
compound Y3 Cu9 (OH)19 Cl8 . We combined optical conductivity measurements with our density
functional theory calculations [P3] and identified these materials as charge-transfer rather than
Mott-Hubbard insulators, similar to the high-Tc cuprate parent compounds. The band edge is at
3.3 and 3.6 eV, respectively, establishing the insulating nature of these compounds. Inside the gap,
we found a dipole-forbidden local electronic transitions between the Cu 3d orbitals in the range 12
eV. With the help of our ab initio calculations we demonstrated that the electrodynamic response
in these systems is directly related to the role of on-site Coulomb repulsion: while charge-transfer
processes have their origin on transitions between the ligand band and the Cu 3d upper Hubbard
band, local d-d excitations remain rather unaffected by correlations. [P3]
In this context, we also investigated the nature of the metal-insulator transition in the genuine
Mott-Hubbard insulator V2 O3 . Based on a full structural optimization, we demonstrated via the
charge self-consistent combination of density functional theory and dynamical mean-field theory
that changes in the V2 O3 phase diagram are driven by defect-induced local symmetry breakings
resulting from dramatically different couplings of Cr and Ti dopants to the host system. [P4]
In Ref. [P5] we investigated the phase diagram of doped extended Hubbard models on two lattices: (i) the honeycomb lattice with on-site U and nearest-neighbor V Coulomb interactions at
3/4 filling (n=3/2) and (ii) the triangular lattice with on-site U, nearest-neighbor V, and nextnearest-neighbor V Coulomb interactions at 3/8 filling (n=3/4). By considering various approaches
including mean-field approximations, perturbation theory, and variational Monte Carlo we found
that Coulomb interactions induce [case (i)] or enhance [case(ii)] emergent geometrical frustration
of the spin degrees of freedom in the system, by forming charge order.
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(b) Charge-transfer salts (CT)
(i) Microscopic description of electronic effects beyond the effective-dimer triangular-lattice model
for CT systems:
Based on a molecular description of CT systems we investigated the role of charge degrees of
freedom within dimers and its relation to possible electronic ferroelectricity in collaboration with
B6 (Lang) and B11 (Müller) [P6] and we also investigated the interplay of magnetism and charge
order in such a model via Variational Monte Carlo calculations [P7].
(ii) Neutral-ionic transition:
We investigated from first principles the influence of uniaxial and biaxial pressure on the neutralionic transition (and ferroelectric transition) in the donor-acceptor TTF-p-chloranil in collaboration
with B9 (Huth) [P8].
(iii) Superconductivity:
We extended our many-body methods [P1] to analyze the microscopic nature of superconductivity
and the superconducting gap function in the CT materials from first principles. We collaborated
with B6 (Lang), B9 (Huth), B11 (Müller), B12 (Elmers) where the superconducting order parameter
was probed with angle dependent scanning tunneling spectroscopy [P9].
(iv) Spin liquid candidate κ-(ET)2 Cu2 (CN)3 :
We evaluated the microscopic nature of temperature-induced anomalies observed in these systems
(B6 (Lang)) and extended our methods in collaboration with B13(N) (Valentı́) to describe the nature
of the spin liquid from first principles [P10].
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2.2

Project history

2.2.1

Report

The role of this project within the Transregio was to analyze correlations in antiferromagnets which
are tunable by the chemical composition or the magnetic field in order to identify interesting new
phases and quantum critical points. The study of phase transitions and strongly correlated behavior
with the help of coupled spin systems has a long tradition ever since the early days of quantum
mechanics. Today antiferromagnetic spin systems play a central role in many recent trends of theoretical condensed matter, especially in the context of studying quantum critical points and quantum
phase transitions and in the search of new phases, including topological phases, supersolid phases,
and spin-liquid phases.
1) Frustrated systems
Frustrated systems are of large current interest due to the possibility of understanding new physics
of exotic phases such as e.g. spin-liquids and supersolids.

B/Jz

Spins on the triangular lattice are one of the
6×6
6
simplest and most straight-forward systems for
Ferromagnetic
6×9
phase
frustration, but for the anisotropic Heisenberg
9×12
5
TD
A
B
model the complete phase diagram was so far
4
Ferrimagnetic
C
elusive due to the Monte Carlo minus sign procoplanar
3
blem. We have therefore used the density maCriti. endpoint
2
trix renormalization group (DMRG) algorithm
1/3-Neel
1
in two dimensions to establish the locations of
Umbrella
Antiferromagnetic
coplanar
the phase boundaries between a plateau phase
0
0
0.5
1
1.5
2
J/Jz
with 1/3 Néel order and two distinct coplanar
phases as part of the quantum phase diagram of Figure 1: The phase diagram of the XXZ model
the antiferromagnetic spin-1/2 XXZ model on on the triangular lattice with two dimensional DMRG
the triangular lattice as a function of magnetic and exact diagonalization for different sizes. The sofield and anisotropic coupling Jz as shown in lid (dashed) line represents first (second) order phase
transitions, respectively. Arrows indicate the classical
Fig. 1. The two coplanar phases are characteri- spin configurations in the different phases. Linear finite
zed by a simultaneous breaking of both trans- size scaling with 1/N of the interpolated data predicts
lational and U(1) symmetries, which is remi- the black solid line as the phase boundary in the therniscent of supersolidity. A translationally inva- modynamic limit (TD). The two black arrows show
riant umbrella phase is entered via a first order the finite size scaling of the tri-critical points.
phase transition at relatively small values of Jz
compared to the corresponding case of ferromagnetic hopping and the classical model. The phase
transition lines meet at two tri-critical points on the tip of the lobe of the plateau state, so that
the two coplanar states are completely disconnected. Interestingly, the phase transition between
the plateau state and the upper coplanar state changes from second order to first order for large
values of Jz > 2.5J [P1].
In a separate work using QMC and analytical description of the dynamic excitations, we analyzed
the quantum phase diagram of the extended anisotropic Bose-Hubbard model on the triangular
lattice [P2]. Because of frustration a nontrivial incommensurate supersolid phase appears, which can
be well described analytically and quantitatively by topological defects in the form of domain walls.
The numerical results for the phase transition lines, the domain wall density, the incommensurate
ordering wave vectors, and the superfluid density agree with this theory as shown in Fig. 2, which
may have relevance to stripes in high-temperature superconductivity.
Detailed studies of phase diagrams in frustrated spin ladder models using DMRG were published
in [P3] and [P4].
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Figure 2: (a) Configuration of checkered solid phase when V ′ ≫ V (inset: notation for hoppings and
interactions); (b) Single bosonic domain wall (red line) is excited for larger η = t/t′ = V /V ′ . Kinks can
fluctuate by particle hopping to new shape (green); (c) Multi-domain wall case; (d) Decoupled chain phase
when V ′ ≪ V , thick lines indicate strong interactions and order in x-direction; (e) Structure factors of
phases with different numbers of domain walls (from left to right: ND = 0, 2, 4, 6, 8, 10, and 12) for lattice
size Lx = Ly = 12 and pbc. First Brillouin zone is indicated by shading and red box marks commensurate
supersolid (η = 1). (from [P2]).

2) Deconfined criticality
Exotic quantum phase transitions beyond the Landau’s paradigm are of broad interest, such as
continuous deconfined phase transitions (DCPs) between phases with different, incompatible symmetry breakings. Contrary to conventional phase transitions, a deconfined phase transition exhibits
fractionalized quasiparticles that couple to emergent gauge fields. For a spin model (or equivalently hard-core bosons) on a kagome lattice we provided unambiguous numerical evidence for the
existence of a continuous easy-plane-DCP using large scale quantum Monte-Carlo (QMC) simulations [P5]. We have studied the easy-plane deconfined phase transition of a hard-core Bose-Hubbard
model using QMC, which show an anomalous critical point separate the VBS and superfluid phase.

3) Quantum critical points and the magnetocaloric effect in layered antiferromagnets
0.10

1.0

0.08
0.5

T/J

0.06
0.0

0.04
0.02

Γ=0
TBKT
χ=max

-0.5

0.00
0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50

B/J

-1.0

Figure 3: T -B phase diagram for the dimerized columnar square lattice. QMC data for the magnetocaloric derivative ∂M /∂T in the T -B parameter space
for N = 676. The BKT transitions TBKT is marked
by connected dots (black), points of maximum entropy
Γ = 0 by diamonds (violet) and maxima in the susceptibility by squares (green).
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In collaboration with project A8, we have considered signatures of the phase transitions near
a quantum phase transition (QPT) at the example of the two-dimensional antiferromagnetically coupled spin-dimer model [P6], which
has relevance for the experimental systems of
project B1 [1].
The magneto-caloric quantity ∂M /∂T turns
out to be a universal indicator of the quantum critical behavior. We plot this quantity in
Fig. 3 in the relevant T -B parameter space.
On the one hand we have seen that the critical scaling is defined by a linear behavior of
M (T ) ∝ T , which leads to a constant and large
derivative ∂M /∂T . The regions with quantum
critical behavior therefore show up clearly in
Fig. 3 as the lightest and darkest region in the
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phase diagram above Bc and Bs , respectively. The points of Γ ∝ ∂M /∂T = 0 mark the boundaries
towards regions, which are dominated by BKT vortex excitations. These points coincide with the
maxima in the susceptibility, but are not directly associated with the QPT or the finite temperature
BKT phase transition. The BKT phase transition occurs at significantly lower temperatures and is
not reflected by any directly measurable thermodynamic quantity [1]. Nonetheless, the predicted
and well established behavior of the spin stiffness at the BKT transition holds also for the dimer
system, but strong corrections start to appear at small magnetization (i.e. boson density).
We would like to emphasize that magneto-caloric measurements of ∂M /∂T not only allow a detailed
analysis of the QPT, but also are potentially a very useful experimental tool in order to identify the
effective dimensionality of the underlying spin systems due
√ to the different density of states. In particular, for quasi one-dimensional systems ∂M /∂T ∝ 1/ T√shows a characteristic divergence above
the QPT while for D = 3 we find an increase ∂M /∂T ∝ T analogous to the famous T 3/2 Bloch
law. We find in our numerical simulations that D = 2 is characterized by perfectly linear behavior
above the QPT, i.e. ∂M /∂T = const. without any detectable logarithmic corrections. This can be
used to determine the exact positions of the critical field, which in turn allows the quantitative
estimate of higher order terms in the analytical expressions as a function of the antiferromagnetic
coupling constants.

4) Anyons in one dimension
By generalizing the spin-degrees of freedom using a gauge transformation it is possible to defines
anyon also in one dimension. Using the Anyon-Hubbard Hamiltonian, we analyzed the groundstate properties of anyons in a one-dimensional lattice [P7]. In particular, we calculated the quasimomentum distribution of anyons, which interpolates between Bose-Einstein and Fermi-Dirac statistics. Analytically, we applied a modified Gutzwiller mean-field approach, which goes beyond a
classical one by including the influence of the fractional phase of anyons within the many-body
wavefunction. Numerically, we use the density-matrix renormalization group by relying on the
ansatz of matrix product states. As a result it turns out that the anyonic quasi-momentum distribution reveals both a peak-shift and an asymmetry which mainly originates from the nonlocal
string property. In addition, we determine the corresponding quasi-momentum distribution of the
Jordan-Wigner transformed bosons, where, in contrast to the hard-core case, we also observe an
asymmetry for the soft-core case, which strongly depends on the particle number density.

5) Dynamical properties and excitations of antiferromagnetic systems
Spin chains have been the center of attention as prototypical quantum many body systems ever
since the early days of quantum mechanics and up to this day significant advances are made, e.g. in
describing dynamical properties such as non-equilibrium states and dynamic correlations in the
regime of a non-linear spectrum.
We have now analyzed the full dynamic structure factor of doped spin chain systems using bosonization and numerical DMRG [P8]. We see that doping leads to a significant shift of dynamic
spectral weight from the antiferromagnetic ordering vector k ≈ π to regions v∣k − π∣ > ω in neutron scattering experiments, which would not show any signal for infinite or periodic systems. The
relative change from doping near the threshold ∣vq∣ → ω is infinitely large, so that the first order
impurity contribution diverges near the threshold ω(q) with a stronger powerlaw than the bulk and
a 1/L expansion from the thermodynamic limit always breaks down.
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Naively, it could have been expected that bosonization works particularly well in the thermodynamic limit, but instead it turns out that
the finite-size theory is much better controlled
and quantitatively accurate even for ∣vq∣ → ω as
shown in Fig. 4. From a technical point of view,
the mode expansion for finite systems leads to
finite sums, which can be efficiently evaluated
to a closed analytical expression using a recurrence relation without the need for contour integral, asymptotic limits, non-linearities, or cutoff procedures.
In other works using QMC simulations it was
possible to measure entanglement as a function
of anisotropy for spins on the honeycomb lattice [P9]. Last but not least we considered periodically driven hard core bosons, which show
an interesting new gauge-paired state and Floquet induced superfluidity [P10].

