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Titelbild
Aufnahme eines Kristallaggregats aus Bismut, der
während der 9. Dresdner Langen Nacht der Wissenschaften (2011) in einem Demonstrationsversuch gezogen wurde.
Obwohl Bismut in den vergangenen 150 Jahren ausführlich und umfassend studiert wurde – so führte die
Forschung an diesem Material zu so wichtigen Entdeckungen wie die der Quantenoszillationen oder der
thermoelektrischen Effekte – gibt es immer noch offene Fragen zu diesem Metall. Diesen stellen sich seit
kurzem auch die Wissenschaftler des Instituts.
Das Diagramm ist aus dem Beitrag Angular Dependent Magnetostriction Measurements of Bismuth Close
to the Quantum Limit entnommen. Aufgrund der
geringen Ladungsträgerdichte befinden sich in elementarem Bismut bereits bei einem moderatem Magnetfeld alle Elektronen im niedrigsten Landau-Niveau.
Immer wenn ein Landau-Niveau die Fermi-Energie
kreuzt, zeigt die Magnetostriktion einen scharfen
Peak. Das Diagramm zeigt die Entwicklung des Landau-Niveau Spektrums, wenn man den Kristall im
Magnetfeld dreht.
Eine weitere hochinteressante Forschungsarbeit mit
Bismut entstand in der Zusammenarbeit zwischen
Chemikern und Physikern. Hierbei wurde die erste
binäre Verbindung aus Kobalt und Bismut (s. The Discovery of the First Binary Compound of Cobalt with
Bismuth (CoBi3 ) entdeckt. Es ist eine Verbindung, die
bei 0.5 K supraleitend wird, und deren Entdeckung ein
weiteres, spannendes Kapitel der Forschung mit Bismut aufschlägt.

Front picture
An aggregate of bismuth crystals grown as a demonstration during the 9th Long Night of Science (2011) in
our institute.
Given that extensive studies of bismuth during the last
150 years led to the discovery of several important phenomena – such as quantum oscillations and thermoelectric effects – it is very remarkable that there are still
open questions about this material.
The diagram in the lower part is extracted from the
scientific contribution Angular Dependent Magnetostriction Measurements of Bismuth Close to the Quantum Limit. Because of the very low carrier density,
all of the electrons in elemental bismuth can be confined to the lowest Landau levels using a modest magnetic field. The magnetostriction sharply peaks each
time a Landau level crosses the Fermi energy. The diagram shows the evolution of the Landau level spectrum
as the magnetic field is rotated between high-symmetry directions of the crystal.
Further exciting research with bismuth was done in
collaboration between chemists and physicists. In this
report we present The Discovery of the First Binary
Compound of Cobalt with Bismuth (CoBi3 ). This new
compound even becomes superconducting below 0.5 K.
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Vorwort

Preface

2009 war ein bedeutendes Jahr in der Entwicklung
des Max-Planck-Instituts für Chemische Physik
fester Stoffe. Mit der Wahl von Prof. Dr. Liu Hao
Tjeng zum Wissenschaftlichen Mitglied der MaxPlanck-Gesellschaft und der Aufnahme der Arbeit
des Forschungsbereiches Physik Korrelierter Materie wurde das primäre Konzept der Chemischen
Physik fester Stoffe erfolgreich zur Vollendung gebracht. Eine wertvolle Erweiterung unseres Instituts
gelang mit der Ernennung von Prof. Dr. Michael
Ruck (Technische Universität Dresden) zum MaxPlanck-Fellow.
Schon in den darauf folgenden Monaten entwickelten die drei bereits bestehenden Forschungsbereiche – Anorganische Chemie (Prof. Dr. Rüdiger
Kniep), Chemische Metallkunde (Prof. Juri Grin)
und Festkörperphysik (Prof. Dr. Frank Steglich) –
eine intensive Zusammenarbeit mit den neuen Kollegen im Bereich der Chemie und Physik von intermetallischen Phasen. Innerhalb kurzer Zeit wurden
neue gemeinsame Forschungsvorhaben etabliert –
ein bewährtes Markenzeichen unseres Hauses.
Neben wichtigen Beiträgen zum Verständnis der
komplexen Zusammenhänge zwischen elektronischer Struktur, chemischer Bindung und den
Eigenschaften von intermetallischen Verbindungen
wurden weitere Studien über neue Präparationswege und Substanzklassen, Probleme der Supraleitung sowie die komplexen Wechselspiele von
verschiedenen Freiheitsgraden in niedrigdimensionalen Systemen durchgeführt. Zum Erfolg dieser
Vorhaben haben Chemiker und Physiker, Experimentatoren und Theoretiker durch ausgefeilte chemische Präparationen neuer Substanzen, präzise
Messungen physikalischer Größen sowie modernste Bandstrukturrechnungen und quantenchemische
Analysen der chemischen Bindung mit neuen, zum
Teil selbst entwickelten Techniken beigetragen.
Detaillierte Informationen über die vielfältigen Forschungsaktivitäten unseres Instituts sind in diesem
Bericht zusammengestellt.

2009 was an important year in the development
of the Max-Planck-Institut für Chemische Physik
fester Stoffe. With the election of Prof. Dr. Liu Hao
Tjeng as a Scientific Member of the Max Planck
Society and the related commencement of the
Research Field Physics of Correlated Matter, the
primary concept of Chemical Physics of Solids was
successfully completed. In addition, a valuable extension of our Institute was achieved by appointing Prof. Dr. Michael Ruck (Dresden University of
Technology) as a Max Planck Fellow.
Already in the subsequent months, the three existing
Research Fields – Inorganic Chemistry (Prof. Dr.
Rüdiger Kniep), Chemical Metals Science (Prof.
Yuri Grin) and Solid State Physics (Prof. Dr. Frank
Steglich) – developed close research cooperation
with the new colleagues in the field of Physics and
Chemistry of intermetallic phases. New joint research projects were soon established – a proven
trademark of our house. Numerous projects have already been realized in recent years, several new
ones were initiated. Besides important contributions
to the understanding of the complex relationships
between electronic structure, chemical bonding and
the properties of intermetallic compounds, further
studies were performed on new preparation routes
and new classes of compounds, on the problems
of superconductivity as well as on the complex
interplay of different degrees of freedom in lowdimensional systems. Chemists and physicists, experimentalist and theoreticians contributed to the
success of these projects not only by sophisticated
preparations of new substances and precise measurements of physical quantities, but also by state-ofthe-art band structure calculations as well as analysis of the chemical bonding with novel and partly
self-developed techniques.
Detailed information on the manifold research activities of the Institute are summarized in the present
Report.

Dresden, im April 2011

Dresden, April 2011
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Festkörperphysik
Prof. Dr. Frank Steglich

Die Aktivitäten des Forschungsbereiches Festkörperphysik konzentrieren sich auf Untersuchungen an
emergenten Materialien, die überwiegend im MPI
CPfS (Forschungsbereiche Anorganische Chemie
und Chemische Metallkunde, Kompetenzgruppe
Materialentwicklung) präpariert, zum Teil aber auch
von auswärtigen Gruppen zur Verfügung gestellt werden. Wir interessieren uns vor allem für stark korrelierte Elektronensysteme in Metallen mit Schweren
Fermionen, Übergangsmetall-Pniktid- und -Chalcogenid-Verbindungen, Halbleitern mit sehr kleinen
Bandlücken und intermetallische Verbindungen der
PbFCl-Struktur. An diesen Materialien ließen sich im
Berichtszeitraum offene Fragestellungen zu ganz
unterschiedlichen Themenkreisen beantworten.
Der Untersuchung von Schwere-Fermionen-Verbindungen kam im Berichtszeitraum besondere Bedeutung zu. Dabei ging es u.a. um die grundsätzliche,
kontrovers diskutierte Frage nach der Hierarchie
der zugrunde liegenden Energieskalen: lokale
Kondoabschirmung (k BTK) versus Ausbildung des
kohärenten Kondogitter-Zustands (k BTK). Jüngste Ergebnisse zur Rastertunnelspektroskopie am prototypischen Kondogitter-System YbRh 2Si2 können hier
Klarheit schaffen [S. Ernst et al., Nature 474, 362
(2011)]. Sie führen zu dem eindeutigen Schluss, dass
die Einzelionen-Kondotemperatur TK = 80 K – 100 K
erheblich größer ist als die Kondogittertemperatur TL ≈ 30 K [siehe Beiträge Structural and Magnetotransport Properties of YbRh2 Si2 and its Coand Ir-Substituted Derivates Yb(Rh1–y Iry )2 Si2 and
Yb(Rh1–x Cox )2 Si2, S. Wirth et al. (Seite 146), und
Spin Resonance of Heavy Electrons: Investigations
of Collective Spin Modes at High Pressures and Low
Temperatures, J. Sichelschmidt et al. (Seite 106)].
Mehrere Arbeiten widmeten sich dem Wechselspiel
von Supraleitung und Magnetismus. So gelang
durch Kombination von Neutronenbeugungs- und
Magnetotransportmessungen der Nachweis, dass
langreichweitige antiferromagnetische (AF) Ordnung und Schwere-Fermionen-Supraleitung in Cddotiertem CeCoIn5 auf mikroskopischer Skala
koexistieren. Im Unterschied zu den kanonischen
„magnetischen Supraleitern“, wie z. B. ChevrelPhasen und Borokarbiden, ist bei den Schwere-Fermionen-Metallen nur eine Spezies von Elektronen

12

(4f /5f-Elektronen) für die Ausbildung dieser beiden
kollektiven Phänomene verantwortlich [S. Nair et
al., Proc. Natl. Acad. Sci. USA 107, 9537 (2010),
siehe Beitrag Interplay of Structural, Magnetic and
Superconducting Properties in the Compounds
CeCoIn5 and CeIrIn 5, S. Wirth et al. (Seite 137)].
Die theoretische Vorhersage, wonach SchwereFermionen-Supraleitung durch Austausch AF Spinfluktuationen entstehen kann [s. z.B. D. J. Scalapino
et al., Phys. Rev. B 34, 8190 (1986)], wurde mittels
inelastischer Neutronenstreumessungen an einem
hochwertigen CeCu2Si2-Einkristall (vom „Typ S“)
erstmals verifiziert. In Übereinstimmung mit der
o.g. theoretischen Vorhersage fungieren (quantenkritische) Fluktuationen der an einem CeCu2Si2Einkristall vom „Typ A“ bereits früher beobachteten
Spindichte-Welle (SDW) als „supraleitender Kitt“.
Diese magnetischen Anregungen erscheinen in den
Neutronenstreuspektren als überdämpfte, dispersive
Mode [O. Stockert et al., Nature Phys. 7, 119 (2011),
siehe Beitrag Spin Fluctuations in the Normal and
Superconducting States of the Prototypical HeavyFermion Compound CeCu2 Si2 , O. Stockert et al.
(Seite 157)].
Breiten Raum nahmen im Berichtszeitraum Untersuchungen von quantenkritischen Phänomenen
ein. Der magnetfeldinduzierte AF quantenkritische
Punkt (quantum critical point, QCP) in der tetragonalen Verbindung YbRh 2Si2 diente dabei als bevorzugtes Studienobjekt. Neue Magnetotransport-, aber
auch Thermokraftmessungen bestätigen überzeugend frühere Ergebnisse, wonach der Kondo-Effekt
am QCP „zusammenbricht“ [S. Friedemann et al.,
Proc. Natl. Acad. Sci. USA 107, 14547 (2010);
S. Hartmann et al., Phys. Rev. Lett. 104, 096401
(2010)]. Charakteristisch dafür ist ein thermisch verbreiterter Sprung bei T *(B), der im isotherm als
Funktion des Magnetfeldes B gemessenen HallKoeffizienten registriert wird. Neu ist die Beobachtung, dass die „Sprungbreite“ des Hall-Koeffizienten proportional zur Temperatur anwächst. Dies wird
als direkter Beweis für einen neuen Typ elektronischer quantenkritischer Fluktuationen gewertet, die
bei tiefen Temperaturen und kleinen Magnetfeldern
gegenüber den Fluktuationen des magnetischen Ordnungsparameters dominieren.Wegen des Zusammen-
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Solid State Physics
Prof. Dr. Frank Steglich

Our research focuses on strongly correlated electron
systems which exist in different emerging classes of
materials, such as heavy-fermion metals, transitionmetal pnictide and chalcogenide compounds, semiconductors with very small band gaps and intermetallics of structure type PbFCl. We are interested
in the phenomena superconductivity, quantum criticality, thermoelectricity and magnetic as well as
non-magnetic Kondo effect. High-quality (polyand single-crystalline) samples used for our investigations are prepared at MPI CPfS, i.e., in the Departments Inorganic Chemistry and Chemical Metals Science as well as the Competence Group
Materials Development, and by several external
groups.
Much effort has been devoted to exploring the properties of rare-earth-based heavy-fermion compounds. A hotly debated issue in this field is the hierarchy of the fundamental energy scales crossed
upon cooling the system: Local Kondo screening of
the 4f-derived magnetic moments (k BTK) versus formation of the spatially coherent Kondo-lattice state
(k BTK). Very recent results of scanning tunneling
spectroscopy on the prototypical Kondo-lattice system YbRh 2Si2 could solve this issue [S. Ernst et al.,
Nature 474, 362 (2011)]. They clearly show that the
single-ion Kondo temperature TK = 80 K – 100 K
largely exceeds the Kondo-lattice temperature
TL ≈ 30 K [see contribution Structural and Magnetotransport Properties of YbRh2 Si2 and its Co- and
Ir-Substituted Derivates Yb(Rh1–y Iry )2 Si2 and
Yb(Rh1–x Cox )2 Si2, S. Wirth et al. (page 146) and
Spin Resonance of Heavy Electrons: Investigations
of Collective Spin Modes at High Pressures and Low
Temperatures, J. Sichelschmidt et al. (page 106)].
Special emphasis has been put on the interplay between superconductivity and magnetism. For example, by combining neutron-diffraction and magnetotransport measurements we could show that in
Cd-doped CeCoIn5 long-range antiferromagnetic
(AF) order and heavy-fermion superconductivity
coexist on a microscopic scale. In contrast to canonical “magnetic superconductors” like Chevrel
phases and borocarbides, in heavy-fermion metals
both magnetic order and superconductivity are
caused by the same (4f / 5f) electrons [S. Nair et al.,

Proc. Natl. Acad. Sci. USA 107, 9537 (2010), see report Interplay of Structural, Magnetic and Superconducting Properties in the Compounds CeCoIn5
and CeIrIn5, S. Wirth et al. (page 137)].
The theoretical prediction of AF spin-fluctuation
mediated superconductivity of heavy fermions [cf.,
e. g., D. J. Scalapino et al., Phys. Rev. B 34, 8190
(1986)] could be verified for the first time: Inelastic
neutron-scattering results on a high-quality
CeCu2Si2 single crystal (of “S type”) revealed that
nearly quantum critical fluctuations of the spin-density-wave order, which had been detected earlier on
an “A-type” single crystal, act as “superconducting
glue”. These magnetic excitations are documented in
the neutron-scattering spectra as an overdamped,
dispersive mode [O. Stockert et al., Nature Phys. 7,
119 (2011), see report Spin Fluctuations in the Normal and Superconducting States of the Prototypical
Heavy-Fermion Compound CeCu2 Si2 , O. Stockert et
al. (page 157)].
A main focus of our research activities have been
unconventional quantum critical phenomena. The
magnetic-field-induced AF quantum critical point
(QCP) in tetragonal YbRh 2Si2, studied by thorough
measurements of magnetotransport and thermopower, was found to coincide with a breakdown
of the Kondo effect [S. Friedemann et al., Proc.
Natl. Acad. Sci. USA 107, 14547 (2010); S. Hartmann et al., Phys. Rev. Lett. 104, 096401 (2001)].
As a key signature of the latter, a thermally broadened jump in the isothermal Hall coefficient as a
function of magnetic field B has been established at
T *(B). Our observation of the width of this Hall
crossover being proportional to temperature has
been considered a direct proof for a new kind of
electronic quantum critical fluctuations which predominate over the common magnetic order-parameter fluctuations at low temperatures and low
magnetic fields. This unconventional QCP of
YbRh2Si2 is located at T = 0 and BN = 60 mT (B⊥c).
The afore-mentioned electronic quantum-critical
fluctuations are most probably also responsible for
the unusual critical scaling behavior found in the
temperature dependence of the specific heat at the
classical Néel transition (T N = 70 mK, B = 0) [C.
Krellner et al., Phys. Rev. Lett. 102, 196402 (2009),
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bruchs des Kondo-Effekts wird der QCP im
YbRh2Si2 bei T = 0 und BN = 60 mT (B⊥c)
als unkonventionell bezeichnet. Die in seiner
Umgebung wirksamen elektronischen kritischen
Fluktuationen sind vermutlich auch der Grund für
das ungewöhnliche Skalenverhalten, das im Temperaturverhalten der spezifischen Wärme am klassischen Néel-Übergang (TN = 70 mK, B = 0) entdeckt
wurde [C. Krellner et al., Phys. Rev. Lett. 102,
196402 (2009), siehe Beitrag Structural and Magnetotransport Properties of YbRh2 Si2 and its Coand Ir-Substituted Derivates Yb(Rh1–y Iry )2 Si2 and
Yb(Rh1–x Cox )2 Si2 , S. Wirth et al. (Seite 146)].
Angesichts der Koinzidenz von AF QCP und Zusammenbruch des Kondo-Effekts stellt sich die
Frage, ob sich durch Variation eines zusätzlichen experimentellen Parameters die magnetische von der
elektronischen Instabilität separieren lässt. In der
Tat gelingt dies bei Änderung des Volumens. Partielle Substitution von Rh durch die isoelektronischen Dopanden Co bzw. Ir bewirkt eine Kompression bzw. Expansion des gemittelten Zellvolumens.
Für das komprimierte Gitter schneidet die T*(B)Linie die magnetische Phasengrenze TN (B); bei hinreichender Volumenexpansion sind beide voneinander getrennt [S. Friedemann et al., Nature Phys. 5,
465 (2009), s. S. Friedemann et al., Forschungsbericht 2006 – 2008, S. 99]. Das aus diesem Experiment gewonnene „globale“ Volumen-MagnetfeldPhasendiagramm (für T = 0) eröffnet die faszinierende Möglichkeit, in Zukunft zwei völlig neuartige Quantenphasenübergänge untersuchen zu können, nämlich einen zwischen lokalem Antiferromagnetismus und itineranter (SDW) Ordnung im
Co-dotierten System sowie einen anderen zwischen
metallischer Spinflüssigkeit lokaler 4f-Momente
und Fermiflüssigkeit schwerer Quasiteilchen im
Ir-dotierten YbRh2Si2.
Erstmals wurde ferromagnetische Quantenkritikalität an einer 4f-Verbindung nachgewiesen [siehe
Beitrag Ferromagnetic Quantum Criticality in the
New Quasi-One-Dimensional Heavy-Fermion
Metal YbNi4 P2, C. Krellner et al. (Seite 93)]. Ein
komplexes Wechselspiel von 4f- und 3d-Magnetismus konnte am Beispiel des P-dotierten CeFeAsO-Systems eingehend untersucht werden.
Die bereits im letzten Forschungsbericht beschriebenen Untersuchungen an Supraleitern ohne Inversionszentrum [C. F. Miclea, S. 108] wurden in Zusammenarbeit mit E. Bauer, TU Wien, M. Sigrist
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(ETH Zürich) u.a. auf die prototypische Verbindung
CePt3Si ausgedehnt [siehe Beitrag Aspects of
Superconducting State in the Non-Centrosymmetric
Superconductor CePt3 Si, M. Nicklas et al. (Seite
121)]. Zusätzliche Untersuchungen an nicht-zentrosymmetrischen Supraleitern erfolgen neuerdings
auch in der Arbeitsgruppe von Prof. H. Q. Yuan an
der Zhejiang University in Hangzhou, China, wo im
Mai 2010 eine Max-Planck-Partnergruppe unseres
Instituts eingerichtet wurde. Bei Abwesenheit eines
Inversionszentrums kann die antisymmetrische
Spin-Bahn-Wechselwirkung zur Mischung von
Spin-Singulett- und Spin-Triplett-Komponenten
des supraleitenden Ordnungsparameters führen.
Eine mögliche unkonventionelle Paarung in Phononen-induzierten Supraleitern wie LaRhSi, LaIrSi
und Mo1–xWxP wird gegenwärtig in der Partnergruppe mittels Messungen der Londonschen Eindringtiefe und der spezifischen Wärme untersucht
[siehe Report Towards Understanding the Non-Centrosymmetric Superconductors – New Max PlanckPartner Group established at Zhejiang University,
H. Q. Yuan et al. (Seite 124)].
In Zusammenarbeit mit den Forschungsbereichen
Chemische Metallkunde (Yuri Grin) und Physik korrelierter Materie (Liu Hao Tjeng) wurde mit einer
eingehenden Untersuchung der Fe-ChalcogenidSupraleiter vom Typ „11“ begonnen [siehe Beitrag
Synthesis, Characterization, and Physical Properties of Iron Chalcogenides Fex Se, Fex Te and
Fex (Se, T), S. Rößler et al. (Seite 111)].
Unsere Aktivitäten auf dem Gebiet der Halbleiter
mit kleiner Bandlücke sowie zur Thermoelektrizität konzentrierten sich im Berichtszeitraum auf
CeRu4Sn6 [siehe Beitrag Low-Temperature Properties of CeRu4 Sn6 from NMR and Specific Heat:
Heavy Fermions Emerging from a Kondo-Insulating
State, M. Baenitz et al. (Seite 63)]. Darüber hinaus
standen in Kooperation mit dem Forschungsbereich
Chemische Metallkunde (Juri Grin) neue intermetallische Verbindungen, speziell Lanthanoidbasierte Skutterudite, im Fokus unserer Untersuchungen, letztere auch in Zusammenarbeit mit
dem Forschungsbereich Physik korrelierter Materie
(Liu Hao Tjeng) [siehe Beiträge Intermetallic Phases as Thermoelectrics, C. Gandolfi et al. (Seite 49),
und Structural, Electronic and Superconducting
Properties of Filled Skutterudites MPt4Ge12 (M =
Sr, Ba, La, Ce, Pr, Nd, Sm, Eu), W. Schnelle et al.
(Seite 59)]. FeSb2 mit kolossalem Seebeck-Effekt
[s. P. Sun, Forschungsbericht 2006 –2008, S. 37]
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see report Structural and Magnetotransport Properties of YbRh2 Si2 and its Co- and Ir-Substituted
Derivates Yb(Rh1–y Iry )2 Si2 and Yb(Rh1–x Cox )2 Si2 ,
S. Wirth et al. (page 146)].
In view of the competition between of the AF and
Kondo-breakdown QCPs in pure YbRh2Si2 the
question arose whether these two instabilities could
be detached by varying the additional control parameter volume. This was indeed observed in
YbRh2Si2 single crystals, in which Rh was in part
isoelectronically substituted by either Co or Ir. Under volume compression (Co doping) the crossover
line of the Kondo breakdown, T*(B), intersects the
magnetic phase boundary, TN (B). In contrast, under
volume expansion (Ir doping) both are separated
from each other [S. Friedemann et al., Nature Phys.
5, 465 (2009), cf. S. Friedemann et al., Scientific
Report 2006 – 2008, p. 99]. The so obtained
“global” (T = 0) volume-magnetic field phase diagram yields the promise to investigating two novel
types of quantum phase transitions, i.e., one from
local AF to itinerant (SDW) order in the moderately
Co-doped system and another one from metallic
spin liquid of local 4f-derived magnetic moments to
Fermi liquid of heavy quasiparticles in YbRh2Si2
moderately doped with Ir.
For the first time ever, ferromagnetic quantum criticality could be demonstrated on a 4 f compound
[see report Ferromagnetic Quantum Criticality in
the New Quasi-One-Dimensional Heavy-Fermion
Metal YbNi4 P2, C. Krellner et al. (page 93)]. A complex interplay between 4f- and 3d-derived magnetism was thoroughly studied with the exemplary
P-doped material CeFeAs1–xPxO.
Our previous studies on non-centrosymmetric superconductors (C. F. Miclea et al., Scientific Report
2006–2008, p. 108) were extended, in cooperation
with E. Bauer (TU Vienna), M. Sigrist (ETH Zürich)
et al., to investigations on the prototypical compound CePt3Si [see report Aspects of Superconducting State in the Non-Centrosymmetric Superconductor CePt3 Si, M. Nicklas et al. (page 121)]. In
these materials, the spin is no longer a good quantum number and the tie between spatial symmetry
and the Cooper-pair spin may be broken. The absence of inversion symmetry along with the parityviolating antisymmetric spin-orbit coupling allows
admixture of spin-singlet and spin-triplet components. Unconventional behavior, including zeroes in
the superconducting gap function, is then possible –