Eggert

Figure 4: The dynamical structure factor SL (ωm , k)
at L = 100 as a function of k near π from bosonization
compared to numerical DMRG calculations for ωm =
≈ 0.31J and 9 πv
≈ 0.348J. The L → ∞ behavior
8 πv
L
L
S∞ at the same energies is also shown (from [P8]).
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2.2

Project history

2.2.1

Report

In this project, we have continued our efforts to develop and optimize the crystal growth of Cubased quantum spin systems. The main important aspect was the role of magnetic frustration which
is closely connected to the geometric arrangement of the Cu2+ spins in the different structure types.
We have worked on three different material classes as summarized in Fig. 1:
(A) Cs2 CuCl4−x Brx
We have continued the successful crystal growth of these materials and provided high-quality crystals to colleagues within the CRC. In project B1 (Wolf/Lang) detailed ultrasonic and heat-capacity
measurements were performed and analyzed with strong theoretical support of project A8 (Kopietz) [P1].
(B) BaCuSi2 O6
We performed systematic studies to understand the crystal growth of BaCuSi2 O6 , leading to
large singe crystals [P2], which enabled measurements in pulsed magnetic fields in project B1
(Wolf/Lang). Particular emphasis was on the single crystal growth of Sr-substituted samples,
Ba1−x Srx CuSi2 O6 , where the tetragonal crystal structure was found to be stable down to lowest
measured temperatures [P3]. In collaboration with the NMR group around R. Stern and S. Krämer
from the high-field NMR facility in Grenoble, we were able to follow the transition temperature
TBEC into the Bose-Einstein condensate around a magnetic field of 23 T with high precision. A
preliminary analysis suggests that the exponent of the field-dependence of TBEC can be explained
in a three-dimensional model, in contrast to the suggested crossover to 2D observed by Sebastian
et al. [1] in the pure compound. This observation makes it very likely, that the observed crossover
is due to the two types of Cu-dimers in the orthorhombically distorted structure of BaCuSi2 O6 [2],
which is absent in the Sr-substituted samples.
Material class
Publications

Model

Crystal structure

Single crystal

Studied variants

1 cm

(A)

Cs2Cu(Cl,Br)4

Cs2CuCl4

(Cs,Rb)2CuBr4

[P1]

Cs2CuCl4
Triangular
1 mm

(B)
BaCuSi2O6

(Ba,Sr)CuSi2O6

[P2, P3]

(Ba0.9Sr0.1)CuSi2O6
Dimer
1 mm

GaxCu4-x(OH)6Cl2

(C)

YCu3(OH)6OxCl3-x

ACu3(OH)6Cl2

EuCu3(OH)6Cl3

[P4 - P8]
Kagome

ZnxCu4-x(OH)6(NO3)2
YCu3(OH)6O0.33Cl2.67 Cu4(OH)6(FCl)

Figure 1: Overview about the three different types of material classes studied within this project, (A)
Cs2 CuCl4 , (B) BaCuSi2 O6 , and (C) ACu3 (OH)6 Cl2 . For each material, the model unit of Cu2+ -spins is
shown as well as the crystal structure together with a typical single crystal obtained within this project, and
the studied structural variants.
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(C) Ax Cu4−x (OH)6 Cl2
Strong focus in this project was on the hydrothermal crystal growth of two-dimensional spin-1/2
kagome lattices. One highlight of the project is the discovery of several new materials, together with
a determination of the respective magnetic ground states. Starting point was a theoretical suggestion
from Roser Valentı́ and colleagues, that doping herbertsmithite via complete Ga-substitution on the
Zn site could lead to the fascinating ground state of a Dirac metal [3]. After numerous synthetic
approaches, we managed to synthesize powder samples of Gax Cu4−x (OH)6 Cl2 , but only up to
x ≤ 0.8 and found that these samples remain insulating and present similar magnetic ground
states as Znx Cu4−x (OH)6 Cl2 [P4]. During the search for different substitutions, we realized that the
atacamite family presents a rich material class, offering very different substitution possibilities based
on the three basic polymorphs of Cu2 (OH)3 Cl: atacamite, clinoatacamite and botallackite, allowing
substitutions both on the Cu and Cl place. Cationic substitutions would dilute the concentration of
Cu2+ ions between and in the kagome planes, while those on the anionic sites would have a direct
impact on the spatial separation of these active planes.
We found an Y-based stoichiometric frustrated quantum spin
system, YCu3 (OH)6 Ox Cl3−x , x = 1/3, with slightly distorted ka0 .5
gome layers [P5]. This compound has a related compound with
x = 0, which was simultaneously discovered from a Chinese reK a g o m e m o d e l
0 .4
search
group [4]. Both compounds have antiferromagnetic exJ = 1 0 0 K
J = 1 5 0 K
change of order 100 K, determined from a Curie-Weiss fit. A
0 .3
recent µSR-study on both compounds revealed that disordered
T N
static magnetism develops in the x = 0 compound, but a quan0 .2
tum spin liquid is stabilized in the x = 1/3 one, since the local
fields in this compound remain fully dynamical [P8]. These two
distinct ground states necessarily stem from the few structural
0 .1
differences between the two compounds, however, the precise
magnetic exchange constants are presently unknown. In Fig. 2,
0 .0
0
5
1 0
1 5
2 0
2 5
3 0
the specific heat curves for the x = 0 and x = 1/3 are shown and
T e m p e ra tu re (K )
for the x = 0 compound (black dots) a broad anomaly due to
Figure 2: Specific heat of the the magnetic order is visible around 15 K in agreement with the
x = 0 and x = 1/3 compounds µSR measurements. More puzzling is the sharp anomaly in the
(with phonon contribution), comheat capacity of the x = 1/3 compound (red dots), which initially
pared to theoretical result for the
kagome lattice (from Ref. [5] with was interpreted as long-range magnetic order [P5]. However, as
µSR could not detect any static internal fields well below 2 K,
J = ΘW = 100 and 150 K) [P8].
this anomaly might be not related to a magnetic phase transition, which would be in agreement with magnetization data, where no sharp peak was observed
at 2 K. A comparison with the theoretical prediction for the specific heat of an antiferromagnetic
Heisenberg Model on the kagome lattice shows, that also there a low-temperature peak in C/T is
expected at around 0.025J (solid lines in Fig. 2) [5]. This peak is related to a finite gap in this
model, which is presently under strong theoretical debate for the kagome lattice. Therefore, further
measurements are needed to determine the nature of the magnetic ground state for the x = 1/3
compound below 2 K. But it might be, that our discovery of this material, will help to clarify this
debate. Furthermore, we synthesized the kagome systems EuCu3 (OH)6 Cl3 , Znx Cu4−x (OH)6 (NO3 )2
and MgCu3 (OH)6 Cl2 and determined the magnetic ground states [P7]. In this reference, we additionally provided a review of the different available materials in the atacamite family, where most
of them needs to be explored within the search of a spin-liquid ground state.
0 .6

C /T ( J /m o lK ² )

Y C u 3 ( O H ) 6 O x C l3 -x
x = 0 , p o w d e r
x = 1 /3 , c ry s ta l

Organic charge-transfer salts
In close collaboration with projects B2 (Valentı́), B5 (Baumgarten), B8 (Schönhense), and B12
(Elmers), we have investigated the charge transfer mechanism in organic molecular charge-transfer
salts using a combination of near-edge X-ray absorption spectroscopy and density functional theory calculations [P9]. To this end, we optimized the single crystal growth of these materials using
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physical vapor transport. A number of crystals with the donor molecules DTBDT, phenanthrene,
and picene together with the acceptor molecules (fluorinated) tetracyanoquinodimethane (TCNQFx , x = 0, 2, 4) were successfully grown [P10]. A profound analysis of the charge-transfer process
established an inhomogeneous distribution of the charge transfer strongly depending on the acceptor molecule. This helps to understand the charge transfer process in more detail in this class of
materials with π-conjugated donor molecules.
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2.2

Project history

For magnetic field-induced Bose-Einstein condensation (BEC) phenomena in solid state weakly antiferromagnetically coupled biradicals with singlet ground state as molecular models were needed,
which can be switched by magnetic field into the triplet state. The magnetic exchange interactions
in anti-ferromagnetically coupled biradicals depend on the distance and type of the radical moiety as well as the pi-conjugated system. As synthetic chemist, we have successfully designed and
synthesized several antiferromagnetically coupled biradicals with desired intramolecular magnetic
exchange interactions in strong collaboration with project B1 (B. Wolf, M. Lang, Frankfurt). Interestingly two-dimensional magnetic field induced quantum phase transition was achieved for tolane
bridged nitronyl nitroxide biradicals [P1] and 3D ordering for the iminonitroxide biradicals [P2]
where this field-induced ordered phase could be described as a BEC of triplons.

2.2.1

Report

In the last funding period the aim of this project was to provide further material systems for the
systematic experimental investigation of the higher dimensional ordering of organic spin-1/2 dimer
systems. We thus started to explore heteroaromatic thiophene with benzene bridged oligomers for
adjusting the intramolecular exchange interaction between nitronylnitroxides (NN) (Figure 1) [P3].
This seemed intriguing since terthiophene in 1 is a planar bridge and the twisting angle towards
the nitronylnitroxide is reduced to around 10 degrees compared to roughly 25 degrees when connected to a benzene moiety leading to much better conjugation. This better conjugation led also to
red shifted optical absorption maxima of the p-p* and n-p* transitions. While for biradical 1 the
experimentally determined exchange interaction J/kB was -11.9 K, it was reduced upon entering a
central benzene unit in 2 to J/kB = -6.2 K towards the desired range between 2-8 K to be reached
by standard laboratory magnet. These values were well in agreement with those predicted by DFT
calculations in the broken symmetry approach of J/kB = -14.7 K and J/kB = -5.3 K [P3]. This
smaller exchange of 2 could be argued by increasing distance of 0.2 Å and torsion between the
thiophene and benzene ring of 25 degrees away from planarity. Especially the latter effect seemed
not good to increase the pi-stacking between neighboring dimers which would be desired to enhance
also the intermolecular exchange interaction.
Thus conceptional it was thought that condensed planar polycyclic aromatics could be more promising targets to increase the pi-stacking and intermolecular interactions, by well adjusting the
intramolecular spin spin interaction. In that vein we studied in cooperation with Tretyakov [P4]
a condensed dithienothiophene bridged bisnitronylnitroxide 4 (Fig. 2). Although some short πcontacts of 3.3 Å between the central sulfur rings were found, also short interdimer NO-ON contacts
of 3.6 Å were derived from the crystal structure. That led to very large interdimer exchange interactions of Jintercalc /kB = -73 K exceeding the intradimer exchange Jintracalc /kB = -49 K. Therefore
we opted for a benzodithiophene (BDT) core with short methoxy groups for solubility increase,

Figure 1: Oligothiophene-phenylene bridged nitronylnitroxides
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Figure 2: Dithienothiophene-NN 4, BDT-NN 5, BDT-IN 6, BDT-Th2 NN 7, BDT-Th2 IN 8, and dithienobenzodithiophene 9.

which was decorated with bisnitronylnitroxide 5 and bisiminonitroxide 6 and further extended with
two thiophene moieties (BDT-Th2) towards 7 and 8 (Figure 2) [P5].
The EPR spectra of the bis(nitronylnitroxides) 5 and 7 in solution demonstrated typical 9 line patterns indicating the strong exchange interaction J in the limit of the EPR spectra where J ≫ AN ,
where AN is the nuclear hyperfine interaction of nitrogen. This was also found for the bisiminonitroxides 6 and 8, although the distance between the connecting carbons C2 of the imidazolyl
moieties increased from 0.99 nm for BDT cored spacer 5 and 6 to 1.72 nm for 7 and 8, according
to the crystal structure analysis. An intramolecular exchange interaction of J/kB = -26 K was found
for 5, smaller than predicted by DFT calculation (-61 K) but too large for our purpose. Moderate
exchange interactions were predicted (Jcalc /kB = -3.7 K and -5.5 K) and found experimentally
(Jintraexp /kB = -5.3 K and -2.3 K) for 6 and 7, respectively. Due to the better π-π stacking of the
biradicals then found earlier, the intermolecular exchanges were of similar size (Jinter /kB = -6.0
K and -4.6 K) making them ideal models for higher dimensionalality of triplet excitations moving
through the crystalline solids at ultracold temperatures. Such experiments are planned in the near
future.
A similar condensed heteropentacene disubstituted with nitronylnitroxide 9 was considered, with
two long solubilizing alkyl side chains (Figure 2 bottom)[P6]. An intradimer exchange coupling of
Jintra /kB = -10.8 K was predicted from X-ray structures, but no similar strong interdimer couplings
could be found, since the long alkyl chains prevented good π-stacking making it less favorable for
our purpose.
The complete project summary of the results obtained during 12 years funding on organic biradical networks was recently published as a feature article [P7]. We can conclude that just hydrogen
bonded structures with weak π-stacking where we started from with Jinter /kB ∼ -1 to -2 K for
tolane bridged cases [P1, P2] needed a weaker Jintra /kB ∼ -2 to -4 K exchange interaction to fall in
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comparable size as found for the bisiminonitroxides to increase the dimensionality from 2D to 3D
BEC of triplons [P1, P2]. The Jinter /kB can be increased however upon stronger π-stacking as in 6
and 7 to be of comparable size as the Jintra which should also enable higher dimensionality of the
triplet excitations [P5, P7].
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Project history

2.2.1

Report

In the final funding period this project focussed on fundamental aspects of correlated electrons
resulting from the interplay of strong electron-electron interaction, geometrical frustration, and
the coupling to the lattice degrees of freedom. Target materials were quasi-two-dimensional chargetransfer salts of the (BEDT-TTF)2 X and related families which have proven excellent model systems
for studying the variety of intriguing phases including anomalous metallic and superconducting
states along with local-moment antiferromagnetic or spin-liquid-like insulating states. The key phenomenon in our research was the Mott metal-insulator transition which can be readily accessed in
the κ-phase (BEDT-TTF)2 X salts through the control of temperature and hydrostatic pressure.
Below we describe the main achievements obtained in the final funding period.
1) Universial properties of the Mott transition
Although the Mott metal-insulator transition, a paradigm of strong electron-electron correlations,
is of importance for a wide range of materials including transition metal oxides and organic chargetransfer salts, fundamental aspects of the transition have still remained illusive. This holds true in
particular for the universal properties of the Mott transition. For a purely electronic system there is
strong evidence from theory that the Mott transition shows the universal properties of a liquid-gas
transition [1], represented by the Ising universality class, with the double occupancy of a lattice
cite playing the role of an order parameter. The crucial question which we addressed in this project
is, whether this simplified picture can adequately describe the properties of a real material where
the critical electronic system is coupled to a compressible lattice. To investigate the role of the
lattice degrees of freedom in the Mott critical behavior, which has not been studied experimentally
so far, we investigated the relative length changes of the quasi-two-dimensional charge-transfer salt
κ-(BEDT-TTF)2 Cu[N(CN)2 ]Cl around the second-order critical endpoint of the first-order Mott
transition, see Fig. 1 for the generic phase diagram.
These experiments were made possible thanks
to a unique experimental setup which was developed and commissioned in the second and third
funding period of this SFB. This setup combines high-resolution thermal expansion measurements with variable He-gas pressure [2]. The
experiments, performed at T = const. conditions upon changing pressure, revealed strongly non-linear variations of the relative length
changes, ∆L/L, around the critical endpoint
of the first-order Mott transition of κ-(BEDTTTF)2 Cu[N(CN)2 ]Cl at Tcr ≃ 36.6 K and pcr ≃
23.4 MPa (Fig. 2). These results reflect strongly
nonlinear strain-stress relations, i.e., a massive
breakdown of Hooke’s law of elasticity over an
extended pressure-temperature range around the
critical point. The observed changes of the material’s compressibilites κi = -L−1
i ⋅ d(∆Li )/dp,
which can still be seen even at temperatures significantly above the Mott transition (see broken lines in Fig. 2), were found to be of the same
order as the compressibilities themselves, i.e.,
∣∆κi ∣ ∼ ∣κi ∣. In Ref. [P1] we assigned this effect
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Figure 1: Generic phase diagram predicted for the
Mott metal-insulator transition when electrons are
coupled to an elastic medium [P1]. The red solid line represents the first-order transition line that ends
in a second-order critical endpoint (open red circle).
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to an intimate, non-perturbatively strong coupling of the critical electronic system to the lattice
degrees of freedom as proposed in Ref. [3]. Our results were found to be fully consistent with
mean-field criticality, in accordance with the theoretical predictions for the Mott transition in a
compressible lattice with finite shear moduli [3]. We argued that the Mott transition for all systems
that are amenable to pressure tuning shows the universal properties of an isostructural solid-solid
transition. In a next step, we studied the effect of disorder on the Mott transition in this material.
To this end, disorder was introduced into the system in a controlled way by exposing the single
crystals to X-ray irradiation [P2]. Our results showed that for low irradiation dose, the first-order
character of the Mott transition and the Mott criticality prevail, although the critical pressure, pcr ,
and critical temperature, Tcr , of the critical endpoint become significantly reduced as compared to
the pristine sample [P2]. However, above a certain disorder level, the first-order transition becomes
smeared which may indicate a crossover behavior.