even if the pairing wave function exhibits the full
spatial symmetry of the crystal. Together with our
new Max-Planck Partner Group at Zhejiang University, Hangzhou, China (Prof. H. Q. Yuan) which was
established in May 2010, we intend to reveal the
unique pairing states, the vortex dynamics and the
possible exotic magnetic states arising from the antisymmetric spin-orbit coupling due to the lack of inversion symmetry. A few non-centrosymmetric superconductors, e.g., LaRhSi, LaIrSi and Mo1–xWxP
have already been synthezised by the Partner
Group. Characterizations of the superconducting
pairing states in these compounds, using measurements of both the magnetic penetration depth and
the specific heat, are under way [see report Towards
Understanding the Non-Centrosymmetric Superconductors – New Max Planck-Partner Group
established at Zhejiang University, H. Q. Yuan et al.
(page 124)].
In addition, jointly with the Research Areas Chemical Metals Science (Yuri Grin) and Physics of Correlated Matter (Liu Hao Tjeng), we have started a
thorough study on the new 1:1 Fe-chalcogenide superconductors [see report Synthesis, Characterization, and Physical Properties of Iron Chalcogenides
Fex Se, Fex Te and Fex (Se, T), S. Rößler et al. (page
111)].
Our research activities devoted to semiconductors
with small band gap and to thermoelectricity have
been concentrated on CeRu4Sn6 [see report LowTemperature Properties of CeRu4 Sn6 from NMR and
Specific Heat: Heavy Fermions Emerging from a
Kondo-Insulating State, M. Baenitz, A. M. Strydom, R. E. Walstedt et al. (page 63)]. New intermetallics, in particular rare-earth-based skutterudites, were explored along with the Research Area
Chemical Metals Science (Yuri Grin) and, in the
case of lanthanide-based skutterudites, also with
the Research Area Physics of Correlated Matter
[see report Intermetallic Phases as Thermoelectrics,
C. Gandolfi et al. (page 49), and Structural, Electronic and Superconducting Properties of Filled
Skutterudites MPt4Ge12 (M = Sr, Ba, La, Ce, Pr, Nd,
Sm, Eu), W. Schnelle et al. (page 59)]. Further on,
we enjoyed a close collaboration on the “colossalSeebeck material” FeSb2 with B. B. Iversen’s group,
U. Aarhus (Denmark) and the Research Area
Physics of Correlated Matter (Liu Hao Tjeng) [see
report Magnetism and Spin States of FeSb2, P. Sun et
al. (page 56)].
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war Gegenstand intensiver Interaktion mit der Arbeitsgruppe von B. B. Iversen, U. Aarhus (Dänemark) und dem Forschungsbereich Physik korrelierter Materie [siehe Report Magnetism and Spin
States of FeSb2, P. Sun et al. (Seite 56)].
Zusammen mit dem Forschungsbereich Anorganische Chemie (Rüdiger Kniep) und unserer MaxPlanck-Partnergruppe am W. Trzebiatowski Institut
der Polnischen Akademie der Wissenschaften in
Wrocław (T. Cichorek) haben wir die mikroskopischen Ursachen des sog. nichtmagnetischen KondoEffekts in Zr-Verbindungen vom Typ PbFCl studiert
und dabei auch Supraleitung bei Tc Ⲙ 3.5 K in
ZrP1.54 S 0.46 -Einkristallen gefunden [siehe Beitrag
Non-Magnetic Quantum Impurities and Resultant Two-Channel Kondo Effect in ZrAs1.58 Se0.39 ,
T. Cichorek et al. (Seite 101)].
Im Zentrum einer weiteren Kooperation mit dem
Forschungsbereich Anorganische Chemie (Rüdiger
Kniep) standen ternäre Lavesphasen mit Übergangsmetallen [siehe Report Phase Stability and
Magnetism of Ternary Laves Phases, A. Kerkau et
al. (Seite 116)]. Eines der interessantesten Systeme
hier ist Ta(V1–x Fex)2. Für kleine V-Konzentrationen
befindet sich das System in unmittelbarer Nähe
einer antiferromagnetischen Instabilität. Hier treten
Ⲙ
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starke ferro- und antiferromagnetische Fluktuationen auf. Im Unterschied zu anderen Systemen lassen sich in Ta(V,Fe)2 kritische Fluktuationen ohne
externen Druck beobachten.
Ein neues interdisziplinäres Projekt zwischen den
Forschungsbereichen Chemische Metallkunde (Yuri
Grin) und Festkörperphysik widmet sich der Suche
nach neuen Wismut-Kobalt (Nickel)-Verbindungen.
Das erstmals unter Druck synthetisierte CoBi3 zeigt
Volumen-Supraleitung unterhalb von Tc ≈ 0.45 K
[siehe Beitrag The First Binary Compound of Cobalt with Bismuth, S. Tencé et al. (Seite 72)].
Auch in diesem Berichtszeitraum wurde der Weiterentwicklung hochauflösender Messverfahren breiter Raum gewidmet. Insbesondere gelangen Durchbrüche bei der Bestimmung des Koeffizienten der
Magnetostriktion unter extremen Bedingungen
(hohe Magnetfelder, tiefe Temperaturen) [siehe Beiträge Thermodynamic Measurements in Pulsed
Magnetic Fields, R. Daou et al. (Seite 150), sowie
Angular Dependent Magnetostriction Measurements of Bismuth Close to the Quantum Limit,
R. Küchler et al. (Seite 155)].

RESEARCH HIGHLIGHTS

In a joint project with both the Research Area Inorganic Chemistry (Rüdiger Kniep) and our MaxPlanck Research Group at the W. Trzebiatowski Institute, Polish Academy of Sciences, Wrocław
(T. Cichorek) we have explored the microscopic nature of the “non-magnetic Kondo effect” in Zr-based
intermetallic compounds of PbFCl type. Interestingly, in the course of these investigations superconductivity at Tc 3.5 K was discovered in ZrP1.54 S 0.46
single crystals [see contribution Non-Magnetic
Quantum Impurities and Resultant Two-Channel
Kondo Effect in ZrAs1.58 Se0.39 , T. Cichorek et al.
(page 101)].
Ⲙ

Another joint project with the Research Area Inorganic Chemistry (Rüdiger Kniep) was devoted to
exploring ternary Laves phase compounds containing transition- metal elements close to a magnetic
QCP [see contribution Phase Stability and Magnetism of Ternary Laves Phases, A. Kerkau et al. (page
116)]. One of the most promising candidates is
Ta(V1–x Fex)2. At low vanadium content the system is
close to an AF instability at T = 0 where strong AF
and FM spin fluctuations are present. This system

offers the great opportunity to study quantum criticality in itinerant magnets at ambient pressure.
In cooperation with the Research Area Chemical
Metals Science (Yuri Grin) we have recently begun
to search for new Bi-Co(Ni) compounds. For the
first time, CoBi3 could be synthesized under pressure. This compound shows bulk superconductivity
at Tc ≈ 0.45 K [see report The First Binary Compound of Cobalt with Bismuth, S. Tencé et al. (page
72)].
The development of experimental techniques with
high resolution has continued to play an important
role in the Research Area Solid State Physics. Remarkable breakthroughs could be achieved in determining the coefficient of magnetostriction under extreme conditions, i.e., at high magnetic fields and
low temperatures [see reports Thermodynamic Measurements in Pulsed Magnetic Fields, R. Daou et al.
(page 150), and Angular Dependent Magnetostriction Measurements of Bismuth Close to the
Quantum Limit, R. Küchler et al. (page 155)].
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Anorganische Chemie
Prof. Dr. Rüdiger Kniep

Der konzeptionellen Ausrichtung unseres Institutes
entsprechend widmet sich der Forschungsbereich
Anorganische Chemie der Entwicklung und Etablierung von Verbindungsklassen und Materialien mit
neuen chemischen und / oder physikalischen Eigenschaften. Gemeinsame Projekte mit den Forschungsbereichen Chemische Metallkunde (Yuri Grin), Festkörperphysik (Frank Steglich) und Physik korrelierter Materie (Liu Hao Tjeng) sind auf Fragestellungen ausgerichtet, die das Potential für grundlegend
neue Erkenntnisse auf dem Gebiet der Chemischen
Physik fester Stoffe beinhalten.
Im Berichtszeitraum war das stoffliche Spektrum
des Forschungsbereichs Anorganische Chemie auf
folgende Verbindungsklassen ausgerichtet: Ternäre
Lavesphasen, Komplexe Intermetallische Phasen,
Metallide, Nitridometallate, Carbometallate, Pniktidchalkogenide, Borophosphate, Chalkogenoborate und anorganisch-organische Kompositsysteme.
Die Kompositsysteme führten schließlich auch zu
Beiträgen zur nicht-klassischen Kristallisation und
Musterbildung. Die experimentellen Arbeiten werden durch theoretische Untersuchungen zur Chemischen Bindung sowie durch atomistische Simulationen gestützt.
Über die Grundlagenforschung hinausgehende,
eher anwendungsorientierte Arbeiten sind in überregionale Projekte eingebunden: SFB/Transregio
79 „Werkstoffe für die Geweberegeneration an
systemisch erkrankten Knochen“ und BMBF-Verbundprojekt „Resourceneffiziente Alkan-SelektivOxidation (ReAlSelOx) an neuen kristallinen Festkörpern“.
Qualifizierte Materialforschung benötigt eine
ausgefeilte chemische Analytik. Ausbau und Entwicklung der Kompetenzgruppe Analytik (Leitung:
Gudrun Auffermann) werden durch den Forschungsbereich Anorganische Chemie begleitet.
Die nachfolgenden Kurzbeschreibungen von Projekten mit Ursprung im Forschungsbereich Anorganische Chemie vermitteln einen ersten Eindruck
über Motivation und Entwicklungsstand der Arbeiten. Details (einschließlich Nennung aller Autoren)
finden sich im Abschnitt Forschungsergebnisse.
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Ternäre Lavesphasen mit Übergangsmetallen
Guido Kreiner und Manuel Brando (Festkörperphysik)
Die Modellierung von Phasengleichgewichten und
Kristallstrukturen stellt insbesondere in intermetallischen Systemen auch heute noch eine erhebliche
Herausforderung dar. Neben einem Vergleich von
berechneten und experimentellen kristallographischen Parametern von Nb(Cr1–xCox) 2 wird über
die Stabilitätsbereiche von Nb(Cr1–xCox) 2 und
Ta(V1–xFex) 2 als Funktion der chemischen Zusammensetzung berichtet. Besonders interessant
ist das magnetische Verhalten von Ta(V1–xFex) 2,
welches erlaubt, kritische Fluktuationen auch bei
Normaldruck zu untersuchen [siehe Beitrag Phase
Stability and Magnetism of Ternary Laves Phases
(Seite 116)].
Ternäre Phasen im System Al-Mg-Zn
Guido Kreiner
Komplexe intermetallische Phasen bilden eine faszinierende Materialklasse mit riesigen Einheitszellen, inkommensurabel modulierten Strukturen
und Quasikristallen. Ein bekanntes Beispiel hierfür
ist das ternäre System Al-Mg-Zn mit komplexen
intermetallischen Phasen, die z. T. als Approximanten für Quasikristalle zu beschreiben sind. Die
bisherigen Untersuchungen der Phasengleichgewichte im ternären System sind widersprüchlich,
und die Kristallstrukturen einiger Phasen sind zweifelhaft bzw. ungelöst. Mit der vorliegenden Arbeit
wird versucht, einige der offenen Probleme zu
klären [siehe Beitrag Complex Metallic Alloy Phases in the Al-Mg-Zn System (Seite 154)].
Stark reduzierte Metallate
Peter Höhn, Frank Wagner und Stefano Agrestini
(Physik korrelierter Materie)
Auf dem Weg von Nitridometallaten zu Carbometallaten ist festzustellen, dass die Übergangsmetalle in den komplexen Anionen bevorzugt in
niedrigeren Oxidationsstufen vorliegen. Diese Beobachtung führte zur Untersuchung von Systemen,
die Kohlenstoff und Stickstoff nebeneinander enthalten. Dabei gelang die Darstellung der isotypen
Verbindungen Sr3 [Co(CN)3] und Ba3 [Co(CN)3], in
denen Cobalt nach XPS- und XAS-Untersuchungen
mit geschlossener 3d10 Konfiguration vorliegt. Die
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Inorganic Chemistry
Prof. Dr. Rüdiger Kniep

With respect to the conceptional orientation of our
institute the research field Inorganic Chemistry is
focused on the development and establishment of
classes of compounds and materials with new chemical and/or physical properties. Joint projects with
the research fields Chemical Metals Science (Yuri
Grin), Solid State Physics (Frank Steglich) and
Physics of Correlated Matter (Liu Hao Tjeng) are
based on issues, which encompass the potential for
fundamental new knowledge in the area of Chemical Physics of Solids.
In the period under review, the materials spectrum
of the research field Inorganic Chemistry was oriented towards the following compound classes: Ternary Laves Phases, Complex Metallic Alloys, Metalides, Nitridometalates, Carbometalates, Pnictide
Chalcogenides, Borophosphates, Chalcogenoborates and Inorganic-Organic Composite Systems.
The composite systems finally brought us to contributions on non-classical crystallisation and principles of pattern formation. The experimental investigations are supported by theoretical investigations
in chemical bonding as well as atomistic simulations.
Projects going beyond the scope of basic research,
and including aspects of application, are linked to
trans-regional projects: SFB/Transregio 79 “Materials for tissue regeneration of systemically diseased
bone” and BMBF joint project “Resource-efficient
alkane-selective-oxidation (ReAlSelOx) on new
crystalline solids”.
Qualified materials research calls for sophisticated chemical analytics. The structure and development of the competence group Chemical Analytics
(leadership: Gudrun Auffermann) is accompanied
by the research field Inorganic Chemistry.
The following short descriptions of projects originating from the research field Inorganic Chemistry
give an initial impression on the motivation and development stage of the investigations. Details (including citing of all authors) are included in the section Research Reports.

Ternary Laves Phases of Transition Metals
Guido Kreiner and Manuel Brando (Solid State
Physics)
The modelling of phase equilibria and crystal structures even today represents a considerable challenge, particularly in intermetallic systems. Apart
from the comparison of calculated and experimental
crystallographic parameters of Nb(Cr1–xCox)2, the
contribution reports on the stability ranges of
Nb(Cr1–xCox)2 and Ta(V1–x Fex)2 as a function of
chemical composition. Of particular interest is the
magnetic behaviour of Ta(V1–x Fex) 2, which allows
critical fluctuations to be investigated, even at normal pressure [see report Phase Stability and Magnetism of Ternary Laves Phases (page 116)].
Ternary Phases in the System Al-Mg-Zn
Guido Kreiner
Complex intermetallic phases form a fascinating
class of materials with giant unit cells, incommensurably modulated structures and quasicrystals. A
well-known example of this is the ternary system
Al-Mg-Zn with complex intermetallic phases, some
of which can be described as approximants for quasicrystals. Investigations to date of phase equilibria
in the ternary systems are contradictory, and the
crystal structures of certain phases are questionable
or unsolved. With the present work an effort is made
to clarify some of the outstanding issues [see report
Complex Metallic Alloy Phases in the Al-Mg-Zn System (page 154)].
Highly Reduced Metalates
Peter Höhn, Frank Wagner and Stefano Agrestini
(Physics of Correlated Matter)
In going from nitridometalates to carbometalates
the transition metals in the complex anions tend to
be stabilized in lower oxidation states. This observation led to the investigation of systems containing
nitrogen and carbon. In the quaternary systems
Sr/Ba-Co-C-N we obtained the isotypic compounds
Sr3[Co(CN)3] and Ba3[Co(CN)3], in which XPS and
XAS investigations have shown cobalt to exist with
a closed shell (3d10) configuration. The bond length
in the CN ligands is significantly enlarged in comparison to cyano groups. Quantum chemical calculations confirm a higher negative charge of the CN
groups in the isotypic alkaline-earth compounds.
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Bindungslänge in den CN-Liganden ist im Vergleich zu Cyano-Gruppen signifikant aufgeweitet.
Quantenchemische Rechnungen bestätigen eine höhere negative Ladung der CN-Gruppen. Insgesamt
ergibt sich für die komplexen Anionen die durch
Mesomerie stabilisierte Form [Co1– (CN)3– (CN)–2] 6–.
Diese Beobachtungen haben konzeptionelle Auswirkungen auch auf Carbonylmetallate [siehe Beitrag Sr3[Co(CN)3 ] and Ba3[Co(CN)3 ]: Highly Reduced Cobaltates (Seite 66)].
SE-Ketten in Carboferraten
Enkhtsetseg Dashjav
Nach Entwicklung eines chemischen Konzepts für
die Klasse der Carbometallate (Verbindungen mit
komplexen Anionen und einatomigen C 4 – Liganden) standen im Berichtszeitraum ternäre Ferrate im
Vordergrund, deren Kristallchemie allerdings von
zweiatomigen Liganden (C2n–) dominiert wird. Als
Kationen dienten weiterhin Seltenerd-Elemente. In
diesem Zusammenhang haben wir ternäre Verbindungen mit bemerkenswerten Kanalstrukturen erhalten. Der rigide Teil dieser Strukturen wird aus
den komplexen Anionen und der Mehrzahl der Seltenerd-Elemente gebildet. Die Verteilung des kleineren Teils der Seltenerd-Elemente in den Kanälen
führt zur Ausbildung von Überstrukturen bzw. zur
Modulation der Ketten. Hinweise bestehen auf mögliche – wenn auch nur geringe – Phasenbreiten
durch Besetzungsvariationen in den Kanälen. Es
wird angenommen, dass der Ladungsausgleich über
die „elektronische Flexibilität“ der C2 -Liganden erfolgt [siehe Bericht Rare-Earth Metal Chains in the
Crystal Structures of Dicarboferrates (Seite 90)].
Nichtmagnetischer Kondo-Effekt
in Zr-Verbindungen vom PbFCl Strukturtyp
Tomasz Cichorek (Max-Planck-Partnergruppe,
Wrocław), Marcus Schmidt (Chemische Metallkunde) und Michael Baenitz (Festkörperphysik)
Dieses Projekt basiert auf der Strategie, möglichst
alle Untersuchungen (chemische, strukturelle und
physikalische Charakterisierung) an ein und demselben Einkristall (zumindest aber Teilen desselben)
durchzuführen. Die mikroskopischen Ursachen des
nicht-magnetischen Kondo-Effekts in ZrAs1.58Se 0.39
werden offensichtlich durch Oszillationen von AsAs-Bindungen innerhalb der ausschließlich von Arsen (und Leerstellen) gebildeten Schichten der Kristallstruktur hervorgerufen. ZrAs1.58 Se0.39 wird bei
tiefen Temperaturen (Tc ≈ 0.14 K) supraleitend. Entsprechende Beobachtungen werden auch für die mit
den nächst niederen Homologen substituierte Phase
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ZrP1.54 S 0.46 (Tc ≈ 3.5 K) gemacht. Die Systeme zeigen sich extrem empfindlich gegenüber geringsten
Schwankungen in der chemischen Zusammensetzung [siehe Beitrag Non-Magnetic Quantum Impurities and Resultant Two-Channel Kondo-Effect in
ZrAs1.58 Se0.39 (Seite 101)].
Auf der Suche nach SE-Borophosphaten
Stefan Hoffmann, Jörg Sichelschmidt (Festkörperphysik) und Jing-Tai Zhao (Max-Planck-Partnergruppe, Shanghai)
Die Vielfalt der bereits bekannten oligomeren und
polymeren Borophosphat-Verknüpfungen legt die
Eignung dieser Teilstrukuren als „Separatoren“ für
physikalisch aktive Baugruppen nahe. Versuche zur
Darstellung von Borophosphaten mit SeltenerdElementen (SE) waren lange nicht erfolgreich. In
einem ersten Schritt gelang es uns, das SE-Borat-Phosphat K 3Yb[OB(OH)2 ] 2[HOPO3] 2 mit einer
bemerkenswerten Schichtstruktur darzustellen, die
für Interkalationsreaktionen geeignet erscheint.
Schließlich war auch ein SE-Borophosphat über
eine zweistufige Reaktionsroute zugänglich. In der
Kristallstruktur von K 6SE3[BP3O13(X+)O13 P3B] sind
die SE-Atome raumerfüllend in Form von flächenverknüpften Rhombendodekaedern angeordnet.
Probleme bereitet noch die signifikante Elektronendichte zwischen zwei benachbarten BP3O13-Gruppen. Diese als (X+) bezeichnete Position könnte
von BO-, B(OH)2- und/oder PO2-Gruppen eingenommen werden [siehe Bericht In Search for RareEarth Borophosphates (Seite 82)].
Von Chalkogenboraten zu einem molekularen
Ufosan-Heterokäfig
Jens Hunger
Während Thioborate der Seltenen Erden über Hochdruck-Hochtemperatur-Synthesen aus den Elementen zugänglich sind, gelingt die Darstellung entsprechender Selenoborate auf diesem Weg nicht. Bei
Versuchen, molekulare Vorstufen mit B-Se-Verknüpfungen zu präparieren, erhielten wir die bisher
nicht bekannte Molekülverbindung (B4Se7)I4 mit
Ufosan-analogem Heterokäfig (B4Se7). Topologische Zusammenhänge mit den Zintl-Anionen
[Pn11]6–, Pn=P oder As, werden im Detail diskutiert
[siehe Bericht (B4 Se7)I 4: A Molecule with UfosaneType Hetero-Cage (Seite 193)].
3D-Supergitter aus PbS-Nanokristallen
mit bevorzugter Orientierung
Paul Simon, Wilder Carrillo-Cabrera, Elena Rosseeva und Stephan G. Hickey (TU-Dresden)
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The overall outcome for the complex anions leads to
the formula [Co1– (CN)3– (CN)–2 ]6 – stabilized by mesomeric effects. These observations also have conceptional consequences on the interpretation of the
chemical bonding in carbonyl metalates [see report
Sr3[Co(CN)3 ] and Ba3[Co(CN)3 ]: Highly Reduced
Cobaltates (page 66)].
SE-Chains in Carboferrates
Enkhtsetseg Dashjav
After the development of a chemical concept for the
class of carbometalates (compounds with complex
anions and monoatomic C4– ligands), we focused
our work on ternary ferrates during the period under
review, the crystal chemistry of which, however, is
dominated by diatomic ligands C2n–. Rare earth elements served as cations. In this context, we obtained
ternary compounds with notable channel structures.
The rigid part of these structures is formed from the
complex anions and the multitude of the rare earth
elements. The distribution of the smaller portion of
rare earth elements within the channels leads to the
formation of superstructures or to modulation of the
homoatomic chains. Evidence is given for possible
– albeit low – phase widths due to varying SE-occupancies within the channels. It is assumed that
charge balance is enabled via the “electronic flexibility” of the C2 ligands [see report Rare-Earth
Metal Chains in the Crystal Structures of Dicarboferrates (page 90)].
Non-Magnetic Kondo Effect in Zr-Compounds
with PbFCl Structure Type
Tomasz Cichorek (Max-Planck Partner Group,
Wrocław), Marcus Schmidt (Chemical Metals Science) and Michael Baenitz (Solid State Physics)
This project is based on the strategy of conducting
as many investigations as possible (chemical, structural and physical characterization) on one sole single crystal (or at least parts thereof). The microscopic origins of the non-magnetic Kondo effect in
ZrAs1.58Se 0.39 are obviously attributed to oscillations
of As-As bonds within the layers exclusively formed
from arsenic (and vacancies) in the crystal structure.
At low temperatures (Tc ≈ 0.14 K), ZrAs1.58Se0.39 is
superconducting. Corresponding observations are
also made for ZrP1.54S0.46 (Tc ≈ 3.5 K), consisting of
the next lower homologues. The systems prove to be
extremely sensitive against smallest deviations in
chemical composition [see report Non-Magnetic
Quantum Impurities and Resultant Two-Channel
Kondo-Effect in ZrAs1.58Se0.39 (page 101)].

In Search of SE-Borophosphates
Stefan Hoffmann, Jörg Sichelschmidt (Solid State
Physics) and Jing-Tai Zhao (Max-Planck Partner
Group, Shanghai)
The variety of known oligomer and polymer
borophosphate complexes suggests the suitability
of these partial structures to act as “separators”
for physically active assemblies. Attempts to synthesise borophosphates with rare earth elements (SE)
have long been in vain. In an initial step, we
were able to prepare the SE-borate-phosphate
K3Yb[OB(OH)2]2[HOPO3]2 with a notable layered
structure, which appears suitable for intercalation
reactions. Finally, an SE-borophosphate was also
accessible via a two-stage reaction route. In the
crystal structure of K6SE3[BP3O13(X+)O13P3B], the
SE-atoms are arranged in a space-filling manner in
the form of face-sharing rhombic dodecahedra. A
remaining problem concerns the significant electron density between two neighbouring BP3O13
groups. These items denoted as (X+) can be occupied by BO-, B(OH)2- and/or PO2 groups [see report
In Search of Rare Earth Borophosphates (page 82)].
From Chalcogenoborates to a
Molecular Ufosane-Type Hetero Cage
Jens Hunger
While thioborates of rare earth elements are obtained from the elements by high-pressure hightemperature routes, this method is not successful for
the preparation of corresponding selenoborates.
During attempts to prepare molecular precursors
with B-Se interconnections, we obtained the previously unknown molecular compound (B4Se7)I4 with
Ufosane-Type Hetero Cage (B4Se7). Topological relations to zintl anions [Pn11]6–, Pn = P or As, are discussed in detail [see report (B4 Se7 )I4: A Molecule
with Ufosane Type Hetero Cage (page 193)].