R e la tiv e le n g th c h a n g e ( 1 0

-4

)

2) Electronically-driven ferroelectricity
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R. Valentı́, M. Lang), we recently succeeded in
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detecting signatures of the putative charge order
P re s s u re (M P a )
on the lattice dynamics in the X = Cu[N(CN)2 ]Cl
salt via inelastic neutron scattering experiments. Figure 2: Relative length change as a function of
Upon cooling below Tρ ∼ 50-60 K where the char- pressure along the in-plane a axis (A) and out-of plage gap opens and the π-electrons localize on the ne b axis (B) of κ-(BEDT-TTF)2 Cu[N(CN)2 ]Cl [P1].
dimer sites, the low-lying optical phonon modes Broken lines are guides to the eye and serve to estimate the pressure-induced changes in the compressi(involving intra-dimer breathing modes) become
bilities.
overdamped [P4]. Upon further cooling to below
TN ≃ TF E ≃ 25-26 K, where static order develops in the spin- and charge-channel, the damping
becomes small again. We consider these results of particular importance for two reasons: First,
the results highlight the role of intra-dimer degrees of freedom in these Mott insulators, thereby
opening a new avenue in the research on electronic ferroelectricity. In addition, our study demonstrates that inelastic neutron scattering on these molecular materials is feasible, a message which
will trigger further systematic studies on the lattice dynamics and its coupling to the electronic
degrees of freedom in these systems.
As an independent check for the scenario of ferroelectricity driven by intra-dimer degrees of freedom,
we selected a related material, κ-(BEDT-TTF)2 Hg(SCN)2 Cl, where charge order at TCO ≃ 25 K
was clearly identified by vibrational spectroscopy [6]. According to density functional theory calculations performed in project B02 (Valentı́), this material is characterized by a moderate strength of
dimerization. This system thus bridges the gap between the 1/4-filled systems, known to be instable
towards the formation of charge order, and strongly dimerized, so-called dimer-Mott systems. The
latter are usually treated as effectively 1/2-filled systems, where Mott physics applies and the charge degrees of freedom are completely frozen. In a recent collaborative work between groups from
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Frankfurt (R. Valentı́, M. Lang) and Augsburg (P. Lunkenheimer), we were able to demonstrate
that the transition from a metal to a charge-order insulator in this compound at TM I = TCO ≈ 2530 K is indeed accompanied by the formation of ferroelectric order of order-disorder type (Fig. 3)
and pronounced lattice distortions [P5].
As an interesting side result, we mention the observation of a peculiar glasslike ordering transition in this material around Tg ≃ 63 K. Glasslike ordering phenomena in κ-(BEDT-TTF)2 X
salts have been frequently observed and assigned to conformational degrees of freedom of
the terminal ethylene endgroups of the organic BEDT-TTF building blocks [7]. In contrast
to the observations made so far, we were able to identify a peculiar ethylene endgroup ordering in the present material in which only
one of the two crystallographically inequivalent
ethylene endgroups is subject to glasslike orde- Figure 3: Temperature dependence of the dielectric
ring [P6].
constant ’(T ) of κ-(BEDT-TTF)2 Hg(SCN)2 Cl [P5].
3) Superconductivity next to the Mott transition
In a combined theoretical and experimental study involving the projects B02(Valentı́), B06(Lang),
B09(Huth), B11(Müller), and B12(Elmers), the symmetry of the superconducting state in κ(BEDT-TTF)2 Cu[N(CN)2 ]Br was investigated. By using low-temperature scanning tunneling spectroscopy with the tunneling direction parallel to the layers, a three-peak structure in the superconducting density of states was observed [P7]. The results were found to be fully consistent with
the theoretical prediction based on spin-fluctuation theory applied to a material-specific Hamiltonian derived from ab initio density functional theory. The results provided strong evidence for
an anisotropic mixed-symmetry superconducting gap with eight nodes and a twofold rotational
symmetry [P7].
4) Spin-liquid candidate systems next to the Mott transition
Among the κ-(BEDT-TTF)2 X salts, the compound with X = Cu2 (CN)3 has attracted enormous
interest as it is considered a prime candidate for the realization of a quantum spin liquid [8]. This
material was in the focus of our investigations in the second funding period, where we found evidence for a pronounced anomaly in the coefficient of thermal expansion around 6 K, reminiscent of a
second-order phase transition [9]. In the third funding period, we performed comparative investigations on the newly synthesized related spin-liquid-candidate system X = Ag2 (CN)3 [P8]. Our study
revealed pronounced extrema in the electronic contribution to the coefficient of thermal expansion
originating from strong electronic correlations, consistent with recent theoretical predictions based
on the Hubbard model on a triangular lattice [10]. Interestingly, the data lack any indications for
a phase transition at low temperatures, in marked contrast to the pronounced 6 K anomaly which
dominates the low-temperature behavior in the X = Cu2 (CN)3 system.
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2.2

Project history

2.2.1

Report

Electron- and X-ray spectroscopic investigations of organic charge-transfer (CT) materials are sparse e.g. [1,2] due to intrinsic and extrinsic obstacles. The large change of conductivity upon crossing
the Mott transition and the high anisotropy in 2D or 1D conductors induce special charging behavior
that can cause artefacts in spectroscopy experiments. The large unit cell of many families of organic CT systems (e.g. κ phases of BEDT-TTF, Fabre salts) does not fit to the small probing depth
of conventional angular-resolved photoemission at low energies. For the mostly electrochemicallygrown organic crystals it is practically impossible to prepare atomically clean surfaces. Another
extrinsic obstacle is the high sensitivity to radiation damage. The work in project B08 aimed at
a deeper understanding of the electronic properties of classical and novel CT complexes. Three
different types of electron and X-ray spectroscopies were applied, namely ultraviolet photoelectron
spectroscopy (UPS), hard X-ray photoelectron spectroscopy (HAXPES) [3], and near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy [4]. In the last funding period, the novel method
of photoelectron momentum microscopy has been applied, giving access to the valence bands and
core-levels and in particular to high-resolution X-ray photoelectron diffraction patterns.
The classical category comprises prototypical
examples like TTF-TCNQ, the Fabre salts
(TMTTF)2 SbF6 and (TMTSF)2 PF6 , members
of the family κ–(BEDT-TTF)2 X (X representing a monovalent anion) and the more-recently
synthesized (DOEO)4 [HgBr4 .TCE. In the
κ–(BEDT-TTF)2 X family a Mott transition can
be induced via increasing the bandwidth
through the application of physical or chemically-induced pressure [5]. We further studied
novel CT complexes built from constituents
with tuneable donor and acceptor strengths,
synthesized by the project partners in the MaxFigure 1: Scheme of element-specific probing of Planck Institute for Polymer Research. In parthe local charge transfer in the complex HMP/TMP- ticular, large disc-shaped molecules (coroneneTCNQ. The methoxy group in the donor HMP/TMP derivatives) have been functionalized at their
is selectively addressed via oxygen K-edge NEXAFS, periphery tuning donor (hexamethoxy-coronene
the cyano group in the acceptor TCNQ via nitrogen HMC) and acceptor properties (coronene-hexaK-edge NEXAFS. (from [P1]).
one COHON). These moieties were stable under thermal UHV co-deposition, where they showed layer-by-layer growth. The same approach was used for smaller molecules (thiophene derivatives) like tetra- and hexamethoxy-pyrene (TMP/HMP), which have been studied in complex with
the classical acceptor TCNQ and F4TCNQ. The development of the valence band structure during
co-deposition of the donor and acceptor moieties HMC-COHON and TMP/HMP-TCNQ has been
studied using UPS. The spectra reveal characteristic level shifts and a strong reduction of the HOMOLUMO gap upon formation of the complex [6–9].
HAXPES probes the core levels and reveals characteristic shifts of the binding energies in
(TMTTF)2 SbF6 at the phase transition to the low-temperature charge-ordered state. Special emphasis was put on the detection of spectroscopic signatures of phase transitions or crossover points.
NEXAFS is a local, element-specific probe for the unoccupied bands above the Fermi level as illustrated in Fig. 1 by the example of the complex HMP/TMP-TCNQ. The oxygen and nitrogen
K-edge spectra are spectroscopic fingerprints of the functional groups in the donor and acceptor
moieties, respectively. The orbital selectivity of the NEXAFS pre-edge resonances allowed us to
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precisely elucidate the participation of specific orbitals in the charge transfer process. As reference
we measured the pure acceptor and donor moieties. Being a local probe, NEXAFS detects the
unoccupied states and also partially depopulated states as may occur during formation of a CT
complex (easily visible by direct comparison with the pure donor and acceptor moieties).
Upon complex formation, the intensities of several resonances
change substantially and a new resonance occurs in the oxygen
K-edge spectrum, see Fig. 2. This gives evidence of a corresponding change of hybridization of specific orbitals in the functional
groups of the donor (those derived from the frontier orbitals 2e
and 6a1 of the isolated methoxy group) and acceptor (orbitals
b3g, au, b1g, and b2u, all located at the cyano group) with Π*orbitals of the ring systems. Along with this intensity effect, the
resonance positions associated with the oxygen K-edge (donor) and
nitrogen K-edge (acceptor) shift to higher and lower photon energies in the complex, respectively. A calculation based on density
functional theory qualitatively explains the experimental results.
NEXAFS measurements shine light on the action of the functional
groups and elucidate charge transfer on a submolecular level. The
spectroscopic observation of “orbital-specific charge-transfer” via
NEXAFS [P1] complements more indirect methods like infrared
spectroscopy of vibrational modes or optical transitions across the
HOMOLUMO gap [10].
Oxygen K-edge
In cooperation with the theoreticians we could prove that obser- Figure 2:
NEXAFS
spectra
of
the
ved changes versus temperature are a fingerprint of charge transHMP/TMP-TCNQ
complefer, shape of the lower empty TCNQ molecular orbitals and the xes and pure moieties. (from
deformation of TCNQ during CDW fluctuations [P7, P8]. The no- [P1])
vel method of photoelectron momentum microscopy records the
electronic structure directly in momentum space. Time-of-flight kmicroscopy was very recently extended to the hard X-ray range [11] giving access to materials with
very large unit cells or critical surface conditions like in many CT compounds. The performance of
k-microscopy for the study of organic CT systems has not yet been exploited, a first example and
principal obstacles of the new method are discussed in [P10].

The results concerning the novel charge transfer-salts have been obtained in close cooperation with
projects B12 (Elmers), B2 (Valentı́, Jeschke), B6 (Lang), B11 (Müller), and B10 (Müllen, Baumgarten). The work in project B8 resulted in the PhD Theses of Dr. Katerina Medjanik and Dr.
Alisa Chernenkaya. Further collaboration partners from the Mainz group were D. Kutnyakhov, A.
Zapporozhchenko-Zymakova, X. Kozina as well as S. Diehl from the group of H.-J. Elmers. In the
first funding period the work profited a lot from the fruitful collaboration with S. Naghavi and V.
Alijani from the group of C. Felser.
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2.2

Project history

2.2.1

Report

State of research at project start
The main scientific objective of this project is to stabilize a long-range ordered dimerized spin state in the
ferroelectric quasi-1D organic charge transfer compound
tetrathiafulvalene-chloranil (TTF-QCl4 ) [1] via introduction of an additional magnetic exchange path created
by embedding ferromagnetic two-dimensional (2D) arrays of nano-islands of Co3 Fe (see Fig. 1a) into TTFQCl4 thin films. We propose that local exchange coupling at the Co3 Fe/TTF-QCl4 interfaces will lead to a directional pinning effect on the spins along the dimerized donor-acceptor chains in TTF-QCl4 that can be conCoFe nano-dot array
trolled via an external magnetic field reorienting the magnetization direction in the Co3 Fe nano-islands. We employ focused electron beam induced deposition (FEBID)
200 nm
for the fabrication of the Co3 Fe nanostructures. FEBID
T = 0.3 K
a)
is a direct-write nanofabrication techniques
which
uses
electron-induced dissociation of precursor molecules (here: HCo3 Fe(CO)12 ) adsorbed on a substrate surface inside a scanning electron microscope (SEM); see [P7] for
details. TTF-QCl4 thin films are obtained by thermal
evaporation of stoichiometric mixtures of donor (TTF)
and acceptor (QCl4 ); see Fig. 2. We measure conductance
changes in the tunneling-based charge transport through
c)
the 2D nano-arrays, as the external magnetic
field or the
applied electric field is changed, to probe the magnetic
and electric polarization state of the hybride system by
way of its influence on the tunnel couplings between the
nano-islands.
Results, work program implementation and problems

3 × 9 mod

31 nm
CoFe nano-dot array
15 nm

S

18 nm

Co3Fe array
x
200 nm200

y

a)

nm

T = 0.3 K

3 × 9 model array of spheres
S

Co3Fe

D
SiO2

b)

c)

d)

d) 1: a) 2D array of Co3 Fe nanoFigure
islands and current-voltage characteristics
(CVC) as measured at 0.3 K. b) Modelarray of nano-spheres for Monte Carlo
(MC) simulation. c) Results of MC simulation of low-temperature CVC for 2D model array of Co3 Fe nano-spheres with and
without oxide layer at surface; see [P9] for
details.