3D-Superlattice of PbS Nanocrystals
with Preferred Orientation
Paul Simon, Wilder Carrillo-Cabrera, Elena
Rosseeva and Stephan G. Hickey (TU-Dresden)
PbS nanocrystals stabilised with oleic acid and trioctylphosphine form macroscopic crystals with cubic symmetry. The nanocrystals (truncated octahedra) form an fcc-superlattice, whereby the collective
of nanocrystals is not arbitrary, but arranged with a
preferred orientation [see article PbS (OA/TOP)Mesocrystals: Relationship between Nanocrystal
Orientation and Superlattice Array (page 186)].
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Mit Oleinsäure und Trioctylphosphin stabilisierte
PbS-Nanokristalle bilden makroskopische Einkristalle mit kubischer Symmetrie. Die Nanokristalle ((100)-gekappte Oktaeder) bilden ein
fcc-Supergitter, wobei das Kollektiv der Nanokristalle nicht beliebig, sondern mit bevorzugter
Orientierung angeordnet ist [siehe Beitrag PbS
(OA/TOP)-Mesocrystals: Relationship between
Nanocrystal Orientation and Superlattice Array
(Seite 186)].
Ähnliche Formenentwicklung ↔
Verschiedene Mechanismen
Elena Rosseeva
Das Phänomen der Aufspaltung bzw. Verzweigung
von Kristallen unter Bildung von Sphäroliten ist
weit verbreitet. Die Ursache der Sphärolitenbildung
wird auf Defekte, Spannungen, Übersättigung und
die Wachstumskinetik von Flächen zurückgeführt.
Letztendlich sind die Aufspaltungen Zufallserscheinungen und verlaufen ohne definierte Kontrolle. Intrinsisch kodierte Verzweigungen sind dagegen bei
einem Fluorapatit-Gelatine-Nanokomposit zu beobachten [siehe Beitrag: Crystal Branching and Spherulite Formation: Similar Shapes – Different Mechanisms (Seite 181)].
Palaeobiologie und Experimente
im Laboratorium
Elena Rosseeva
Wie das Beispiel der Hartgewebe von Conodonten
zeigt, werden in frühen Stadien der Evolution (vor
etwa 525 Millionen Jahren) Apatit-basierte Funktionsmaterialien von vergleichsweise geringer
Komplexität gebildet. Tatsächlich handelt es sich
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bei den Elementen des Fressapparates von Conodonten um ein nanostrukturiertes Komposit aus
Carbonat-haltigem Fluorapatit und organischen
Komponenten (Proteinen). Detaillierte Untersuchungen zeigen eine bemerkenswerte Übereinstimmung von Conodont-Hartgeweben mit durch
Doppeldiffusion von wässrigen Ionenlösungen in
Gelatinegele erhaltenen Fluorapatit-Gelatine-Nanokompositen. Lassen sich also frühe Stadien der Evolution besonders „einfach“ im Laboratorium nachahmen [siehe Beitrag Evolution and Complexity
of Dental (Apatite-based) Biominerals: Mimicking
the Very Beginning in the Laboratory (Seite 171)]?
Materialeigenschaften
und Atomistische Simulationen
Dirk Zahn und Gotthard Seifert (TU-Dresden)
Die in den vergangenen Jahren erfolgte rasante Entwicklung auf dem Gebiet der atomistischen Simulationen hat entscheidend zum Verständnis von homogenen und heterogenen Nukleationsprozessen
beigetragen. Ein eindruckvolles Beispiel hierfür ist
sicher die Fixierung von charakteristischen Motiven
der Apatit-Kristallstruktur in/an Kollagen-Tripelhelices. Im Berichtszeitraum gelang nun ein weiterer
Schritt, in dem an einem Apatit-Kollagen-Modell
(mehr als 200.000 Atome!) gezeigt werden konnte,
wie sich plastische Deformationen auf das Komposit auswirken, und welche besonderen Selbstheilungsprozesse ablaufen [siehe Bericht Bottomto-Top: Understanding Ion Association, Crystal Nucleation and Growth, the Formation of Hierarchical
Composites and Materials Properties from Atomistic Simulations (Seite 177)].
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Similar Shape Developments ↔
Different Mechanisms
Elena Rosseeva
Splitting or branching of crystals and the formation
of spherulites is a widespread phenomenon. The
scenario of spherulite development is attributed to
defects, internal stress, supersaturation and the
growth kinetics of faces. Ultimately, the splitting
events are accidental and proceed without defined
control. Intrinsically coded branchings, in contrast,
can be observed with fluorapatite-gelatine-nanocomposites [see report Crystal Branching and
Spherulite Formation: Similar Shapes Different
Mechanisms (page 181)].
Palaeobiology and Experiments in the Laboratory
Elena Rosseeva
As shown by the example of hard tissue of conodonts, during earlier evolutionary stages (around
525 million years ago) apatite-based functional materials were formed with comparatively low complexity. In fact, the elements of the feeding apparatus of conodonts represent a nanostructured
composite made up of carbonate-containing fluorapatite and organic components (proteins). Detailed
examinations show a notable agreement of con-

odont hard tissue with fluorapatite-gelatinenanocomposites obtained via double diffusion of
aqueous ionic solutions in gelatine gel matrices.
Does this mean the early stages of evolution can be
reproduced particularly “easy” in the laboratory
[see report Evolution and Complexity of Dental (Apatite-based) Biominerals: Mimicking the Very Beginning in the Laboratory (page 171)]?
Materials Properties and Atomistic Simulations
Dirk Zahn and Gotthard Seifert (TU-Dresden)
The rapid development of recent years in the field of
atomistic simulations has made a decisive contribution to the understanding of homogenous and heterogeneous nucleation processes. One significant
example is surely the fixation of characteristic motifs of the apatite crystal structure in/at collagen
triple helices. During the period under review, a next
step succeeded on an apatite collagen model (more
than 200,000 atoms!), where it was shown how
plastic deformations affect the composite, and how
specific self-healing processes go off [see report
Bottom-to-Top: Understanding Ion Association,
Crystal Nucleation and Growth, the Formation of
Hierarchical Composites and Materials Properties
from Atomistic Simulations (page 177)].
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Chemische Metallkunde
Prof. Juri Grin

Bei der Umsetzung des Institutskonzepts Chemische Physik fester Stoffe konzentrierte sich der Forschungsbereich Chemische Metallkunde auf die
Präparation neuer Klassen intermetallischer Verbindungen, das vertiefte Verständnis der Zusammenhänge zwischen der Organisation von Kristallstrukturen und den atomaren Wechselwirkungen sowie
deren Einfluss auf das chemische und physikalische
Verhalten dieser Substanzen. Dazu wurden bei einigen Studien neue experimentelle und theoretische
Techniken entwickelt. Vielfach wurden diese ambitionierten Projekte gemeinsam mit den bereits etablierten Kompetenzgruppen Struktur, Metallographie
und der später eingerichteten Gruppe Chemische
Bindung sowie den Forschungsbereichen Anorganische Chemie (Rüdiger Kniep), Physik Korrelierter Materie (Liu Hao Tjeng) und Festkörperphysik
(Frank Steglich) bearbeitet.
Verschiedene Aspekte dieser Studien werden unmittelbar am Beispiel der intermetallischen Clathrate deutlich. Diese Gruppe anorganischer Verbindungen ist seit den 60er Jahren des letzten
Jahrhunderts bekannt, aber bis jetzt blieben viele
Fragen bezüglich des chemischen und physikalischen Verhaltens offen. Die „Wiederentdeckung“
dieser Substanzen wurde insbesondere durch die
Weiterentwicklung von Präparationsverfahren eingeleitet. Ein neuer Typ von Clathrat (BaGe5) und die
bis jetzt noch nicht bekannte Käfigverbindungen
(Cs8–xSi46 und Cs8–xGe44+y) wurden synthetisiert und
umfassend chemisch und physikalisch charakterisiert. Die Anwendung von Redoxreaktionen ermöglichte die Synthese von Bariumsilicid Ba8–xSi46 bei
Normalbedingungen; bisher konnte diese Verbindung nur durch Hochdruck-Hochtemperatursynthesen dargestellt werden. Die Durchführung von
Redoxreaktionen mit Hilfe von Gleichstrom führte
sogar zur Präparation millimetergroßer Einkristalle
und letztlich zur Verifizierung von theoretischen
Vorhersagen über die Eigenschaften von Na24Si136 –
des ersten in der Literatur bekannten intermetallischen Clathrates vom Typ II. Und schließlich zeigte
die dargestellte Clathrat-I Phase Ba8AuxGe46–x
spezielle Merkmale der chemischen Bindung
(Ba-Au-Wechselwirkung) und vielversprechende
thermoelektrische Eigenschaften. Die Studien zur
vielfältigen chemischen und physikalischen Natur
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intermetallischer Clathrate entwickelten sich zu einem Institutsforschungsvorhaben im wahrsten Sinne
des Wortes. An der Realisierung waren Mitarbeiter
aller vier Forschungsbereiche, von vier Kompetenzgruppen sowie der MPG-CAS Partnergruppe am
Shanghai Institute of Ceramics der Chinesischen
Akademie der Wissenschaften (Jing Tai Zhao) beteiligt [siehe Beiträge New Developments in Clathrate
Research, M. Baitinger et al. (Seite 44) und The Role
of Ionic Liquids in the Preparation of Intermetallic
Clathrates and Related Element Modifications,
B. Böhme et al. (Seite 75)].
Das Phänomen der Thermoelektrizität und speziell
thermoelektrische Materialien werden gegenwärtig
sehr lebhaft im Zusammenhang mit der Suche nach
erneuerbaren Energieressourcen diskutiert. In Kooperation mit dem Forschungsbereich Festkörperphysik, den Kompetenzgruppen sowie der MPI-CAS
Partnergruppe in Shanghai wurden drei Gruppen
intermetallischer Phasen hinsichtlich ihrer thermoelektrischen Eigenschaften untersucht: Vertreter des
Strukturtyps FeGa3, Zintl-Phasen AM2Sb2 sowie
Clathrate des Bariums. Insbesondere die beiden
letzten Gruppen zeigen merkliche thermoelektrische Aktivität [siehe Beitrag Intermetallic Phases as
Thermoelectrics, C. Gandolfi et al. (Seite 49)].
Weiterentwicklungen im Bereich der HochdruckHochtemperatur-Synthesetechniken schufen die
Grundlagen zur Darstellung der ersten binären
Verbindung im System Bi-Co Bi3Co, die zusätzlich
supraleitende Eigenschaften aufweist [siehe Beitrag
The First Binary Compound of Cobalt with Bismuth,
S. Tence et al. (Seite 72)].
Verbindungen MPt4Ge12 (M = La, Ce, Pr, Nd, Sm
und Eu) mit einer Kristallstruktur vom sogenannten
gefüllten Skutterudittyp wurden mit Hilfe verschiedener Techniken zum ersten Mal in polykristalliner
und sogar einkristalliner Form dargestellt. Die Materialien wurden auch detailliert physikalisch charakterisiert. Die Studie wurde in Zusammenarbeit
mit den Forschungsbereichen Festkörperphysik und
Physik Korrelierter Materie durchgeführt. In Hinblick auf die chemische Bindung sind diese Substanzen sehr interessant, weil sie sich bei niedrigeren Elektronenkonzentrationen als die typischen
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Chemical Metals Science
Prof. Yuri Grin

Implementing the Institute’s roadmap Chemical
Physics of Solids, the Research Field Chemical Metals Science concentrated on the preparation of new
classes of intermetallic compounds, on elaborating
an enhanced understanding of the relationship between the organisation of crystal structures and their
atomic interactions plus their influence on the
chemical and physical properties of these materials.
Some of these studies involved the development of
new experimental and theoretical techniques. In
many cases, these ambitious projects were tackled in
concert with the existing Competence Groups
Structure, Metallography and the later established
unit Chemical Bonding besides the already established Research Fields Inorganic Chemistry (Rüdiger Kniep), Solid State Physics (Frank Steglich) and
Physics of Correlated Matter (Liu Hao Tjeng).
Different aspects of such investigations become immediately obvious when considering the example of
intermetallic compounds. Although this group of inorganic compounds is known since the 60ties of the
last century, many questions concerning the chemical and physical behaviour remain still unanswered.
The “re-discovery” of these materials was especially
triggered by the advancement of preparation
processes. A new type of clathrate (BaGe5) as well
as novel clathrates (Cs8–xSi46 and Cs8–xGe44+y) were
recently prepared, and comprehensively characterized concerning their chemical and physical properties. The application of redox processes yielded the
barium silicide Ba8–xSi46 at ambient conditions; until
now this compound required the application of hightemperature high-pressure conditions. Realisation
of redox reactions by utilizing dc currents resulted
even in the preparation of millimetre-sized single
crystals and, thus, in the eventual verification of theoretical predictions concerning the physical properties of Na24Si136 - the first known type-II clathrate.
And, finally, the prepared clathrate-I phase
Ba8AuxGe46–x exhibited special features of the chemical bonding (Ba-Au interaction) and promising
thermoelectric properties. The studies on the rich
chemical and physical nature of intermetallic
clathrates developed literally into a project that recently involves much of the whole institute. Members of all four Research Fields, four competence
groups of our institute as well as the MPG-CAS