In the first project phase we optimized FEBID of highresolution 2D arrays of ferromagnetic Co3 Fe nano-islands employing the precursor HCo3 Fe(CO)12
developed by us [2]; see Fig. 1a) for an example. We found a pronounced transverse magnetoresistance effect in several arrays (> 20 % at 1.6 K) which is in contrast to the expected negative
tunnel-magneto-resistance (TMR) effect and indicates possible spin-flip in the tunneling processes
between neighboring nano-islands. This can be caused by surface oxidation of the Co-rich structures.
In order to be able to remove the oxide layer before TTF-QCl4 thin film deposition, we designed and
built a combined Ar ion etching and TTF-QCl4 thin film deposition chamber with liquid nitrogen
cooling option for the substrate; see Fig. 2. TTF-QCl4 growth experiments on Ar ion etched Co3 Fe
nano-arrays and low-temperature magneto-transport measurements on these heterostructures are
still ongoing.
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In the course of the FEBID experiments on 2D Co3 Fe arrays
we also fabricated arrays of Co3 Fe nano-pillars in order to induce a uniaxial anisotropy by means of the magnetic shape
anisotropy. This was done in order to create a simpler Isinglike behavior of the arrays, facilitating the interpretation of
future magneto-resistance experiments on arrays embedded
into TTF-QCl4 . Along these lines we developed a generalized process for controlled 3D FEBID of virtually any type of
nano-architecture taking specifics during FEBID growth into
account (precursor dynamics, precursor gas flow shadow effects, height-dependent growth rates, etc.). This resulted in a
software code for controlling the electron beam movement based on the computer-aided design of a target 3D structure [P5].
This code is now available on request and is already in use in
four other laboratories worldwide. Employing this newly acquired 3D-FEBID capability we focused on the growth of ferromagnetic and superconducting nano-architectures [3, P4] and
an in-depth characterization of the magnetic properties of 3D
Co3 Fe nano-architecture with different degrees of complexity;
see Fig. 3 for a collection of structures. In these works we have
used micro-Hall magnetometry for magnetic stray field measurements, done in collaboration with project B11 (J. Müller),
and performed micromagnetic simulations [P4, P6]; see Fig. 4
for selected results. Both, 3D FEBID and dielectric sensing
via conductance changes in nano-granular metals and nanoisland arrays, as developed within this project of the CRC,
are prominently represented in a recent review on FEBID in
materials science and condensed matter physics [P7].
a)

Me3CpMePt(IV)

Huth

Figure 2: Photo (bottom) and schematic (top) of combined Ar ion etching and TTF-QCl4 thin film deposition chamber. In situ conductance measurements in-between etching
steps and during thin film growth are
possible.

(a) d)

b)

⇥

~ ext
H

VH

HCo3Fe(CO)12

I
I

1 µm

c)

1 µm

+VH

(b) e)

10 µm

Figure 3: a) SEM image of complex 3D nano-architecture using a Pt-containing precursor, as indicated.
SEM images of 2 × 2 arrays of tetrapod and cube structures consisting of Co3 Fe. The structures have been
written on top of a micro-Hall sensor schematically indicated in d). e) SEM image of both 2 × 2 arrays of
tetrapods and cubes on the micro-Hall sensor for magnetic stray field measurements; see [P4, P6] for details.

In the last project phase, we have build on our previous mean-field model to describe the conductance modulation in nano-granular metals caused by changes of the dielectric properties of the
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environment [4, 5] and developed a more general framework for simulating single-electron charge
transport through nano-arrays. This approach is particularly suited for small-size nano-island arrays, as fabricated here. We use Monte Carlo (MC) simulations of the charge transport to simulate
the conductance response induced by changes of the dielectric constant or the distribution of background charges, e. g. charged domain walls in TTF-QCl4 [6], in the array [P9]. This is directly
relevant for simulating the conductance response at low-temperatures where charge transport is
mainly via elastic tunneling and not activated; see Fig. 1b,c) for an example. An analogous MC
approach can be used at higher temperatures by suitably adapting the charge hopping rates in the
activated transport regime.

(b)

0.9

core/shell
core/shell
w/o spinel
w/o spinel

! = 0°

0.6

<Bz>

0.3

100 µT

y

0.0

z
x

-0.3
-0.6

y

-0.9
-0.1

(c)

calc. Bz (103 µT)

(a)

(d)

0.6

! = -75°

0.0

0.1

-0.1

0.0

0.1
0.4

! = -90°

0.0

0.2

calc. Bz (103 µT)
20 µT
<Bz>

<Bz>

0.2

0.0

-0.2

-0.2

-0.4

20 µT
-0.2 -0.1

calc. Bz (103 µT)

0.4

0.0

0.1

0.2

-0.1

0.0

0.1

-0.6
0.2

µ0Hext (T)

-0.2 -0.1

0.0

0.1

0.2

-0.1

0.0

0.1

-0.4
0.2

µ0Hext (T)

Figure 4: a) Schematic of geometry of single tetrapod structure for micromagnetic simulations. b) MicroFigure
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indicate the direction of field sweeps.

Connection to other projects within CRC
We have strongly collaborated with project B11 (Müller) on the magnetic characterization of
Co3 Fe nanostructures, in particular with regard to 3D nanostructures. This has resulted in several publications [P4, P6]. The collaboration continues. We also collaborated with project B12
(Elmers) regarding the analysis of scanning tunneling spectroscopy data on superconducting κ(BEDT-TTF)2 Cu[N(CN)2 ]Br which resulted in joint publications [P2, P3, P8].
Comparison to research outside CRC
Work within the CRC, in particular the charge transport through 2D nano-arrays embedded into
dielectric material, has resulted in another project which is part of the DFG priority program 1928
10/17
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(Coordination Networks: Building Blocks for Functional Systems). In this project, surface-anchored
metal-organic frameworks (SURMOFs) form the embedding dielectric and conductance modulations in a nano-granular metal or 2D nano-island array are detected when the SURMOF cavities
are loaded by small molecules (project HU 752/12-1). In this same context we have extended the
dc conductance measurements to the ac regime (up to 1 MHz) taking advantage of a universal
frequency-dependent behavior of the real part of the ac-conductivity. Our work on 3D ferromagnetic nano-architectures within the CRC has triggered other research and collaborations regarding
the fabrication and spatial magnetization distribution characterization of structures with increasing
shape complexity (tetrapods, polyhedra, 3D networks, etc.).
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Funding of the project within the Collaborative Research Centre started in July 2007 and ended
in June 2019.
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(2) PD Dr. O. Dobrovolskiy
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and 3D Co3 Fe nanostructures.
(3) J. Franke
Technician; service on dual-beam microscope, MBE for organic thin films, Ar ion sputter system,
cryosystems.
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Thin film growth and characterization of TTF-QCl4 , FEBID of magnetic nano-arrays and 3D
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2.2

Project history

2.2.1

Report

In this project, we have investigated quasi-two-dimensional organic charge transfer salts (BEDTTTF)2 X as model systems for studying novel electronic states, such as unconventional superconductivity [P1], electric-dipole-driven magnetism or a charge-glass state, emerging from competing
phases of strongly-correlated electrons in reduced dimensions. We have focused on the low-frequency
dynamical properties of the charge carriers related to structural degrees of freedom as well as transitions to Mott-insulating, charge-ordered, and ferroelectric phases.
To that end, we have employed low-frequency fluctuation (noise) spectroscopy, a technique established by the PI about ten years ago within the SFB/TR49, as a new tool to study the dynamics of
strongly correlated electrons in (BEDT-TTF)2 X by measuring the resistance (conductance) noise
power spectral density (PSD) of the voltage (current) fluctuations [1, P2]. This method allows to
access the electric current or voltage autocorrelation function, a non-random characteristic of the
microscopic kinetics of the charge fluctuations. In the last funding period we have started to extend the range of applications of our noise studies to the high-impedance range of highly-insulating
samples deep in the Mott-insulating phase. For example, in the square-lattice dimer Mott system
β ′ -(BEDT-TTF)2 ICl2 , which is also an antiferromagnet and relaxor-type ferroelectric, we have
succeeded in measuring the low-frequency noise for sample impedances close in the 10 GΩ regime.
These results, which currently are prepared for publication are a first step towards making a connection between the conductance fluctuations and the dielectric properties in the insulating phases of
various materials (BEDT-TTF)2 X.
(1) Glass-like structural ordering
We aimed to study the dynamic glass transition of the BEDT-TTF molecules’ ethylene endgroups
(EEG) in κ-phase BEDT-TTF salts with polymeric anions Cu[N(CN)2 ]Z with Z = Cl, Br, which
apparently has a strong impact on the electronic properties of these materials. As an important
result, we found that a strongly enhanced noise level at f = 1 Hz and T ∼ 100 K observed for the
κ-phase BEDT-TTF salts with polymeric anions Cu[N(CN)2 ]Z with Z = Cl, Br is caused by the
coupling of charge carriers to the vibrational degrees of freedom of the crystal lattice related to
a glassy freezing of the BEDT- TTF molecules ethylene end-group (EEG) rotations at elevated
temperatures, which (i) results in a small amount of (intrinsic) disorder and (ii) crucially influences
the correlation parameter W /U and therefore the samples position in the phase diagram, i.e. the
electronic ground state. Under quasi-static conditions as seen in thermodynamic probes, the EEG
undergo a glass-like structural freezing transition at Tg ∼ 80 K, where they become frozen in one
of the two possible orientations eclipsed (E) or staggered (S), whereas for κ-Cl and κ-Br the E
conformation has the lowest energy. Where dielectric spectroscopy cannot be applied because of the
too-high conductivity in this temperature range, noise measurements allowed for the first detailed
spectroscopic analysis of the dynamic glass transition [P3]. We found that the transition is a fragile
structural glass-forming process due to the cooperative motion of the EEG and the anion network.
On this basis and in combination with ab-initio calculations performed by Dr. S. Winter we could
develop a model that allows to (i) quantitatively estimate the degree of frozen disorder for different
cooling rates [2] and to (ii) predict the occurrence of structural glassiness in systems with different
anions/crystal structures [P3]. This has been demonstrated recently for a new charge-ordered and
ferroelectric system X = Hg(NCS)2 Cl in collaboration with the groups of M. Lang and R.Valent
in this consortium [P4].
An important implication of the glassy structural freezing in the context of this proposal is that
the lattice anomalies at Tg can be utilized in order to control the electronic ground state of the
system [3] (theoretically, the E and S ground state configurations are located on opposite sides of
the Mott transition) by applying different cooling-rates or relaxation-cycle protocols [P5, P6]. This
allows to fine-tune through the critical region of the phase diagram and to approach the critical
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endpoint for investigating its properties in arbitrarily small steps.

P

Applying these tuning tools, resistance noise spectroscopy across
the Mott MIT has been performed on a sample of partiallydeuterated κ-Br, which at ambient pressure is located on the
metallic side of the phase diagram close to the critical pressure pcr and can be reversibly tuned through the Mott transition [P5]. We find that the low-frequency resistance fluctuations show a dramatic enhancement and divergent behaviour
when tuning the sample close to the critical point of the Mott
transition, accompanied by a strong shift of spectral weight
to low frequencies and the onset of non-Gaussian behaviour.
This indicates the critical slowing down of the order-parameter Figure 3. (a) Resistance (3-wire) as a function of temperature fo
(doublon density) fluctuations and suggests a collective dyna- high-resistance state has been prepared (vertical arrow) by app
mics of the correlated electrons. In order to enable detailed to the slowly-cooled pristine metallic state followed by ultra-f
text. The lower-resistance curves have been created by relaxin
investigations of this hypothesis in future experiments, by ex- !t = 120 s. Subsequently applying such warming cycles w re
ploiting the structural EEG relaxation, a warming cycle pro- a wide region in the phase diagram. The schematic heat flow d
tocol can be established that allows for fine-tuning the sample described in detail in [25]. (b) R vs. T for different pressures for th
state is prepared as in (a). Lower-resistance curves have been c
across the Mott transition and therefore precisely accessing (He-gas) pressure. Set of curves for two different runs are shown
the finite-temperature critical endpoint. In Fig. 1, the highresistance state has been prepared (vertical arrow) by applying P-doped Si [61], and the carrier-concentration- an
a heat pulse at T = 20 K to the slowly-cooled pristine metallic transition in Si inversion layers (MOSFETs) [59,60]
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For κ-Cl we find pronounced random telegraph signals which are enhanced over the 1/f -background
fluctuations at characteristic temperatures where changes of either the structural (being of glassy
nature, see (1)) or the electronic dynamics occur. From the shift of the characteristic frequencies
with temperature, we extract the corresponding activation energies. We suggest the switching of polar nanoregions related to relaxor ferroelectricity of the investigated sample as origin of the observed
transport dynamics around TFE . From the strong current (electric field) dependence of the fluctuations’ characteristic energies below the ferroelectric transition temperatureTF E , one can estimate
the size of fluctuating polar nanoregions. Measurements of the so-called second spectrum reveal
a characteristic frequency dependence for a temperature close to TF E , indicating non-Gaussian
fluctuations in a free energy landscape with metastable states described by a hierarchical model.
Dielectric spectroscopy measurements show a frequency dependent maximum of the dielectric constant at the ferroelectric transition temperature. The shifting maximum can be described by an
Arrhenius behavior, from which an activation energy was found which – due to the different frequency range – belongs to a relaxation process with a lower energy as compared to the energy
obtained by fluctuation spectroscopy. The Arrhenius-type temperature dependence of the relaxation rate, which is unusual for relaxor ferroelectrics, may be caused by the non-canonical, mainly
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electronic nature of the ferroelectric ordering in this material.
For κ-Hg-Cl, showing long-range ferroelectric order accompanied by a charge ordering metalinsulator transition, we find strong changes and a sharp peak in the low-frequency fluctuations
at Tco . For this compound also, spatially correlated and electric field-dependent fluctuations are
observed in the ferroelectric phase.
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2.2.1

Report

Superconducting materials based on organic charge-transfer salts are regarded as candidates for unconventional superconductors because their properties strongly deviate from the BCS theory. [1–5]
As in high-temperature superconducting materials, electronic correlations are of crucial importance
in organic charge transfer salts. At the start of the project there has been an ongoing debate over
the nature of superconductivity in the organic salts regarding whether it has a d- or an s- wave
pairing symmetry [6]. The ratio of the single particle band gap ∆ and the critical temperature Tc ,
2∆/kB Tc , for molecular superconductors has been known to be larger than the BCS value of 3.53.
κ-(BEDT-TTF)2 X organic charge-transfer salts
(where BEDT-TTF denotes bis(ethylenedithio)
tetrathiafulvalene and X a monovalent anion)
share essential features with cuprates regarding
their superconducting state [7]. In both classes
of materials the electronic structure is quasitwo-dimensional and superconductivity emerges in the vicinity of an antiferromagnetically ordered Mott insulating phase. The transformation of these Mott insulators into superconductors can be achieved either by doping
(cuprates) or by increasing the bandwidth (organics) through the application of physical or
chemically-induced pressure [6]. Because of these similarities, it is natural to investigate whether a related coupling mechanism is operatiFigure 1: (a) Topographical STM image of the a-c ve in both classes of materials. Topographic
surface of κ-(BEDT-TTF)2 Cu[N(CN)2 ]Br with tunne- STM studies on organic superconductors are
ling parameters V = 1.35 V and I = 50 pA. (b) STM an important characterization method in order
image of the a-c surface terminated by the acceptor
to prove that the STS measurements reflect a
layer (V = 1.35 V and I = 100 pA) and (c) by the
donor layer (V = 1.35 V and I = 70 pA). (d) STM well-defined surface. Because STS is a very loimage of the b-c layer (V = 1.35 V and I = 100 pA). cal method, spectral properties can easily be
(e-f) STM images of the a-b layer from different pla- dominated by electronic states at dislocations
ces on the same single crystal, revealing coexistence or from areas with stacking faults. STM and
of the (e) λ-phase (V = 1.35 V and I = 50 pA) and STS require clean surfaces, which can be achiethe (f) κ-phase (V = 1.35 V and I = 100 pA). For all ved by in-situ cleaving single crystals. The cleaimages the temperature during the STM measurement ving, however, also may introduce additional
was T = 4.6 K.
dislocations, which can be identified by topographic studies. Fig. 1 shows experimental results obtained within this project for cleaved κ-(BEDTTTF)2 Cu[N(CN)2 ]Br surfaces in different orientations measured at low temperatures (< 5 K) in
the superconducting phase. A larger area on the a-c plane, likely terminated by the acceptor layer,
is shown in Fig. 1(a). The termination becomes more obvious at higher resolution as shown in
Fig. 1(b) for the BEDT-TTF donor layer and Fig. 1(c) for the Cu[N(CN)2 ]Br acceptor layer.
Fig. 1(d) shows a topographical image of the b-c layer directly revealing the layered structure. The
irregular structure of the BEDT-TTF layers is probably due to the strong tip-sample interaction. The topography shown in Fig. 1(e) can only be explained by a different molecular structure,
the λ-(BEDT-TTF)2 Cu[N(CN)2 ]Br phase. The occurrence of this structure within the κ-(BEDTTTF)2 Cu[N(CN)2 ]Br single crystal indicates the presence of stacking faults. Fig. 1(f) shows the
a-b layer of the regular κ-phase, indicating the zig-zag-like arrangement of BEDT-TTF molecules.
The conductance spectra obtained by scanning tunneling spectroscopy related to the superconduc-
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ting phase is extracted using the analysis described in Ref. [P9]. Fig. 2(a-b) shows data measured
parallel and perpendicular to the layered crystal structure for temperatures between 5 K and 13 K.
The superconducting gap reduces in size and finally vanishes at the critical temperature. The data
reveals the existence of three pairs of coherence peaks that directly reflect a complex momentum
dependence of the superconducting gap. For a theoretical understanding of S(V ), Ref. [P9] discusses ab initio density functional theory (DFT) calculations within an all-electron full-potential local
orbital (FPLO) basis of the electronic structure of κ-Br. Finally, we find that the leading pairing
symmetry in κ-Br is of (extended) s + dx2 −y2 type.
These results have been obtained in close cooperation with projects B2 (Valenti), B6 (Lang),
B9 (Huth), and B11 (Muller). Only this combined effort allowed to reveal the symmetry of the
order parameter.
The microscopic origin of the charge-transfer in single
crystals is hence a key knowledge for a deeper understanding of correlation effects. For this purpose, we have
investigated charge-transfer salts comprising tailored molecules. In particular, p-type organic semiconductors are
favorable for organic electronics because of their high operation speed and low power consumption. p-type organic
semiconductors often comprise oligo- and poly-thiophenes
with a high electric polarization localized at the sulfur
atoms. A new class of donors represented by derivatives
of the compound dithieno[2,3-d;2’,3’-d’] benzo[1,2-b;4,5b’]dithiophene, abbreviated as DTBDT were synthesized
by project B10 (Mullen,Baumgarten), which is utilized
in the following as a model system to study the origin
Figure 2: Conductance spectra S(V ) = of the charge transfer mechanism in bulk crystals and
1/[B(V )T (V )] dI/dV of the superconduc- monolayers within this project. In Ref. [P10] we report
ting state as a function of eV = E−EF at difthat the lowest excitation energy representing the LUferent temperatures measured (a) parallel
and (b) perpendicular to the layered crystal MO state is mainly located at the acceptor molecule. The
structure. Two different crystals have been compensation of (i) the action of the increase in accepused in the experiment. The red lines show tor strength for F4 TCNQ compared to TCNQ and (ii)
fits to the measured data, with the symme- structural changes between the two complexes leads to
try of the gap constrained to the micros- the surprising result that the charge-transfer process difcopically determined (extended) s + dx2 −y2 fers in the two compounds only in subtle details. The
solution (from Ref. [P9]).
partially two-dimensional character of the LUMO motivated a study of the corresponding molecular monolayer,
a single molecular layer of the DTBDT-F4 TCNQ charge-transfer system. For monolayers the tunneling spectra of a mixed phase DTBDT-F4 TCNQ reveal electronic states that are not present
in the pure moieties and therefore are attributed to a hybridized inter-molecular orbital of the
DTBDT-F4 TCNQ complex. The energy level of the new inter-molecular orbital varies with the
electronegativity of the substrate. This observation offers the possibility to tailor the amount of the
transferred charge from the substrate to the organic monolayer.
The charge transfer is a driving mechanism for structural long range order because the long range
order minimizes the electrostatic energy of the system. This mechanism is similar to ionic crystals
where the Madelung energy stabilizes the crystal structure.
The results concerning the novel charge transfer-salts have been obtained in close cooperation with
projects B8 (Schönhense), B4 (Ritter, Krellner) and B10 (Müllen, Baumgarten).
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2.2.1

Report

The objective of this project was to bring the theoretical microscopic modelling of a selection
of quantum spin systems of relevance to the SFB/TR 49 to a higher level of accuracy, going
beyond density functional theory (DFT). In particular, we aimed to (i) improve the applicability
and quantitative accuracy of theoretical approaches for the estimation of magnetic interaction
parameters for real materials, and (ii) use parameters derived from such methods as a basis for the
theoretical modelling of a variety of experiments on quantum spin materials. To this end, within
the final funding period we developed and applied a new “hybrid” numerical scheme [P1, P9] that
combines certain advantages of DFT with explicit treatment of many-body effects in magnetic
interactions. Materials that were studied using these approaches included organic charge transfer
salts [P4,P10] (with connections to project B6) as well as Kitaev candidate materials [P2,P3,P5–P8]
such as Na2 IrO3 and α-RuCl3 .
(a) Methods Bridging Perturbation Theory with Exact Numerical Diagonalization
For the purpose of estimating magnetic interactions, the most significant deficiency of DFT-based
approaches is the inability to explicitly capture so-called “static correlation” effects, which refer
to large multi-determinant character in the spin-orbital multiplet
√ ground states. For example, a
singlet state for spins on two sites can be written, (∣ ↑↓⟩ + ∣ ↓↑⟩)/ 2, which cannot be represented in
terms of one Slater determinant in any single-particle basis, due to the inherent entanglement in the
wavefunction. Therefore, estimating the energy of such a state relative to other spin configuration
requires special considerations. This becomes increasingly true for materials with strong spin-orbit
coupling, which have more complex local degrees of freedom.
In order to treat such materials, we developed an alternative approach for estimating low-energy
(spin) Hamiltonians combining DFT with exact diagonalization. In this approach, we first derive an
approximate tight-binding model for the relevant magnetic orbitals from DFT+Wannier function
projection techniques. We then add Coulomb (and Hund’s coupling) terms to generate an effective
Hubbard model, and exactly solve this model on small clusters of sites. The exact low-energy
spectrum and eigenstates are then converted to an effective Hamiltonian via projection on to a
reference basis. Finally, we track how the coupling constants in the effective model scale with
cluster size to check convergence. The advantage of this approach is that it explicitly captures
many-body effects, and that it allows all (magnetic) interactions to be estimated regardless of
their relative magnitude or complexity. For example, we can readily treat biquadratic exchange
(Si ⋅ Sj )2 , 4-site ring exchange (Si ⋅ Sj )(Sk ⋅ Sl ), and all manner of anisotropic exchange interactions,
such as Dzyalloshinkii-Moriya (DM) couplings D ⋅ (Si × Sj ). This approach is detailed in [P9], and
served as the basis for investigations into spin-liquid candidate organic materials [P10] and strongly
spin-orbital coupled Kitaev magnets [P2], detailed below.
(b) Beyond Clean Heisenberg Models for Organic Spin Liquid Candidates
One of the most promising materials for realising a spin-liquid ground state is the organic chargetransfer salt κ-(BEDT-TTF)2 Cu2 (CN)3 , also studied in project B6 (abbreviated κ-Cu). There are
several enduring mysteries for this material. First, there is a thermodynamic anomaly at T ∗ = 6 K,
which is observed in a wide range of experiments, but does not correspond to the formation of any
obvious long-range orders. Second, there is a discrepancy between the low-temperature specific heat
Cv and thermal conductivity κxx . While CV shows a linear in temperature T behaviour consistent
with gapless (spinon) excitations expected for some classes of spin liquids [1], κ is suppressed at low
T , indicating the absence of mobile heat carrying excitations [2]. Finally, recent magnetic torque
measurements identified an intriguing diverging susceptibility at low temperatures, which emerges
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at the T ∗ anomaly [3]. Resolving these measurements within a single framework represents a critical
problem for the field.
In order to address the experiments, we first investigated the magnetic couplings in κ-Cu, employing
the newly developed ab-initio approaches discussed above. On the basis of this investigation, we
identified two plausible scenarios. In the first scenario, the diverging low-temperature response
would be associated with proximity to a quantum critical point, with coupling to the magnetic
field provided by small DM couplings D ⋅ (Si × Sj ), as well as field-induced spin-chirality terms
∣H∣ Si ⋅ (Sj × Sk ). However, by investigating the symmetries of these couplings, we were able to
demonstrate an inconsistency with the observed magnetic torque. Instead, we considered the role
of disorder through a strong-disorder renormalization group (SDRG) inspired approach [4]. In
this case, we found that all experimental features of the magnetic torque could be consistently
interpreted in terms of disorder. Furthermore, since disorder would tend to localize any gapless
excitations, this scenario also provided a hint toward finally explaining the discrepancies in the
thermal responses CV and κ, and the nature of the T ∗ anomalies. These results were published
in [P4] and [P10].
(c) Modelling of Kitaev Candidate Materials
A second promising class of materials for realising a quantum spin-liquid ground state are related to
Kitaev’s famous honeycomb lattice model [5]. This model features bond-dependent Ising couplings
H = ∑ij Siγ Sjγ , with the cartesian component γ being equal to x, y, or z, depending on the orientation
of the bond. The model is exactly solvable, and admits a spin-liquid ground state, prompting
significant interest. It has been proposed that such magnetic interactions can be realised for strongly
spin-orbital coupled ions in octahedral crystal field environments [6], such as found in e.g. Na2 IrO3 ,
and α-RuCl3 . Despite the fact that these materials order magnetically at low temperature, they
display a variety of anomalous magnetic responses, which led to the questions: how close are the
underlying magnetic Hamiltonians of such materials to the Kitaev model, and how can the responses
be related to the dominant couplings?
To address these questions, we first studied the magnetic interactions for a variety of “Kitaev
candidate” materials via the above-mentioned ab-initio approach, revealing significant couplings
beyond the Kitaev model Hamiltonian [P2]. We subsequently refined the computed interactions
for the best studied candidate α-RuCl3 through prediction and comparison with inelastic neutron
scattering experiments [P5]. Such experiments detected an anomalously large fraction of spectral
weight in diffuse continua instead of sharply dispersing magnons expected in conventional ordered
magnets [7, 8]. This was assumed to be a precursor of the Kitaev spin-liquid, relying on large
Siγ Sjγ interactions. However, we were instead able to relate the appearance of these continua to the
presence of large off-diagonal exchange couplings Siα Sjβ + Siβ Sjα with α ≠ β ≠ γ. This insight then led
us to an understanding of the evolution of the response of α-RuCl3 at finite magnetic field [P6,P8].
Finally, we investigated the new material H3 LiIr2 O6 , which was experimentally shown to exhibit no
magnetic order down to low temperatures T < 1 K [9]. Via ab-initio studies, we revealed a unique
sensitivity of the couplings to the hydrogen atom positions, which we speculated would be subject
to strong disorder. Such a strong disorder framework provides a possible explanation of the unusual
scaling of the susceptibility and specific heat. These results therefore highlighted the importance of
disorder also in the family of Kitaev candidate materials. Overall, the work in this subproject led
to the publications [P2, P5, P6, P8], and the review article [P3].
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[P3]
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Funding

Funding of the project within the Collaborative Research Centre started in July 2015 and ended
in June 2019.

2.3.1

Project staff in the ending funding period
No.,
Name,
academic degree,
position

Field of research

Dept. of
university
or nonuniversity
institution

Commit- Category Funded
ment in
through
hours/
week

Theoret. Physics

F-ITP

20

F-Uni

Theoret. Physics

F-ITP

5

F-Uni

Available
Research staff 1 Winter, S., Dr.
2 Valentı́, R. Prof. Dr.

Supported through funds granted to the CRC
Research staff 3 Riedl, K.

Theoret. Physics

F-ITP

PhD st.

4 Guterding, D., Dr.

Theoret. Physics

F-ITP

PhD st.

5 Zantout, K.

Theoret. Physics

F-ITP

PhD st.

Job description of staff (supported through available funds)
(1) Dr. S. Winter
Coordination and supervision of the project, performance of DFT and many-body calculations.
(2) Prof. Dr. R. Valentı́
Coordination and supervision of the project. ab initio DFT and many-body methods.