partner group (Jing Tai Zhao) at the Shanghai Institute of Ceramics of the Chinese Academy of Sciences contributed to its realisation [see contributions New Developments in Clathrate Research, M.
Baitinger et al. (page 44) and The Role of Ionic Liquids in the Preparation of Intermetallic Clathrates
and Related Element Modifications, B. Böhme et al.
(page 75)].
The phenomenon of thermoelectricity and thermoelectric materials in particular are currently intensely discussed in the quest for renewable energy
resources. In cooperation with the Research Field
Solid State Physics, the competence groups and the
MPG-CAS partner group in Shanghai, thermoelectric properties of three groups of intermetallic compounds were studied: representatives of the FeGa3
structure type, Zintl Phases AM2Sb2 and bariumcontaining clathrates. Especially the two latter
groups exhibit remarkable thermoelectric activity
[see contribution Intermetallic phases as thermoelectrics, C. Candolfi et al. (page 49)].
Further development of the high-pressure high-temperature preparation techniques laid the basis for
the preparation of the first binary compound in the
system Bi-Co Bi3Co which, in addition, exhibits
superconding properties [see contribution The First
Binary Compound of Cobalt with Bismuth, S. Tence
et al. (page 72)].
The compounds MPt4Ge12 (M = La, Ce, Pr, Nd, Sm
and Eu) with crystal structures of the so-called filled
skutterudite type were synthesized for the first time
in poly- and single-crystalline form by means of different preparation techniques. These materials were
also characterized in some detail concerning their
physical properties. The study was realized in cooperation with the Research Fields Solid State Physics
and Physics of Correlated Matter. These compounds are interesting from the point of view of
chemical bonding because they form at much lower
electron counts than the 72 electrons per unit cell as
reqired for the usual representatives of this class.
Nevertheless, they still realize all of the covalent interactions in the crystal structure (Pt-Ge and GeGe). These bonding features apparently allow for a
wide spectrum of physical properties: from uncon-
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Vertreter dieser Verbindungsklasse (72 Valenzelektronen pro Formeleinheit) bilden und trotzdem alle
kovalenten Wechselwirkungen im System (Pt-Ge
und Ge-Ge) realisieren. Diese Bindungscharakteristiken scheinen ein breites Spektrum von physikalischen Eigenschaften zu ermöglichen: von
der unkonventionellen Supraleitung für PrPt4Ge12
und einem zwischenvalenten Zustand von Ce in
CePt4Ge12 bis zu exotischem Schwer-FermionenVerhalten in SmPt4Ge12 [siehe Beitrag Structural,
Electronic and Superconducting Properties of
Filled Skutterudites MPt4Ge12, W. Schnelle et al.
(Seite 59)].
Ausgereifte Syntheseverfahren wurden effizient für
neue Präparationen eingesetzt. Speziell die Anwendung von ausgefeilten Präparationsmethoden wie
der chemischen Transportreaktionen ermöglichte
unsere gemeinsamen Untersuchungen mit dem Forschungsbereich Physik Korrelierter Materie an supraleitenden Eisenchalkogeniden FexSe, FexTe und
Fex(Se,Te) [siehe Beitrag Synthesis,Characterisation
and Physical Properties of Iron Chalcogenides
Fex Se,FexTeandFex (Se,Te),S. Rößleretal.(Seite 111)].
Durch die Verwendung der Zentrifugen-Filtrationstechnik bei hohen Temperaturen gelang die Darstellung und anschließende strukturelle Aufklärung von
drei neuen binären Phasen im System Mn-Ga (α-, βund γ-Mn6Ga29), sowie einer weiteren binären Phase,
PtGa5, im System Pt-Ga [siehe Beitrag Low-temperature Chemistry in the Binary Systems of Pt and Mn
with Gallium, I. Antonyshyn et al. (Seite 152)].
Ein weiteres zentrales Forschungsthema ist die Untersuchung der chemischen Bindung in intermetallischen Verbindungen. Weitere Fortschritte im Verständnis des Aufbaus und der Eigenschaften werden
durch die Analyse der atomaren Wechselwirkungen
erzielt. Eine wichtige Rolle in diesen Studien spielen
quantenchemische Techniken der Bindungsanalyse
im Realraum. Neben den etablierten Methoden der
topologischen Untersuchungen der Elektronendichte (gemäß der Quantum Theory of Atoms In
Molecules) werden auch neue Techniken in der
Kompetenzgruppe Chemische Bindung entwickelt.
Insbesondere die Lokalisierungs- und Delokalisierungsindices öffnen einen Weg zur Definition von
Bindungsordnung oder Bindungspolarität durch den
Austausch von Elektronenpaaren zwischen definierten Bereichen von Kristallstrukturen oder Molekülen [siehe Beitrag Quantum Chemical Tools for Bonding Analysis, M. Kohout et al. (Seite 127)]. Die
systematische und konsequente Anwendung dieser
neuentwickelten Werkzeuge in Kombination mit
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modernsten quantenmechanischen Berechnungen
erschließt bis jetzt unbekannte Zusammenhänge
zwischen verschiedenen Substanzklassen. So konnte
gezeigt werden, dass die Organisation chemischer
Wechselwirkungen zwischen Seltenerd- und Übergangsmetallatomen und deren Umgebung in der
metallorganischen Verbindung Cp2Re-LaCp* (dargestellt in der Arbeitsgruppe von Prof. R. Kempe an
der Universität Bayreuth) und in der intermetallischen Verbindung Y2 ReB6 eine derart ausgeprägte
Ähnlichkeit aufweist, dass man diese Situation als
einen „Evolutionsübergang“ zwischen der metallorganischen Chemie und der Chemie intermetallischer
Verbindungen verstehen kann [siehe Beitrag Revealing Unusual Bonding Situations, F. R.Wagner et al.
(Seite 130)].
Durch die Analyse der chemischen Bindung wurde
auch die ungewöhnliche strukturelle Umwandlung von TiGePt im Detail charakterisiert. Die
Transformation von der kubischen TieftemperaturModifikation(LT-TiGePt,MgAgAs-Typ)in die orthorhombische Hochtemperatur-Modifikation (HTTiGePt, TiNiSi-Typ) ist – entgegen der gängigen
Vorstellungen – mit einer Volumenreduktion von
10 % verknüpft. Überdies geht die Phasenumwandlung mit einem Isolator-Metall-Übergang einher.
Die Analyse mit Hilfe des Elektronen-Lokalisierungs-Indikators zeigte, dass in HT-TiGePt – im
Vergleich zu LT-TiGePt – zusätzliche Ti-Ge-Wechselwirkungen entstehen, welche die Volumenkontraktion und Änderungen der Bandstruktur verursachen [siehe Beitrag An Unusual Insulator-metal
Transition in the Intermetallic Compound TiGePt,
S. Ackerbauer et al. (Seite 39)].
Eine neue Facette der intermetallischen Phasen
stellt deren katalytische Aktivität dar. Kenntnisse
über die chemische Bindung ermöglichten die Entwicklung einer neuen Gruppe von Katalysatoren,
insbesondere für die technisch relevante Semihydrierung von Acetylen, auf Basis strukturell geordneter intermetallischer Verbindungen. Diese Studien werden in Kooperation mit der Abteilung
Anorganische Chemie des Fritz-Haber-Instituts der
MPG (Prof. R. Schlögl) durchgeführt und resultierten schon – neben zahlreichen Publikationen – in
einigen Patenten [siehe Beitrag Enhancing the
Catalytic Activity – Taking the Next Step in the
Know- ledge-based Development of Hydrogenation
Catalysts, M. Armbrüster et al. (Seite 143)]. Die
Entwicklung neuer Katalysatoren wird durch Gefügestudien in Hinblick auf die Zwillingsbildung
dieser Materialien unterstützt, die in der Kompe-
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ventional superconductivity in PrPt4Ge12 and an intermediate valence state of Ce in CePt4Ge12 to exotic
heavy-fermion behaviour in SmPt4Ge12 [see contribution Structural, Electronic and Superconducting Properties of Filled Skutterudites MPt4Ge12,
W. Schnelle et al. (page 59)].
The already established sophisticated synthesis
techniques were efficiently used for new preparations. In particular, precisely controlled crucible and
chemical transport reactions formed the basis for
our first studies on superconducting iron chalcogenides FexSe, FexTe and Fex(Se,Te) performed in
cooperation with the Research Field Physics of Correlated Matter [contribution Synthesis, Characterisation and Physical Properties of Iron Chalcogenides FexSe, FexTe and Fex(Se,Te), S. Rößler et al.
(page 111)]. Use of the high-temperature centrifugation-aided filtration technique resulted in the
preparation and structural description of three new
binary phases in the system Mn-Ga (α-, β- und γMn6Ga29), as well as that of a further binary phase –
PtGa5 – in the system Pt-Ga [see contribution Low
Temperature Chemistry in the Binary Systems of
Pt and Mn with Gallium, I. Antonyshyn et al.
(page 152)].
Another focus in the research topics was the study
of chemical bonding in intermetallic compounds.
Further progress in the understanding of building
principles and properties was achieved by analysing
the atomic interactions. Essential components of
these studies are the quantum-chemical techniques
of bonding analysis which operate in real space. Beside the well established methods of topological
studies of the electron density (according to the
Quantum Theory of Atoms In Molecules), new techniques were developed in the Competence Group
Chemical Bonding. In particular, localisation and
delocalisation indices pave the way to a definition of
bond order and bond polarity in real space by the exchange of electron pairs between defined regions of
the crystal structure or the molecule [see contribution Quantum Chemical Tools for Bonding Analysis,
M. Kohout et al. (page 127)]. Systematic and consequent application of the recently developed tools –
in combination with state-of-the-art quantum mechanical calculations – reveals hitherto unknown relationships between different classes of chemical
compounds. It was shown that the organisation of
chemical interactions between the rare-earth and the
transition metal atoms and their environment in the
metal-organic compound Cp2Re-LaCp* (obtained

in the group of Prof. R. Kempe at the University
Bayreuth) and in the intermetallic compound
Y2 ReB6 is highly similar, to an extend that this situation may be understood as an “evolutional transformation” between metal-organic chemistry and
chemistry of intermetallic compounds [see contribution Revealing Unusual Bonding Situations,
F. R. Wagner et al. (page 130)].
Analysis of the chemical bonding threw light also on
the unusual structural transformation of TiGePt. The
transition from the cubic low-temperature modification (LT-TiGePt, MgAgAs type) into the orthorhombic high-temperature (HT) modification (TiNiSi
type) is – in contrast to the conventional conception
– associated with a volume contraction of 10%.
Moreover, the change is associated with an insulator-to-metal transition. Bonding analysis by the
Electron-Localizability-Indicator revealed that in
HT-TiGePt – in comparison to LT-TiGePt – additional Ti-Ge interactions are formed which cause the
volume contraction and changes in the band structure [see contribution An Unusual Insulator-metal
Transition in the Intermetallic Compound TiGePt,
S. Ackerbauer et al. (page 39)].
A new facet of intermetallic compounds is represented by their catalytic activity. Deploying the
knowledge of the chemical bonding facilitates the
development of a new group of catalyst – in particular for the semi-hydration of acetylene which is of
technical importance – on basis of structurally ordered intermetallic compounds. These studies were
performed in a close cooperation with the department Inorganic Chemistry of the Fritz-Haber Institute of the MPG (Prof. R. Schlögl) and already resulted – beside numerous publications – in several
patents [see contribution Enhancing the Catalytic
Activity – Taking the Next Step in the Knowledgebased Development of Hydrogenation Catalysts, M.
Armbrüster et al. (page 143)]. The development of
new catalyst is strongly supported by the studies of
the microstructure of the these materials, especially
of the twinning formation, realized in the Competence Group Metallography [see contribution Metallographic Characterisation of Twinning and Other
Microstructure Defects in Fe4 Al13, U. Burkhardt et
al. (page 134)].
Further possibilities of enhancing the quality of diffraction experiments were investigated and found in
the Competence Group Structure by means of optimizing the strategy of data collection [see contribu-
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tenzgruppe Metallographie durchgeführt werden
[siehe Beitrag Metallographic Characterisation
of Twinning and Other Microstructure Defects in
Fe4 Al13, U. Burkhardt et al. (Seite 134)].
Weitere Möglichkeiten der Qualitätsverbesserung
von Diffraktionsexperimenten wurden in der Kompetenzgruppe Struktur mittels optimierter Strategien der Datensammlung untersucht und gefunden
(siehe Beitrag Experimental Strategies for Better
Diffraction Data, M. Wedel und H. Borrmann (Seite
190)]. Diese Strategien wurden im Zusammenhang
mit hochauflösenden Beugungsexperimenten ent-
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wickelt und verwendet. Auf Basis der mit dieser
verbesserten Methode gesammelten Daten wurden
extrem feine strukturelle Variationen (kristallographische Unordnung) in den schweren FermionenSupraleitern CeIrIn5 und YbRh2Si2 gefunden und in
Einklang mit Ergebnissen anderer Studien gebracht
[siehe Beiträge Interplay of Structural, Magnetic
and Superconducting Properties in the Compounds
CeCoIn5 and CeIrIn5 (Seite 137) und Structural and
Magnetotransport Properties of YbRh2 Si2 and its
Co- and Ir-substituted Derivatives Yb(Rh1–x Irx )2 Si2
and Yb(Rh1–xCox )2Si2, S. Wirth et al. (Seite 146)].
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tion Experimental Strategies for Better Diffraction
Data, M. Wedel and H. Borrmann (page 190)].
These strategies were developed in course of, and
applied for, high-resolution diffraction experiments.
The data collected by this improved method allowed
for the recognition of extremely subtle structural
variations (crystallographic disorder) in heavyfermion superconductors CeIrIn5 and YbRh2Si2 be-

ing in agreement with the results of other investigations [see contributions Interplay of Structural,
Magnetic and Superconducting Properties in the
Compounds CeCoIn5 and CeIrIn5 (page 137) and
Structural and Magnetotransport Properties of
YbRh2Si2 and its Co- and Ir-substituted Derivatives
Yb(Rh1–x Irx )2Si2 and YbYb(Rh1–xCox)2 Si2, S. Wirth et
al. (page 146)].
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Physik Korrelierter Materie
Prof. Dr. Liu Hao Tjeng