Job description of staff (supported through funds granted)
(3) Kira Riedl (PhD Student, July 2015 – June 2019)
Performance of perturbation theory calculations, DFT calculations and selected many-body calculations for spin models.
(4) Dr. Daniel Guterding (PhD Student, January 2016 – November 2016)
Performance of density functional theory calculations and selected many-body calculations for generalized Hubbard models.
(5) Karim Zantout (PhD Student, October 2016 – June 2019)
Performance of many body calculations beyond perturbation theory for generalized Hubbard models.
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Title:

Eggert

College for the advancement of postgraduate education

2.1.2

Coordinator

Eggert, Sebastian, Prof. Dr., 29.05.1966, German
Fachbereich Physik
Technische Universität Kaiserslautern
Erwin-Schrödinger-Str. 46
67 663 Kaiserslautern
Phone: +49 (0)631 205 2375
E-Mail: eggert@physik.uni-kl.de
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Summary

This College has been one of the very first DFG funded graduate schools which is integrated into
an SFB after the start of the MGK program in 2007. As such we had the opportunity to pioneer
and explore new ways to further the graduate education within a transregional research center in
order to maximize the benefit for both the individual students and the coordinated research efforts.
The integrated College for the Advancement of Postgraduate Education has been established in order to guarantee education of the highest quality standards for the doctoral students
involved in the SFB/TR49. At the same time the advancement of young researchers and students,
who have not yet entered graduate studies, is an important goal of the College in order to promote
and recruit the most promising talents at an early stage.
The senior researchers of the SFB/TR49 initiative strive for two leading goals: The production of
internationally first-class research results and the education of qualified experts and scientists, both
of which are equally important responsibilities towards society. It is a universally accepted truth
that these two areas, research and postgraduate education, go hand in hand. Success in one area
also requires excellence in the other and vice versa.
The College activities within a transregio collaboration poses special challenges because of the
coordination over three universities. Therefore, the College has the additional task to foster a sense
of community in order to connect the three locations and forge a strong identity that the individual
doctoral student can identify with. In return, the students profit from a larger network and more
opportunities in the SFB that rest on the infrastructure of three universities.
The most important function of the College is to provide a coherent reliable educational framework
for the doctoral students that matches the research program of the SFB/TR 49. At the same time,
the College strives for high academic standards and an optimal graduation time of three years
for Ph.D. candidates. Accordingly, we have identified a series of structures and services that were
further optimized in the three funding periods. In order to give an overview we shortly list here the
implemented activities and measures (small and large):
 Qualification Concept (see 2.3):
International summer schools
Student retreats
Undergraduate student assistants
Internal and external exchanges
Lectures and seminars
Excursions
Soft skill courses
College library
 Organisational and supervisory concept (see 2.4):
Mentoring teams
Website
Public relations
Manager and liaison officer
Student coordinators
Gender equality measures

The measures were successful according to the feedback from students as well as principal investigators.
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Qualification plan

The College has been managed in the past two funding periods by Priv.-Doz. Dr. Axel Pelster and
coordinated by Prof. Dr. Sebastian Eggert. We are convinced that the College has clearly achieved
the main goals of furthering both the education and the collaboration of the students by providing
the corresponding structure and services.
A clear qualification concept in form of a working coherent curriculum which matches the research
program of the SFB/TR 49 is one of the most visible signatures of the College. We strive to define
a balanced educational program, which gives structure, but at the same time provides individual
mentoring towards becoming an independent researcher in an optimal graduation time of up to
three years. Our general pedagogical guideline is based on the principle of ”Problem Based Learning”, which is also motivated by the direct relation to the research activities in the SFB/TR49. The
College strategy is based on the objective of mentoring the doctoral students to become self-reliant
and capable future leaders, by involving them not only in the research but also in relevant decision making processes directly. At the same time an active educational program requires constant
guidance and motivation in the form of attractive activities, which are organized by the executive
manager of the College, who also acts as an liaison officer and direct central contact of all doctoral
students in the SFB/TR49. An important role is also played by all the principal investigators (PIs)
in the SFB/TR49, who have offered a number of specialized lectures and seminars. More importantly each PI took part in structured mentoring tasks for students both within their group and in
other groups of the SFB/TR49. The most important ingredient of the College are of course the
students themselves, who not only choose the detailed contents of their education but in the end
always decide if an educational measure is a success or a failure.

2.3.1

International summer schools

Building on the previous success in the second funding period, we organized in the third funding
period three international summer schools, which were geared towards specific topics in methods
and research encompassing many areas of the SFB/TR49 and being, therefore, of quite central
importance. The schools were open for international registration and the lectures were given by
invited international leading experts. This activity was not only for the benefit of the Ph.D. students
but also served the visibility of the SFB/TR49 as a whole.
The third international summer school of the SFB/TR49 took place at the hotel Seeblick in Bad
Endorf, which is located in Bavaria, in the period March 21-24, 2016. It had 46 participants and
was focused on the topic Thermal, Quantum, and Topological Phase Transitions. In particular,
concrete examples of phase transitions driven and characterized by thermal, quantum, or topological properties within the realm of ultracold quantum gases in traps or optical lattices as well
as of condensed matter physics were treated in detail. Although all these systems are physically quite different, their respective phase transitions reveal certain similarities which were worked
out. Furthermore, the school aimed at providing an overview over both the theoretical and the
experimental probing of the respective phase transitions. The experimental and theoretical experts
Prof. Dr. Alexander Altland (Cologne, Germany), Dr. Tobias Donner (Zurich, Switzerland), Dr.
Markus Garst (Cologne, Germany), Dr. Fabrice Gerbier (Paris, France), Prof. Dr. Ulrich Schneider
(Cambridge, UK), and Prof. Dr. Jean Zinn-Justin (Paris, France) provided in total 12 pedagogical
overviews and introductory talks of 90 minutes duration on various selected special topics. Particular emphasis was devoted to a detailed discussion of the delicate interplay of quantum and thermal
fluctuations of ultracold quantum gases loaded in an optical lattice. Furthermore, the creation and
probing of topological band structures with ultracold atoms as well as topological phases in condensed matter physics were discussed. Finally, also the general relation between phase transitions and
the renormalization group was worked out. All participants presented their research contributions
in two poster sessions and also attended an informative excursion to the Herrenchiemsee Castle.
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An extensive guided tour gave a valuable impression about the life and the achievements of the
Bavarian King Ludwig II. More information about this summer school is available at the homepage
http://www-user.rhrk.uni-kl.de/~apelster/Seminar6/index.html
The subsequent international summer school was organized at the Evangelische Akademie Tutzing in the period March 27-30, 2017 with 28 participants and had the title Real and Synthetic
Magnetism. More specifically, concrete examples within the realm of frustrated magnets, magnon
Bose-Einstein condensates, ultracold quantum gases in traps or optical lattices as well as ion traps
were treated in detail. Although all these systems are physically quite different, their respective
magnetic phenomena reveal certain similarities which were worked out. Furthermore, the school
aimed at providing an overview over both the theoretical and the experimental probing of the
respective magnetic properties. Prof. Dr. Sergej Demokritov (Münster, Germany) introduced the
Bose-Einstein condensation of magnons at room temperature, whereas Prof. Dr. Rembert Duine
(Utrecht, Netherlands) focused on their application in view of spintronics. Furthermore, the BECBCS crossover without and with population imbalance was covered experimentally by Prof. Dr.
Selim Jochim (Heidelberg, Germany) and theoretically by Prof. Dr. Carlos Sa de Melo (Atlanta, USA). And, finally, Prof. Dr. Stefan Süllow (Braunschweig, Germany) talked about frustrated
quantum magnets as real materials and magnetic models, whereas Prof. Dr. Christof Wunderlich
(Siegen, Germany) introduced spin-phonon and spin-spin interactions within the realm of trapped
atomic ions. This scientific program was complemented by two poster sessions, where the student
participants were actively participating, and a guided sight-seeing of the Neuschwanstein Castle
together with the distraction of a walking-tour. More information about this summer school is
available at the homepage
http://www-user.rhrk.uni-kl.de/~apelster/Seminar8/index.html
The fifth international summer school of the SFB/TR49 took place at Castle Burgbrohl in the period
August 13-16, 2018 with the title Linear Response and Nonequilibrium Dynamics of Quantum
Many-Body Systems and had 40 participants. Concrete examples of either real or synthetic systems
were covered in the realm of condensed matter physics, ultracold quantum gases in traps or optical
lattices, as well as ion traps. Despite the different nature of their dynamics, they reveal certain
similarities which were worked out. Furthermore, this international school provided an overview
over both the theoretical and the experimental probing of the respective dynamic properties. To this
end the experts Prof. Dr. Michael Bauer (Kiel, Germany), Prof. Dr. Thomas Gasenzer (Heidelberg,
Germany), Prof. Dr. Ulrich Schneider (Cambridge, Germany), Prof. Dr. Ulrich Schollwöck (Munich,
Germany), Prof. Dr. Kilian Singer (Kassel, Germany), Priv.-Doz. Dr. Oliver Stockert (Dresden,
Germany), Prof. Dr. Masahito Ueda (Tokyo, Japan) provided in total 13 pedagogical overviews
and introductory talks of 75 minutes duration on various selected special topics. In condensed
matter physics the principles of time- and angle-resolved photoelectron spectroscopy and the nonequilibrium carrier dynamics in two-dimensional materials were discussed. Furthermore, quantum
quenches, transport properties and thermalization as well as many-body localization in optical
lattices were introduced. These experimental reports were contrasted with a theoretical analysis
of the universal dynamics near non-thermal fixed points and a numerical determination of timedependences with matrix product states. In addition, the single-ion heat engine was considered
as a sensitive quantum probe for non-classical baths, whereas neutron scattering was presented
as a unique microscopic probe to study magnetism. And, finally, linear response and sum rules
together with a modern nonlinear generalization were discussed in the context of ultracold atomic
gases. Also here the participants presented their research contributions in two poster sessions and
attended an informative excursion to the near-by volcano museum in Mendig. The latter visit
informed about the fact that the earth is undergoing a constant alteration due to earthquakes and
volcanic eruptions. More information about this summer school is available at the homepage
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http://www-user.rhrk.uni-kl.de/~apelster/Seminar11/index.html
Furthermore, it should also be mentioned that the following 12 Ph.D. students outside of the
SFB/49 participated in at least one of the three international summer schools of the third funding
period:
Name
Affiliation
Javed Akram
Islamabad, Pakistan
Christoph Berke Dresden, Germany
Ana Hudomal
Belgrade, Serbia
Bernhard Irsigler Berlin, Germany
Michael Kajan
Bonn, Germany
Chris Koschenz
Dresden, Germany

Name
Johannes Kombe
Tim Lappe
Qiang Luo
Haixin Qiu
Muhammad Sajid
Cheng Shi

Affiliation
Bonn, Germany
Bonn, Germany
Beijing, China
Bonn, Germany
Bonn, Germany
Nanjing, China

Thus, the educational measure of organizing international summer schools allowed the College to
provide world-wide connections on the level of Ph.D. students, which contributed to its public
outreach. We believe that establishing such international personal relations already at an early
stage of a career will turn out to be profitable on the long run.

2.3.2

Student retreats

The student retreats were originally designed for the first funding period to host graduate student
seminars, which take place once a semester ”en bloc” at different location in order to give College
members the possibility to give a report about their research and to interact scientifically as well as
on a social basis. During the course of the second and the third funding period the retreats evolved
considerable in content, however, and we made each retreat a unique event with specially selected
educational elements at attractive locations. The student seminars continued to provide semi-formal
presentation opportunities also for younger doctoral students at an early stage, i.e. even before
visiting their first major conference. Soft-skill courses were offered according to the wishes of the
students, ranging from hands-on English writing and presentation exercises to career development
workshops. Furthermore, external experts were invited to cover special topics or give career advice.
Last but not least, student retreats were sometimes combined with an excursion to relevant scientific
locations. This combination of activities also helped to foster a better identification with the College.
The student retreats took place each semester, unless an international summer school was already
offered, see Section 2.3.1. In the following we briefly report about the respective student retreats of
the third funding period. More detailed information including, for instance, the respective programs,
are available on the internal sector of the SFB/TR49 website.
The autumn student retreat of 2015 was organized due to a vote of the PhD students in Cologne
in the period October 7-9, 2015 with 30 participants. The backbone of the mixed program were
60 minutes presentations of 9 PhD students, who managed to give a concise overview about some
research problem to their colleagues. For instance, after having explored different cooling routes for
reaching low temperatures, the Bose-Einstein condensation of atoms and pumped magnons were
compared with each other. Furthermore, electronic properties of graphene were analyzed using a
non-perturbative method and the Dzyaloshinskii-Moriya interaction was explained by the example
of pyrochlores. Due to the dedicated discussions of these presentations it became clear that the
student presentations had now evolved to such a degree that the general philosophy of providing
structured guidance for students to become self-reliant, self-motivated, and independent scientists
appeared to be working. In addition, we also had an extensive soft skill course on the topic of
good scientific practice, which turned out to be necessary due to on-going discussions in the public
media. The program was completed by a guided tour in the historic center of Cologne including
the Cologne Cathedral and a panorama ship tour on the Rhine.
A hotel in Bensheim was on September 21, 2016 the destination of the subsequent fall student
retreat of 2016, which preceded a subsequent annual retreat of the SFB/TR49. At the request
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of the PhD students the main program for this one-day retreat were talks from and discussions
with physicists from industry. In this way the student audience, consisting of 22 participants, got
valuable impressions how a physicist works on a daily basis, for instance, as a software-developer or
in larger companies in different industrial sectors. Particularly interesting were also the impressions
of a scientist in risk management consulting or the reflections from a European patent attorney.
The second part of the program consisted of 6 short talks of more advanced student participants
about their research work.
The following one-day student retreat in Heidelberg-Walldorf took place on September 20, 2017
and aimed at improving the scientific writing capabilities of the 30 present PhD students. As a
speaker we could allure Prof. Dr. James Anglin from the Technische Universität Kaiserslautern,
who is not only a native speaker but has also a lot of experience with scientific writing as he offers
such a soft-skill course on a regular basis. He managed to guide the student audience through the
three course pillars. After explaining how to develop a story line and how to maintain the logical
flow, he gave useful and practical hints how to achieve a concise and precise writing style. We had
the impression that this soft-skill course was highly beneficial for the participants and, presumably,
had immediate consequences for future papers and theses.
The subsequent two-days student retreat in Neustadt on April 3-4, 2018 contained two distinct
program elements. At first, a team-building seminar under the mottos warm-up, testing limits,
team work, and feedback initiated personal connections between the 24 participants, who stemmed
from the three universities campuses of the SFB/TR 49. Afterwards, following a request of the
PhD students, we had a founding seminar, where 4 company founders gave talks about their own
experiences and then answered the many questions of the PhD students. It was discussed how to
start your buisiness, how to survive an economical crisis, and how venture capital can accelerate
startups. In particular, the personal reports about a founders experience or what it means to
switch from science to a startup contributed to a successful dissemination of information to student
participants.
The autumn student retreat in 2018 took place in the hotel Frankfurt-Maintal on September 19,
2018. This one-day soft-skill course introduced to the participating 24 PhD students several ideas
how to design a professional life from the perspective of the Standford design approach. To this end
the participants were guided through the following three stages. At first one has to start where you
are and build your own compass. Then you have to find your way and get unstuck. On the basis
of this you can then design your live by protyping. As the presentation contained a lot of concrete
examples and was also delivered motivatingly, we expect that these design ideas will be influential
for some student participants for designing the next stages of their professional life.
Due to a particular request of the student representative the last student seminar of the College
took place in a hotel in Ludwigshafen during the two days of April 10-11, 2019. Here the program
concept was that 6 former PhD students of the SFB/TR 49 reported in form of 60 minutes talks
and intensive discussions about their job experiences in both industry and research. Dr. Thomas
Sebastian (Mannheim) talked about his career path to become a company founder, whereas Dr. Denis Morath (Mannheim) summarized from his point of view, which skills are relevant for paying the
bills. Afterwards, Dr. Dominik Straßel (Kaiserslautern) reported about the challenges and solutions
of deep learning on high performance computing systems and Dr. Daniel Sellmann (Frankfurt) presented a case study how to switch from physics to information technology consulting. And, finally,
Dr. Andreas Kreisel (Leipzig) discussed joy and obstackles of working in basic research, which was
complemented by Dr. Andreas Rückriegel (Utrecht), who gave a useful overview about funding
opportunities for postdocs in Germany and abroad.
In addition to the above student retreats the student members also attended the international
conference Novel states in correlated matter from model systems to real materials, which represented the closing symposium of the SFB/TR49, in Bad Neuenahr (18.-20.03.2019) and took actively
part in all annual retreats (2015, 2016, 2017, 2018) of the third funding period. There the students participated in the mentoring program and in the poster sessions, including 2-minutes flash
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presentations.