Die Einrichtung unseres Forschungsbereiches Physik
korrelierter Materie (PKM) in den Jahren 2009/2010
ergänzt die bestehenden Forschungsaktivitäten des
MPI-CPfS mit einer neuen Komponente: die Untersuchung der elektronischen Struktur der Materie durch
eine breite Palette an elektronenspektroskopischen
Untersuchungsmethoden,wie zum Beispiel Röntgenabsorptionsspektroskopie (XAS) mit weicher Röntgenstrahlung, winkelaufgelöste Photoemissionsspektroskopie (ARPES), Photoelektronenspektroskopie mit weicher/harter Röntgenstrahlung (XPS/
HAXPES) und auch resonante/nicht-resonante inelastische Röntgenstreuung (RIXS/NRIXS). Unser
Forschungsbereich bringt auch neue Aspekte in Bezug auf Materialien ein: die Forschung des MPI-CPfS
in korrelierten Oxiden wird erheblich verstärkt.
Unsere Forschungsaktivitäten konzentrieren sich auf
die Untersuchung der elektronischen Struktur von
Übergangsmetall- und Selten-Erd-Verbindungen.
Diese Klasse von Materialien zeigt eine Fülle von
spektakulären Phänomenen wie Supraleitung, Riesen-Magneto-Widerstand (MR) oder Metall-IsolatorÜbergänge (MIT). Charakteristisch für diese Materialien ist, dass die für die Eigenschaften relevante Bewegung der Elektronen stark korreliert und daher sehr
komplex werden kann. Um die entsprechenden quantenmechanischen Zustände zu charakterisieren, benötigt man eine breite Palette moderner elektronenspektroskopischer Techniken an Synchrotronstrahlungsquellen.WelcheTechnik wir einsetzen, hängt starkvon
dem Material und den entsprechenden Fragestellungen ab. Versucht man zum Beispiel, die Eigenschaften
neu synthetisierter korrelierter Oxide zu verstehen, ist
es häufig nötig, mehr über die Rolle der enthaltenen
Übergangsmetallionen zu wissen. Hierbei gibt die polarisationsabhängige Röntgenabsorptionsspektroskopie (XAS) einen detaillierten Einblick in die lokale
elektronische Struktur, insbesondere die Wertigkeit,
den Orbital- und Spinzustand der Ionen. Bei der Untersuchung von Materialien mit stärkerem Bandcharakter nutzen wir Photoelektronenspektroskopie und
die Abhängigkeit der Spektren von der Photonenenergie und Polarisation zur quantitativen Bestimmung
der verschiedenen partiellen Zustandsdichten, aus denen sich das Valenzband zusammensetzt. Für Einkristalle können wir die k-Dispersion der Valenzzustände
und der Fermi-Fläche mit ARPES bestimmen.
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Eines der wichtigsten Themen unseres Forschungsbereiches betrifft Schichtstrukturen aus Kobalt-OxidMaterialien. Diese Stoffklasse wird in den letzten
zehn Jahren weltweit intensiv untersucht, da man
nicht nur Supraleitung, Riesen-Magnetowiderstand,
Metall-Isolator und magnetisches „Cross-over“ Verhalten findet, sondern auch zu hoffen ist, neue Phänomene wie den sogenannten Spin-Blockade-Mechanismus zu entdecken. Ein wesentlicher Aspekt der
Kobaltate ist, dass diese im Gegensatz zu den geschichteten Cu, Ni und Mn-Oxiden einen Freiheitsgrad der Spin-Zustände der Co3+ und Co4+-Ionen besitzen: die Ionen können in einem Low-Spin, einem
High-Spin und vielleicht sogar in einem Intermediate-Spin Zustand auftreten. Darüber hinaus kann die
lokale Symmetrie der Co-Ionen niedriger sein als die
der Cu-, Ni- oder Mn-Ionen. All dies hat weitreichende Konsequenzen für das komplizierte Wechselspiel
zwischen Ladungs-, Bahn- und Spinfreiheitsgraden
der 3d-Elektronen in den Kobaltaten. Genau diese
Aspekte sind Gegenstand einer intensiven wissenschaftlichen Debatte in der relevanten Literatur. Wir
haben die elektronische Struktur von NaxCoO2 mit
XAS untersucht und konnten die 3d-Orbital-Besetzung bestimmen und feststellen, dass das Co4+/Co3+Verhältnis gut mit dem Soll-Na-Gehalt übereinstimmt [Lin et al., PRB 81, 115138 (2010)]. Für das
supraleitende Na 0.3CoO2 ·yH2O hingegen haben wir
beobachtet, dass die Co-Wertigkeit nicht mit dem NaGehalt korreliert, sondern einen Wert nahe 3,3+ wie
in nicht hydriertem Na 0.7CoO2 annimmt [Ohta et al.,
PRL 107, 066404 (2011)]. Das hat erhebliche Konsequenzen für das Verständnis des Phasendiagramms
und die Modellierung der Supraleitung. Wir haben
den Metall-Isolator-Übergang in GdBaCo2O5.5 mit
XAS und XPS untersucht und entdeckt, dass nur eine
sehr moderate Änderung des Spin-Zustands der oktaedrischen Co-Ionen auftritt, und dass stattdessen
ein Spin-Zustand Ordnungs-/Unordnungsphänomen
für den Metall-Isolator-Übergang verantwortlich ist
[siehe Beitrag Surprising Cobaltates: A Spectroscopic Perspective (Seite 78)].
Die Frage der Orbitalpolarisierung und Orbitalordnung spielt eine wichtige Rolle für viele Übergangsmetall-Oxid-Materialien. Mit polarisationsabhängiger Röntgenabsorption (XAS) konnten wir die
Kristallfelder und die Orbitalbesetzung in multiferroischen Verbindungen bestimmen, z. B. in MnWO3
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Physics of Correlated Matter
Prof. Dr. Liu Hao Tjeng

The recent implementation of our research field
Physics of Correlated Matter (PCM) in 2009/2010
adds a new component to the existing research activities of the MPI-CPfS: the study of the electronic
structure of matter is strengthened by a wide range
of electron spectroscopic investigations, such as
soft-X-ray absorption (XAS), angle resolved photoemission (ARPES), X-ray and hard-X-ray photoelectron spectroscopy (XPS/HAXPES), and also
resonant/non-resonant inelastic X-ray scattering
(RIXS/NRIXS). Our research field also brings in
new aspects in terms of materials: the research of
the MPI-CPfS in correlated oxides has also been
substantially intensified.
Our research activities are focussed on the study of
the electronic structure of transition metal and rare
earth compounds. This class of materials shows a
wealth of spectacular phenomena, including superconductivity, giant magneto-resistance (MR) and
metal-insulator transitions (MIT). Characteristic for
these materials is that the motion of the electrons responsible for the properties could be highly correlated and therefore very complex. To unravel the relevant quantum mechanical states, a wide range of
modern synchrotron-based electron spectroscopic
techniques is needed. Which technique we apply depends very much on the material and the issues to be
addressed. In trying to understand the properties of
newly synthesized correlated oxides, for example,
one often needs to know first of all the role of the
constituting transition metal ions. For this, polarization dependent XAS can provide a detailed look into
the local electronic structure in terms of valence, orbital and spin state of the ions. In studying more
band like materials, we utilize photoelectron spectroscopy and the dependence of the spectra on the
photon energy and polarisation to quantitatively determine the different partial densities of states making up the valence band. And in case of single crystals, we can map the k-dispersion of the valence
states and the Fermi surface using ARPES.
One of the main topics studied in our research field
concerns the class of layered cobalt-oxide based materials. This material class has attracted increasing
interest worldwide in the last decade since not only
one can find superconductivity, giant magneto resistance, metal-insulator and magnetic cross-over

behaviour, but also one may hope to discover new
phenomena like the so-called spin-blockade mechanism. One key aspect of the cobaltates that distinguishes them clearly from the layered Cu, Ni, and
Mn oxides is the spin state degree of freedom of the
Co3+ and Co4+ ions: the ions can be low spin, high
spin, and perhaps even intermediate spin. Moreover,
the local coordination for the Co ions can be lower
in symmetry than that for the Cu, Ni or Mn. All this
has far reaching consequences for the intricate interplay between the charge, orbital and spin degrees of
freedom of the 3d electrons in the cobaltates. It is,
however, also precisely these aspects that cause considerable debate in the literature. We have studied
the electronic structure of NaxCoO2 using XAS and
we have been able to determine the 3d orbital occupation and to establish that the Co4+/Co3+ ratio
agrees well with the nominal Na content [Lin et al.,
PRB 81, 115138 (2010)]. For the superconducting
Na0.3CoO2 ·yH2O on the other hand, we have observed that the Co valence does not match the
Na content, rather it has a value close to 3.3+ like in
the non-hydrated Na 0.7CoO2 [Ohta et al., PRL 107,
066404 (2011)], with substantial consequences for
the phase diagram and the modelling of the superconductivity. We have investigated the MIT in
GdBaCo2O5.5 using XAS and XPS, and we have discovered that there is only a very moderate change of
the spin-state of the octahedral Co ions, and that instead a spin-state order/disorder phenomenon is responsible for the MIT [see contribution Surprising
Cobaltates: A Spectroscopic Perspective (page 78)].
The issue of orbital polarization and orbital ordering
plays an important role for many transition metal
oxide materials. Using polarization dependent XAS
we were able to determine the crystal fields and
orbital occupation in multiferroic compounds
MnWO3 [Hollmann et al., PRB 82, 184429 (2010)],
and DyMnO3 [Chen et al., PRB 81, 201102(R)
(2010)]. For DyMnO3 and its Sr-substituted single
crystals, detailed investigations of phase transitions
as well as the magnetic structure and magnetic aging
effects have been conducted [S. Harikrishnan et al.,
J. Phys.: Condens. Matter 21, 012168 (2009); ibid.
22, 346002 (2010)]. Scanning Tunneling Microscopy (STM) has been used to study the surface topography of manganites. We succeeded in preparing
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[Hollmann et al., PRB 82, 184429 (2010)] und
DyMnO3 [Chen et al., PRB 81, 201102 (R) (2010)].
Für DyMnO3 und Sr-substituierte Einkristalle wurden detaillierte Untersuchungen der Phasenübergänge sowie der magnetischen Struktur und magnetischer Alterungseffekte durchgeführt [S. Harikrishnan et al, J. Phys. Cond. Matter 21, 012168
(2009); ibid. 22, 346002 (2010)]. Rastertunnelmikroskopie (STM) wurde verwendet, um die Oberflächentopographie in Manganaten zu studieren. Es
ist uns gelungen, Einkristalle des Perowskits
Pr0.68Pb0.32MnO3 für atomar aufgelöste rastertunnelmikroskopische Messungen herzustellen. Der gemischtvalente Zustand dieses Materials führt zu (im
STM Bild) deutlich aufgelöster Koexistenz verschiedener Oberflächenstrukturen [S. Rößler et al., APL
96, 202512 (2010)]. Darüber hinaus haben wir das
Auftreten von Jahn-Teller-Verzerrungen in dem
CaBaFe4O7 System nachgewiesen, einer neu synthetisierten gemischtvalenten Verbindung aus Kagomeund trigonalen Schichten mit für Fe2+-Ionen ungewöhnlicher tetraedrischer Koordination [Hollmann et
al., PRB 83, 180405 (R) (2011)]. Wir haben auch entdeckt, dass die Fe2+-Substitution in MgO zu lokalen
Jahn-Teller-Verzerrungen führt, was darauf hinweist,
dass diese Verzerrungen dynamischer Natur sind, da
die Fe-Ionen kubische Plätze in dem Oxid besetzen,
das selbst eine stabile Steinsalz-Kristallstruktur besitzt [Haupricht et al., PRB 82, 035120 (2010)]. Darüber hinaus konnten wir mit Hilfe der anomalen Beugung weicher Röntgenstrahlung das Auftreten von
Orbitalordnung im Fe-3d t2g Band in Fe3O4 nachweisen, eine Erklärung für die sogenannte (00 ½) Überstruktur [Chang et al., PRB 83, 073105 (2011)].
Einer der Eckpfeiler der Forschungsaktivitäten des
MPI-CPfS ist das Design und die Untersuchung von
Schwere-Fermion- und Kondo-Systemen. In Zusammenarbeit mit der Arbeitsgruppe von Dr. A. Severing der Universität zu Köln hat unsere Abteilung
eine Initiative gestartet, um die Möglichkeiten der
Verwendung von Röntgenstrahlen zur Bestimmung
der Kristallfeldwellenfunktionen auszuloten. Ziel ist
es, Informationen komplementär zu Neutronenstreuung und anderen Techniken zu bieten und damit einen
besseren Einblick in die elektronische Struktur faszinierender Materialien zu erhalten, die im Forschungsbereich Festkörperphysik (Frank Steglich) und der
Kompetenzgruppe Werkstoffentwicklung (C. Geibel)
studiert werden. Wir haben eine Debatte über die
Grundzustand Wellenfunktionen der unkonventionellen Schwere-Fermionen Supraleiter CeMIn5
(M = Co, Ir, Rh) mit polarisations- und temperaturab-
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hängiger Ce M4,5 XAS entschieden [Willers et al.,
PRB 81, 195114 (2010)]. Um die XAS-Analyse zu
unterstützen und die charakteristische Temperatur T*
zu bestimmen, haben wir hierbei auch Neutronenstreuung verwendet. Mit hohen Magnetfeldern waren
wir in der Lage, Röntgen-Dichroismus in der kubischen Verbindung YbInNi 4 zu induzieren, und dabei
die langjährige Debatte darüber zu entscheiden, ob
der Grundzustand ein Quartett, ein Dublett oder ein
quasi-Quartett ist. Wir haben diese Studie durch Neutronenstreu- und Magnetisierungsmessungen bei tiefen Temperaturen ergänzt, um eine umfassendere
Sicht auf die überraschenden Phänome zu erhalten,
die mit der vierfachen Entartung des Grundzustands
assoziiert sind [siehe Beitrag Attempt to Probe the
Ground State by New Spectroscopic Techniques
(Seite 88)].
Die Suche und Entwicklung neuer Materialien ist eine
zentrale Aktivität der Forschungsbereiche Chemische
Metallkunde (Yuri Grin) und Anorganische Chemie
(Rüdiger Kniep). Von diesen Materialien mit neuen
Kristallstrukturen und neuen Zusammensetzungen
müssen auch die physikalischen Eigenschaften bestimmt werden. Die Analyse der zugrunde liegenden
elektronischen Strukturen ist notwendig, nicht nur
um die Stabilität der Verbindungen zu untersuchen,
sondern auch um deren physikalische Eigenschaften
zu verstehen und darüber hinaus einen Weg für Modifikationen und damit mögliche Verbesserungen
dieser Eigenschaften zu finden. So haben wir Photoelektronenspektroskopie mit weichen Röntgenstrahlen benutzt, um das Valenzband des supraleitenden
Skutterudits SrPt4Ge12 zu untersuchen. Mit Hilfe der
Abhängigkeit der Photoionisationsquerschnitte der
Ge 4s, 4p- und Pt-5d-Elektronen von der Photonenenergie konnten wir die entsprechenden partiellen
Zustandsdichten bestimmen und im Detail die Vorhersagen von Bandstrukturrechnungen überprüfen
[Rosner et al., PRB 80, 075114 (2009)]. Auch für
TiPtGe konnten wir den Beitrag der verschiedenen
partiellen Zustandsdichten zum Valenzband bestimmen und so detaillierte Informationen zum MetallIsolator-Übergang bei der strukturellen Transformation in die Hochtemperaturphase erhalten [siehe Beitrag An Unusual Insulator-Metal Transition in the
Intermetallic Compound TiPtGe (Seite 39)]. Ein
Rumpfniveau-Photoemissions Experiment an der neu
synthetisierten Sr3 [Co(CN)3]-Verbindung aus dem
Forschungsbereich Anorganische Chemie ergab, dass
die Co-Ionen eine geschlossene 3d-Schale haben.
Dies ist außerordentlich ungewöhnlich, aber es bestätigt die Hypothese der Materialentwickler (P. Höhn
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single crystals of the perovskite Pr0.68Pb0.32MnO3 for
atomically resolved STM. The mixed-valent nature
of this material resulted in the clearly resolved coexistence of different surface structures [S. Rößler et
al., APL 96, 202512 (2010)]. Furthermore, we have
found the presence of Jahn-Teller distortions in the
CaBaFe4O7 system, a newly synthesized mixed valent compound consisting of Kagome and trigonal
layers with all Fe ions having the tetrahedral coordination which is very unusual for Fe 2+ [Hollmann,
PRB 83, 180405(R) (2011)]. We have also discovered that the Fe2+ impurities in MgO are experiencing Jahn-Teller distortions, indicating that these
distortions are dynamic in nature since the Fe
impurities are occupying cubic sites in the oxide
with the stable rock salt crystal structure [Haupricht
et al., PRB 82, 035120 (2010)]. Furthermore, using
anomalous soft-X-ray diffraction we were able to
confirm the presence of orbital order in the Fe 3d t2g
sub-band in Fe3O4 as explanation for the appearance
of the so-called (00½) superstructure [Chang et al.,
PRB 83, 073105 (2011)].
One of the corner stones of the research activities of
the MPI-CPfS is the design and investigation of
heavy-fermion and Kondo systems. Our research
field, in collaboration with the group of Dr. A. Severing of the University of Cologne, has made an initiative to explore the possibilities of using X-rays to
determine the crystal field wave functions. The objective is to provide information complementary to
neutron scattering techniques, and to obtain a better
insight to the electronic structure underlying the fascinating phenomena studied by the research field
Solid State Physics (Frank Steglich) and the competence group Materials Development (C. Geibel). We
have clarified a discussion about the ground state
wave functions of the heavy-fermion unconventional superconductors CeMIn5 (M = Co, Ir, Rh)
using polarization and temperature dependent Ce
M4,5 XAS [Willers et al., PRB 81, 195114 (2010)].
Hereby we also have used neutron scattering to support the XAS analysis and to determine the characteristic temperature T *. Using high magnetic fields,
we have been able to induce X-ray dichroism in the
cubic YbInNi4 compound, and in doing so, to resolve a long-standing debate about whether or not
the ground state is a quartet, a doublet, or a quasiquartet. We have complemented this study with neutron scattering and low-temperature magnetization
experiments to obtain a more complete view on the
surprising phenomenon associated with the quartet
degeneracy [see the contribution Attempt to Probe