2.4

Management and supervision

The College organizes all essential services such as mentoring, career planning assistance, information exchange, and supervisory concept which are indispensable for a successful educational and
research program as outlined below. The key service elements of the College were chosen in order
to facilitate a more efficient research progress, shorter degree completion times, quality control, optimal career training, as well as a positive College environment, which the individual students can
identify with. This in turn enhances creative productivity and is also beneficial to the reputation
of the SFB/TR49.
2.4.1 Mentoring Team
One of the most important organizational benefits for the doctoral student members in the College
is provided by their personal mentoring team. At the time of the employment of each doctoral
student, an individual mentoring team is assigned, consisting of the supervisor and at least one
senior member of the SFB/TR49 from the other groups. The mentoring team guides the doctoral
candidate towards a successful degree completion in the optimal time of three years. Responsibilities
and duties of the mentoring team include guidance, training, evaluation, career planning, quality
control, scientific support, and providing hands-on assistance when required. The student should
feel free to contact any member of her/his team whenever necessary.
The mentoring team meetings are one of the most effective tools in guaranteeing efficient progress
towards a doctoral degree in the optimal graduation time of three years. In fact, an active mentoring
team can prevent the most common problems and delays that may occur in doctoral studies,
which are often related to lack of guidance from the supervisor or aimlessness of the candidate.
The student typically prepares a short progress report before the meeting, which is reviewed and
discussed confidentially in the meeting. The progress report summarizes the research progress, but
can also address possible sources of problems or frustration. The mentoring team is responsible
for ensuring that the doctoral student receives the optimal research training and tools in order to
complete the degree in time. A short progress report on the meeting is sent back to the executive
manager after the mentoring has taken place. In this way the executive manager has a full overview
of all mentoring activities. The existing reports are sent back individually to mentors and students
by the manager before the next mentoring, which turned out to be very helpful in preparing an
effective and continuous guidance.
The educational concept of the College requires such a meeting at least once a year to be effective
(in addition to much more regular meetings with just the supervisor of course). At the beginning
of the SFB/TR49, the scheduling was not centralized and we observed that some meetings were
delayed depending on the mentors and the student. Therefore, we identified the need for a stronger
structure in aiding the possibility for regular meetings. The executive manager of the College thus
organized special mentoring sessions during the annual retreat of a duration of 45 minutes each,
which are set aside for a structured discussion between student members and the mentoring team.
Typically, the mentoring starts with a progress report of the student in front of the poster, which
is followed by an in-depth discussion with the mentors. The positive feedback on the meetings
indicate that they not only help the student in the individual research and career planning, but
also furthered the internal communication within the SFB/TR49 to a large degree.
2.4.2 Information Services: Website, career development, public relations
In order to offer additional guidance for the doctoral students and foster their association with the
College, a series of information services was provided:
 An up-to-date College website, with all relevant information
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 A database for relevant lectures, soft-skill courses, events and available books
 Common job advertisements as part of the recruiting strategy of the College

3.5.3 Liaison officer
In addition to their supervisor and other senior researchers of their mentoring team, doctoral students have access to two additional designated contact persons that can be approached in order
to seek help or guidance: the executive manager and the elected doctoral student representative
at each of the three locations acted as liaison officer whenever needed. In particular, requests and
problems of any kind concerning the doctoral studies could be channeled anonymously via the
liaison officer.
2.4.4 Gender Equality
The SFB/TR49 consequently enforced the principle of gender equality in all areas. The College has
a particular interest in providing a positive research environment that appeals to both female and
male members of the SFB/TR49 in order to increase creative productivity and in order to facilitate
the hiring of the best qualified female and male researchers. In the educational structure and
mentoring, there is a special emphasis on female role models in prominent leading positions. Due
to an admitted shortage of leading female researchers as principal investigators in the SFB/TR49,
all PI’s were strongly encouraged to invite additional female guest researchers and guest lecturers
to reinforce a positive image of women working successfully in the natural sciences.
In order to accommodate young researchers with families, part-time employment is generally possible for all advertised positions. Scheduling of College meetings and seminars in the late afternoon
have been avoided accordingly. The member sites of Frankfurt and Kaiserslautern are certified
family-friendly universities.
2.4.5 Responsibilities: Coordinator, manager, representatives
The coordinator of the College is Prof. Dr. Sebastian Eggert. He has the responsibility for the
quality of the services and the curriculum of the College as outlined above.
For the day to day organization of the College activities at all three locations a designated executive
manager, who can act independently, proved to be absolutely necessary. Priv.-Doz. Dr. Axel Pelster
was hired in the second funding period for this position and did an excellent job according to the
feedback from both students and principal investigators.
The executive manager independently organized the relevant services, initiated all activities (international summer schools, student retreats, etc.) together with the students, schedules talks, courses
and seminars and maintains close contacts with all members of the SFB/TR49, both on the student
as well as the senior researchers level. The mentoring was centrally scheduled and organized by the
executive manager, who kept track of all existing mentoring reports from each student, which are
sent out individually as a preparation for the next meeting. The executive manager is of course
present at all student events and visits all locations frequently, so that he can act as liaison officer
and contact person (2.4.3). The executive manager therefore often provides the ”glue” between all
doctoral students and facilitates the active academic and non-academic program at the different
sites. Additionally, student representatives at each SFB/TR49 location were elected by the student
members, which is in accordance with the general philosophy of the College of involving doctoral
students directly in relevant decision making processes. The representatives have also contributed
actively to shape and administer the contents of the College. In addition one elected representative
out of the group of young researchers attends all PI meetings with full voting rights.
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Environment of the Integrated Research Training Group

In recent years, all three of the member universities have invested great efforts into providing
structured post-graduate programs in order to form a strong foundation for excellence in doctoral
education. In particular, the following institutions have been a big help:
 GRADE - the Goethe Graduate Academy for Life Sciences and Natural Sciences, Frankfurt
http://www.grade.uni-frankfurt.de
 International School of Graduate Studies, ISGS, Kaiserslautern
http://www.uni-kl.de/isgs
 General Post-Graduate Programme and Gutenberg Academy in Mainz
http://www.zq.uni-mainz.de/eng/354.php

Through these programs, a large variety of useful services are being offered, such as active recruiting
assistance, integration services for foreign researchers, language courses, presentation techniques,
and other kinds of soft-skill training. The collaboration with this infrastructure proved to be effective
and productive. SFB/TR49 students - especially from abroad - were able to use those services on
many occasions.
In addition, other excellent graduate programs have been established with more specialized topics
that are related to the research field of this SFB/TR49. The available courses have been coordinated with our College program whenever possible. In particular, we were working closely together
with the Graduate School of Excellence ”Material Science In Mainz” at Mainz and Kaiserslautern
(http://www.mainz.uni-mainz.de), based on the strong connections and the involvement of several
principal investigators.
The existing infrastructure also includes other initiatives that were beneficial for the doctoral
students. One example worth mentioning here are the training courses provided by the ”Gründungsbüro”, Kaiserslautern (http://www.gruendungsbuero.info) in order to promote the start-up of small
and medium enterprises based on research ideas, which also affects initiatives in the SFB/TR49
positively.

2.6

Assessment

As outlined in detail above, the implemented measures were successful according to the feedback
from both students and principal investigators, which were continuously monitored by the executive
manager. We would like to emphasize the following highlights as especially successful educational
activities
 Annual high-profile international summer schools on relevant topics for methods and research
are planned.
 A student retreat is offered once each year, which includes varying educational elements in
addition to the usual student seminars and lectures.
 A structured scheduling for the mentoring team meetings at designated times during the
annual retreats of the SFB/TR49, which are attended by all students and principal investigators.
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Eggert

Funding

Funding of the project within the Collaborative Research Centre started in July 2007 and ended
in June 2019.

2.7.1

Project staff in the ending funding period

Available
staff

Name, degree

Field of research

Dept.

Funded
through

Research staff

1 Eggert, S., Prof. Dr.

Theoretical Physics

Kl-Phy

Kl-Uni

5

2 Pelster, A., PD Dr.

Theoretical Physics

Kl-Phy

TR49

20

3 Frey, M.

Secretary

Kl-Phy

Kl-Uni

5

Non-research
staff

Commitment in
hours/
week

Job description of staff (supported through available funds)
(1) Prof. Dr. Sebastian Eggert
coordinated the College and was responsible for the contents.
(3) Marina Frey
helped with minor administrative tasks.

Job description of staff (supported through funds granted)
(2) Priv.-Doz. Dr. Axel Pelster
was the executive manager of the College, who was responsible for the continuous functioning of all
day-to-day aspects of the College. In particular, he independently organised the relevant services,
initiate all activities (schools, retreats, etc.) together with the students, schedule talks, courses and
seminars and maintain close contacts with all members of the SFB/TR49, both on the student as
well as the senior researchers level.
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1

Overview of individual projects

Project

Program section

Title

Research area

Principal
investigator(s),
institution,
department

duration of
tenure

A1

Ultracold Fermi mixtures in
optical lattices

Experimental
atomic
physics, ultracold quantum gases

I. Bloch, M-IP

01.07.2007 –
30.06.2011

A2

Spatially addressable quantum gases in optical lattices

Experimental
atomic
physics, ultracold quantum gases

S. Kuhr, M-IP
I. Bloch, M-IP

01.07.2007 –
30.06.2011

A3

Inhomogeneous quantum
phases and dynamics in
ultracold gases and hybrid
atom-ion systems

Theoretical condensed
matter physics; optics,
quantum optics, physics
of atoms, molecules and
plasmas

W. Hofstetter,
F-ITP

01.07.2007 –
30.06.2019

A5

Advanced
methods for
quantum gases

numerical
correlated

Theoretical condensed
matter physics; optics,
quantum optics, physics
of atoms, molecules and
plasmas

M. Fleischhauer,
K-PHY
S. Eggert, K-PHY

01.07.2007 –
30.06.2019

A6

Multi-flavour Mott transitions and magnetism of
ultracold quantum gases
on optical lattices

Optics, quantum optics,
physics of atoms, molecules and plasmas

N. Blümer, M-IP

01.07.2007 –
30.06.2015

A7

Collective effects and instabilities of a magnon gas

Experimental condensed matter physics

B. Hillebrands,
K-PHY
O. Serha, K-PHY

01.07.2007 –
30.06.2019

A8

Interacting magnons and
critical behaviour of bosons

Theoretical condensed
matter physics

P. Kopietz, F-ITP

01.07.2007 –
30.06.2019

A9

Ultracold Bose gases with
variable interactions

Optics, quantum optics,
physics of atoms, molecules and plasmas

H. Ott, K-PHY

01.10.2009 –
30.06.2019

A10

Designing spin-spin interactions in cold ion crystals

Optics, quantum optics,
physics of atoms, molecules and plasmas

F. Schmidt-Kaler,
M-IP
R. Gerritsma, M-IP

01.07.2011 –
30.06.2019

A11

Thermodynamics and dynamics of one-dimensional
quantum systems

Theoretical condensed
matter physics

J. Sirker, K-PHY

01.07.2011 –
30.06.2015

A12

Multi-polaron effects with
spinless and spinful impurities in a bosonic quantum
gas

Optics, quantum optics,
physics of atoms, molecules and plasmas

A. Widera, K-PHY

01.06.2012 –
30.06.2019
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Project

Title

Research area

Principal
investigator(s),
institution,
department

duration of
tenure

B1

Interacting magnetic excitations in quantum spin
systems – Thermodynamic
investigations

Experimental condensed matter physics

B. Wolf, F-PI
M. Lang, F-PI

01.07.2007 –
30.06.2019

B2

Ab initio modelling and design of correlated materials

Theoretical condensed
matter physics

M.-R. Valentı́, F-ITP
H. Jeschke, F-ITP

01.07.2007 –
30.06.2019

B3

Correlations in antiferromagnets

Theoretical condensed
matter physics

S. Eggert, K-PHY

01.07.2007 –
30.06.2019

B4

Single crystal growth of
tunable
quantum
spin
systems

Experimental condensed matter physics

F. Ritter, F-PI
W. Aßmur, F-PI,
C. Krellner, F-PI

01.07.2007 –
30.06.2019

B5

Rational design with input
from DFT calculations and
preparation of coordination
polymer-based
quantum
magnets

Solid state and surface chemistry, materials synthesis

M. Baumgarten,
M-MPI
M. Wagner, F-IAAC

01.07.2007 –
30.06.2019

B6

Collective phenomena in
organic
charge-transfer
salts close to the Mott
transition

Experimental condensed matter physics

M. Lang, F-PI
M. de Souza, F-PI

01.07.2007 –
30.06.2019

B7

Renormalized mean-field
theory and variational
Monte-Carlo studies for
organic superconductors

Theoretical condensed
matter physics

C. Gros, F-ITP

01.07.2007 –
30.06.2015

B8

High-resolution
photoelectron
momentum
microscopy
of
organic
charge-transfer salts at
variable temperature

Experimental condensed matter physics

G. Schönhense, M-IP
M. Aeschlimann,
K-PHY
C. Felser, M-IP

01.07.2007 –
30.06.2019

B9

Thin film investigations
on ferroelectric organic
charge-transfer systems

Experimental condensed matter physics

M. Huth, F-PI

01.07.2007 –
30.06.2019

B10

Design, synthesis, physical
and
theoretical
characterization of new
charge-transfer complexes

Solid state and surface chemistry, materials synthesis

M. Baumgarten,
M-MPI
K. Müllen, M-MPI
C. Felser, M-MPI

01.07.2007 –
30.06.2015

B11

Low-frequency electron dynamics of organic chargetransfer salts studied by
fluctuation spectroscopy

Experimental condensed matter physics

J. Müller, F-PI

01.06.2009 –
30.06.2019

B12

Investigation of electron
correlation
in
organic
charge-transfer salts using
scanning tunneling spectroscopy

Experimental condensed matter physics

H.-J. Elmers, M-IP

01.07.2011 –
30.06.2019
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Title

Research area

Principal
investigator(s),
institution,
department

duration of
tenure

B13

Investigation
of
spin
systems via ab initio
Quantum Monte Carlo and
perturbation theory

Theoretical condensed
matter physics

S. Winter, F-ITP
R. Valentı́, F-ITP

01.07.2015 –
30.06.2019

MGK

College for the advancement of postgraduate
education

S. Eggert, K-PHY

01.07.2007 –
30.06.2019

Central tasks

M. Lang, F-PI

01.07.2007 –
30.06.2019

Z

The subsequent table lists the total sum of funding granted to the SFB/TR 49 for each year of
tenure.

Year

Funding granted (e)

Year

Funding granted (e)

2007

1 509 800

2014

2 108 700

2008

2 264 500

2015

2 237 800

2009

1 958 300

2016

2 043 800

2010

1 823 600

2017

1 988 600

2011

2 206 400

2018

2 005 300

2012

2 157 000

2019

1 062 900

2013

2 067 400

2

Structural impact at host institutions

2.1

Impact on research foci and international visibility

Frankfurt
The SFB/TR 49 (2007 – 2019), which followed the DFG-Forschergruppe (2001 – 2006) on “Spin
and charge correlations in low-dimensional metal-organic solids”, has made a strong impact on
the development of science structures at the Goethe University. This is reflected in the number of
appointments related to the SFB/TR 49 (see paragraph 2.2 below). Out of the cross-disciplinary activities of the SFB/TR 49 further initiatives with input from chemistry and physics have developed
such as the Research Centre NanoBic (2009 – 2013), funded by the Beilstein Institute.
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Kaiserslautern
The SFB/TR 49 has made a strong impact on the development of science structures at the University of Kaiserslautern. Following the successful establishment of the SFB/TR 49 in 2007, the State
Research Centre OPTIMAS was successfully initiated in 2008 as one of the two State Centres at
the University of Kaiserslautern. This Centre not only supported the SFB/TR 49 but also forms
the basis for other collaborative initiatives – the SFB/TR 88 “Cooperative effects in homo and
heterometallic complexes” (3MET) (Kaiserslautern, Karlsruhe, 2011 – ), the SFB/TR 173 “Spin +
X” (Kaiserslautern, Mainz, 2016 – ) and the SFB/TR 185 (Bonn, Kaiserslautern, 2016 – ).
Mainz
The installation of the SFB/TR 49 has a strong impact on the development of research fields in
chemistry and physics at the Johannes Gutenberg University in Mainz. The SFB/TR 49 was also
important for the establishment of the Graduate School of Excellence Materials Science in Mainz
(MAINZ, Universities of Mainz and Kaiserslautern, Max Planck Institute for Polymer Research,
2008 – ).

Presentation of scientific results of the SFB/TR 49
The researchers of the SFB/TR 49 published their results in peer-reviewed scientific journals with
preference given to high-impact journals such as Physical Review Letters, and journals of the Nature and Science families. In addition, the members of the SFB/TR 49 presented their scientific
achievements at leading international conferences and symposia. Important meetings where invited
contributions related to the research topics of the SFB/TR 49 were given, included: Annual Conference on Magnetism and Magnetic Materials (MMM), American Physical Society (APS) Spring
meeting, Conference on Quantum Optics & New Materials, Conference on Computational Physics
(CCP), Gordon research Conference on Conductivity & Magnetism in Molecular Materials, International Chemical Meeting, International Conference on Functional Materials (ICFM), International
Conference on Crystal Growth (ICCG), International Symposium on Crystalline Organic Metals,
Superconductors and Ferromagnets (ISCOM), International Conference on Microwave Magnetism
(ICMM), International Symposium on Pressure and Strain Effects in Correlated Electron Materials,
International Conference on Research in High Magnetic Fields (RHMF), International Conference
on Synthetic Metal (ICSM), International Conference on Magnetism (ICM), International Symposium on Quantum Criticality and Novel Phases, International Conference on Research Frontiers in
Ultracold Atoms, and the Spring Meeting of the German Physical Society.
In addition, members of the SFB/TR 49 were actively involved in organizing international conferences, symposia and workshops on topics related to the SFB research. Among others, these are:
IEEE International Conference on Microwave Magnetism (ICMM), Kaiserslautern 2012, WE Heraeus Seminar on Quantum Many-Body Dynamics in Open Systems, Bad Honnef 2013, The NewSpin3
conference “Spin-phenomena: From Model Systems to Complex Matter”, Mainz 2013. International Symposium on “Pressure and Strain Effects in Correlated Electron Materials”, Dresden 2014,
International Workshop on Computational Quantum Magnetism, Mainz 2015, International Symposium on Crystalline Organic Metals, Superconductors and Ferromagnets (ISCOM), Bad Gögging
2015 and Miyagi (Japan) 2017, Focus Sessions on “Frustration in Mott insulators and Mott criticality” and “Superconductivity in the Vicinity of a Quantum Critical Point”, spring meeting of the
German Physical Society, Dresden, 2017 and International Conference on Magnetism (ICM), San
Francisco 2018.
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Enriched research environment

The SFB/TR 49 has had a strong impact on the staff situation at all three locations. The following
appointments have been made in direct connection with the SFB.
Frankfurt
Prof. J. Müller, male, W3, 2009
Prof. C. Krellner, male, W3, 2012
Kaiserslautern
Prof. H. Ott, male, W3, 2009
Prof. J. Sirker, male, JunProf, 2009
Prof. A. Widera, male, W2, 2010
Mainz
Prof. F. Schmidt-Kaler, male, W3, 2014
Dr. R. Gerritsma, group leader, male, 2014

2.3

Career development

A clear qualification concept in form of a working coherent curriculum which matches the research
program of the SFB/TR 49 was one of the most visible signatures of the College. We too defined
a balanced educational program, which gives structure, but at the same time provides individual
mentoring towards becoming an independent researcher in an optimal graduation time of up to
three years. Our general pedagogical guideline was based on the principle of ’Problem Based Learning’, which was also motivated by the direct relation to the research activities in the SFB/TR 49.
The College strategy was based on the objective of mentoring the doctoral students to become
self-reliant and capable future leaders, by involving them not only in the research but also in relevant decision making processes directly. At the same time an active educational program requires
constant guidance and motivation in the form of attractive activities, which were organized by the
executive manager of the College, who also acted as an liaison officer and direct central contact of
all doctoral students in the SFB/TR 49. An important role was also played by all principal investigators (PIs) in the SFB/TR 49, who have offered a number of specialized lectures and seminars.
More importantly each PI took part in structured mentoring tasks for students both within their
group and in other groups of the SFB/TR 49. The most important ingredient of the College were
of course the students themselves, who not only choose the detailed contents of their education but
in the end always decided if an educational measure is a success or a failure.
The SFB/TR49 had a substantial impact on the teaching at all three locations. This relates especially to the portfolio of optional subjects where lectures related to research topics of the SFB
were offered by the PIs. In addition to these lectures, the teaching offer was complemented by an
extensive seminar program of the SFB, including the regular SFB colloquia, the large number of
special SFB seminars, as well as the student seminars.
Listed below is information on the contractual employment duration of all research staff members
employed in the last funding period of the SFB/TR 49.
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Contract term

up
up
up
up

to
to
to
to

Total number of
research staff

12 months
24 months
36 months
48 months
total

21
15
13
22
71

Doctoral researchers
and similar
male
7
7
9
14
37

female
0
1
3
1
5

Postdoctoral researchers
and similar
male
12
7
0
7
26

female
2
0
1
0
3

The subsequent tabel provides information about the doctoral degrees obtained during the three
funding periods of the SFB/TR 49.
Funding period
1
2
3
total

f
1
1
2
4

Frankfurt
m total
1
2
3
4
5
7
9
13

Kaiserslautern
f
m total
0
1
1
0
6
6
1
10
11
1
17
18

f
0
2
1
3

Mainz
m total
1
1
5
7
2
3
8
11

SFB/TR 49
f
m total
1
3
4
3
14
17
4
17
21
8
34
42

(f = female, m = male)

2.4

Equal Opportunities and Family Support

In order to ensure equality of opportunities and family-friendliness, a number of measures were
implemented by the SFB/TR 49 together with the participating departments:
 Open PhD and Postdoc positions were made public over suitable networks and mailing lists
and qualified women were encouraged to apply. The hiring procedure followed recruiting
rules which were gender-sensitive. Job offers stressed the possibilities of combining family
and career in a family-friendly environment.
 Mentoring, training and coaching: Female PhD students were encouraged to join the programmes “Career Support – Training für Wissenschaftlerinnen” as well as the mentoring project
“SciMento hessenweit”, which offered peer-mentoring over the course of the entire PhD thesis.
 Gender and Diversity competence: Gender & diversity awareness training for leading personnel was offered.
 Female students from the SFB/TR 49 were encouraged and supported to attend the DPGPhysikerinnentagung for exchanging results and concepts with other scientists and for establishing networks.

In addition, the following measures for the compatibility of work and family were offered and
supported by the SFB/TR 49:
 Childcare: The SFB funded extensive childcare needed during conferences, workshops, and
seminars for the children of students, postdocs and PIs or guest speakers lecturing at the
participating universities, also at off-peak hours.
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 Travelling: Travel expenses for children and expenses for additional childcare during trips
within Germany and abroad were reimbursed.

The SFB/TR 49 cooperated with other Cooperative Research Centers, the MGK and other Graduate Schools at the three locations as well as with the local offices for equal opportunities. Several
gender equality measures were realized in cooperation with the Universities’ equal opportunities
offices.
 Career Support coaching, language classes and mentoring were offered and financially supported by the SFB. The information on the various events coordinated by the Equal Opportunities Offices was routinely passed on to all the female PhD students and postdocs by the
SFB secretary.
 A discussion forum was implemented in the framework of the SFB colloquium: female speakers
were asked to meet with female PhD students and postdocs for an informal discussion to share
the details of her career and to give advice. This opportunity to exchange informally ideas
and concepts concerning possible career paths in academia has been extensively used by our
female Master and PhD students.
 Flexible childcare & travel. Childcare in evening hours and on weekends, during conferences
and project meetings was realized through the local organizations and reimbursed by the
SFB.
 Coordinated Measures. A joint coordinator position for equal opportunities was established
at the Goethe University to take care of gender issues, consultation and organization of equal
opportunities measures. This position was partially supported by the SFB.

2.5

Research infrastructure and data management

The participating institutions fully supported the SFB/TR 49 activities by providing the main infrastructure for realizing the projects. In addition, the following investments were implemented in
benefit for the SFB research.
Frankfurt
In 2010 the Goethe University commissioned a helium liquefier which ensures a smooth supply for
the experimental groups all of which depend on a constant supply.
The Goethe University is running a Center for Scientific Computing (CSC), funded by the DFG
and the Ministry for Arts and Sciences, which offered computing capacity for the theory groups
working in the SFB/TR 49.
Substantial investments were done in the mechanics workshop at the Physics Institute through
DFG overheads related to the SFB/TR 49.
Kaiserslautern
The Nanostructuring Center at TU Kaiserslautern has been very intensively used for the preparation of samples.
Of particular importance was the support by the State Research Center “Optics and Materials
SFB/TR 49
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Sciences (OPTIMAS)” as part of the Research Initiative “Rhineland-Palatinate”. An annual sum
of 5.400.000 EUR has been invested in Kaiserslautern, from which a substantial amount was directly
used to provide infrastructural support of the scientific work at the Kaiserslautern site.
Regarding support of young researchers, the “Nachwuchsring” of TU Kaiserslautern provided a
very effective and intensively used support.
Mainz
Substantial investments were done through University funds specifically for the Mainz projects
of SFB/TR 49. Among these are a fast oscilloscope and pumping system (A10), a vacuum load
lock unit with pumping system and electronics unit (B8) and several attachments for the scanning
tunneling microscope (B12). In addition, the equipment of the institutes workshop was extended,
according to the needs of the projects in the SFB/TR 49. Last not least a number of expensive
repairs have been paid by the University, in particular a larger repair of the existing scanning tunneling microscope.
Results and research data from all projects of the SFB/TR 49 were managed and stored by using
backup archives to ensure preservation in an accessible form for at least 10 years.

2.6

Transfer and Public Relations

The PIs of the SFB/TR 49 were actively participating in a variety of initiatives such as popular
lectures (Kinder-Uni, Physics Olympiad schools, etc.) and special public events (“Wissenschaftssommer”, and Physik am Samstagmorgen in Mainz, “Tag der Physik” and “Night of Science” in
Frankfurt, “Schülerinnentag” and “Nacht der Wissenschaft” in Kaiserslautern. SFB groups were
active in hosting high school students at the ages of 15–17 for accomplishing a two-week internship,
and in providing guided lab tours for school classes.
PIs as well as PhD students of the SFB were actively participating in the programme “Schülercampus
Wissenschaft entdecken! Universität erleben!” organized by the Goethe University on an annual basis. The programme aims at introducing the University and their research activities to talented and
highly motivated scholars from all over Germany.
The SFB was also active in cultivating close contacts to schools. These activities included regular
meetings between researchers and school teachers, summer schools for selected high-school students
as well as laboratory visits.
The vision and scientific concept as well as the involved researchers of the SFB were brought to the
attention of a large audience through articles in research magazines and brochures such as “Forschung Frankfurt”, “Goethe Deine Forscher” (Goethe University, Frankfurt), “Natur und Geist”
(Johannes Gutenberg University, Mainz) and “Unispektrum” (University of Kaiserslautern). Important scientific results published in high-impact journals were announced via press releases by
taking advantage of the communication networks at the contributing institutions.
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Internal collaboration and management

There was an active scientific exchange within the SFB/TR 49 which included interactions on different levels.
Annual Retreats
The SFB was organizing Annual Retreats which were mandatory for all members. At these events,
each project provided a progress report on the performed research and outlined the ideas for the
next steps. Besides oral presentations, each project provided 1-2 posters in an extended poster
session where the individual projects and their possible interactions with other projects were discussed intensively. These discussions in an extended circle of researchers turned out to be extremely
fruitful for generating new ideas, establishing new collaborations and for integrating new members
in the team.
Bi-, tri-, and multilateral interactions
On the level of the PIs a strong and highly flexible network of interactions was established. Depending on the scientific problem, collaborations were started among the researchers which included
two, three or sometimes up to five groups. This process occurred in a self-organized manner, often
triggered by the discussions during the Annual Retreats.
Exchange between graduate students
On the level of the graduate students, the integrated gradual school (MGK) provided an ideal
platform for initiating a lively exchange. The connections and network established there proved
extremely helpful for launching a scientific exchange between graduate students.
Internal organization
The bodies of the SFB/TR 49 included the Spokesperson and Vice Spokespersons, the Steering
Committee, the Assembly of Project Leaders as well as the Scientific Manager. All major decisions
were made in the General Assembly which took place twice a year. Concerns of the young researchers were considered by their representative in the General Assembly. The daily business was
handled by the Spokesperson in close consultation with the Steering Committee. This procedure
proved very successful as it ensured a high level of fairness, balance and transparency. The administrative work was handled by Spokesman in close cooperation with the Scientific Manager and the
SFB secretary.
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