the Ground State by New Spectroscopic Techniques
(page 88)].
The search for and design of new materials is a central activity in the research fields Chemical Metal
Science (Yuri Grin) and Inorganic Chemistry (Rüdiger Kniep). The physical properties of those materials with new crystal structures and new compositions need to be determined. Their underlying
electronic structures have also to be analyzed in order not only to study the stability of the compounds
but also to understand the properties and even to
find a path for possible modifications to improve the
properties. We have applied soft-X-ray photoelectron spectroscopy to investigate the valence band of
the superconducting skutterudite SrPt4Ge12. Using
the photon energy dependence of the photo-ionization cross-sections of the Ge 4s, 4p and Pt 5d electrons, we were able to unravel the corresponding
partial densities of states and to verify in detail the
predictions of band structure calculations [Rosner et
al., PRB 80, 075114 (2009)]. Also for TiPtGe we
were able to disentangle the different partial density
of states contributing to the valence band, thereby
obtaining detailed information about the metal-insulator transition associated with the structural
transformation of the high temperature phase to the
low temperature one [see report An Unusual Insulator-Metal Transition in the Intermetallic Compound
TiPtGe (page 39)]. We have carried out a core-level
photoemission experiment on the newly synthesized
Sr3[Co(CN)3] compound and have observed that the
Co ion has a closed 3d shell configuration. This is
extraordinarily unusual, yet it confirms the hypothesis of the material designers (P. Höhn and R. Kniep)
that the transition metal ions in such cyanometallates should have unprecedented extremely
low oxidation states [see section Sr3[Co(CN)3 ] and
Ba3[Co(CN)3 ]: Highly Reduced Cyanocobaltates?
(page 66)]. In addition, we engaged in the preparation and investigation of new Fe-based superconductors. For Fe1+yTe0.5Se0.5 single crystals we studied
the influence of excess Fe which causes electronic
localization and phase separation effects [S. Rößler
et al., PRB 82, 144523 (2010) and see contribution Synthesis, Characterization, and Physical
Properties of Iron Chalcogenides Fex Se, Fex Te and
Fex (Se,Te) (page 111)].
Thin film research belongs also to the portfolio of
our department. It allows us to modify material
properties by making use of the influence of the substrate, or to prepare materials which in bulk form
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und R.Kniep), dass die Übergangsmetallionen in solchen Cyano-Metallaten beispiellos niedrige Oxidationsstufen haben können [siehe Beitrag Sr3 [Co(CN)3 ]
and Ba3 [Co(CN)3 ]: Highly Reduced Cyanocobaltates? (Seite 66)]. Darüber hinaus waren wir in der Synthese und Untersuchung von neuen eisenbasierten
Supraleitern tätig. An Fe1+yTe0.5Se0.5 Einkristallen
untersuchten wir den Einfluss von überschüssigem
Eisen, die elektronische Lokalisierung und die Phasenseparation [S. Rößler et al., PRB 82, 144523
(2010) und Beitrag Synthesis, Characterization and
Physical Properties of Iron Chalcogenides Fex Se,
Fex Te and Fex (Se,Te) (Seite 111)].
Forschung an dünnen Schichten gehört auch zum
Portfolio unseres Forschungsbereiches. Sie ermöglicht uns, Materialeigenschaften durch die Wahl des
Substrats gezielt zu ändern oder Materialien zu
studieren, die in kristalliner Form nur schwer zu synthetisieren sind. Dünne Schichten gestatten uns auch
die Anwendung der verschiedenen Formen der Elektronenspektroskopie auf Materialien, die in kristalliner Form nicht untersucht werden können (z. B.
wegen des schlechten Ladungstransports bei Isolatoren oder wegen starker magnetischer Streufelder bei
ferromagnetischen Materialien). Im Rahmen unseres
langfristigen Projekts an dünnen Filmen von EuO haben wir kürzlich die Sauerstoff difizitäre Stöchiometrie in Eu-reichen EuO Filmen untersucht und entdeckt, dass eine Phasenseparation auftritt und dass
nur ein kleiner Bruchteil der Sauerstoff-Fehlstellen
zum Metall-Isolator-Übergang bei der Curie-Temperatur beiträgt [Altendorf et al. PRB (eingereicht
2011)]. Das Vorhandensein dieser Fehlstellen wurde
auch in einer STM-Studie von der Michely Gruppe
der Universität zu Köln, in Zusammenarbeit mit uns,
sichtbar gemacht [Förster et al., PRB 83, 045424
(2011)].
In einem anderen Projekt untersuchten wir die elektronische Struktur von „verdünntem“ NiO, also von
einzelnen Ni-Atomen in einer Matrix aus MgO. MgO
ist ein Isolator und verursacht deshalb bei der Photoemissionsspektroskopie schwere Aufladungsprobleme. Es kann daher nur als dünne Schicht auf einem
leitfähigen Substrat gemessen werden. Wir haben
eine dünne Schicht aus MgO (mit Ni) so auf einem
Ag-Metallsubstrat (= leitfähiges Subtrat) aufgebracht,
dass damit Photoemissionsmessungen möglich wurden. Das so ermittelte spektrale Gewicht des Ni 3dBands zeigt, dass einige grundlegende Aspekte der
elektronischen Struktur von NiO (einem BenchmarkSystem der korrelierten Festkörperphysik) bisher
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übersehen und nicht richtig verstanden wurden,
[siehe Beitrag Local Correlations, Non-Local Screening, Multiplet Effects and Band Formation in NiO
(Seite 204)].
Photoelektronspektroskopie ist eine etablierte Technik in der Erforschung kondensierter Materie und ist
auch weit verbreitet, um die chemische Zusammensetzung der Materie und die Wertigkeiten der Ionen
zu untersuchen. Allerdings ist die Sondierungstiefe
der Standard-Photoemission nur in der Größenordnung von 5 Å – 15 Å, was bedeutet, dass nur die oberflächennahen Bereiche einer Probe untersucht werden können. Die Oberfläche kann jedoch im Gegensatz zum Inneren sehr unterschiedliche Eigenschaften aufweisen, außerdem können dort zusätzlich Verunreinigungen und unterschiedliche chemische Zusammensetzungen auftreten. Unsere Bemühungen
zielen daher darauf ab, die Photoelektronenspektroskopie mit harten Röntgenstrahlen (HAXPES) technisch weiter zu entwickeln. Dank der hohen kinetischen Energie der Photoelektronen, welche mit dem
Einsatz von 6 keV – 10 keV Röntgenstrahlung verbunden ist, kann mit HAXPES (je nach Werkstoff)
eine Sondierungstiefe im Bereich von 80 Å – 200 Å
erreicht werden. Wir haben insbesondere auch die
Möglichkeit untersucht, die Polarisationsabhängigkeit der Spektren zur Bestimmung der Beiträge der
verschiedenen Orbitale zum Valenzband zu nutzen,
[siehe Beitrag Hard X-ray Photoelectron Spectroscopy: New Opportunities for Chemical and Physical
Analysis (Seite 97)]. Wichtig ist, dass HAXPES uns
z.B. erlauben wird, die Hochtemperaturphasen oxidischer Materialien zu untersuchen, da der mögliche
Verlust des Sauerstoffs in den oberflächennahen Bereichen wegen der höheren Sondierungstiefe keine
signifikanten Auswirkungen auf die Spektren hat.
Um die angesprochenen Forschungsvorhaben jetzt
und in Zukunft erfolgreich durchzuführen, haben wir
neue Elektronen-Analysatoren angeschafft, sowohl
für die XPS-Systeme in unserem Labor in Dresden
als auch für das Upgrade unserer HAXPES Endstation am Spring-8 Synchrotron in Japan. Ein neues
Elektronenlinsensystem ist für unser ARPES Spektrometer am National Synchrotron Radiation Research Center (NSRRC) in Taiwan vorgesehen, um die
Akzeptanzwinkel bis 34˚ zu vergrößern. Neu gekauft
und installiert wurden ein Spiegelofen für die Zucht
einer Vielzahl von Oxid-Einkristallen, sowie eine
Laue-Kamera und ein Messsystem für physikalische
Eigenschaften (PPMS) zur Charakterisierung der
hergestellten Proben.
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would have been difficult to synthesize. Thin films
also allow us to facilitate the application of various
forms of electron spectroscopy on materials which
in bulk form would not have been possible, e.g.
avoiding charging problems for insulating materials
and avoiding strong stray magnetic fields for ferromagnetic materials. As part of our long-term project
on EuO thin films, we have recently investigated the
issue of oxygen off-stoichiometry in Eu-rich EuO
films and discovered that there is phase separation
and that only a small fraction of the oxygen vacancies contributes to the metal-insulator transition at
the Curie temperature [Altendorf et al., PRB (submitted 2011)]. The presence of these vacancies was
also made visible in a STM study done by the
Michely group [II.Physikalisches Institut, Universität zu Köln, Zülpicher Straße 77, D-50937 Köln,
Germany] in collaboration with us [Förster et al.,
PRB 83, 045424 (2011)]. In another project we have
investigated the electronic structure of dilute NiO,
i.e. isolated Ni atoms in a matrix of MgO. MgO is
an insulator causing severe charging problems in
photoemission spectroscopy and it can be measured
reliably only as a thin film on a conducting substrate. We have prepared a thin film of MgO (with
Ni impurities) on a Ag metal (= conducting) substrate in order to enable photoemission experiments.
The Ni 3d spectral weight that we have managed to
collect reveals that several fundamental aspects of
the electronic structure of bulk NiO, a bench mark
system in correlated solid state physics, have been
overlooked and not properly understood [see section
Local Correlations, Non-Local Screening, Multiplet
Effects and Band Formation in NiO (page 204)].
Photoelectron spectroscopy is a well established
technique in condensed matter research and is also
widely used to study the chemical composition of
matter and the valences of ions. However, the prob-

ing depth in standard photoemission is only of the
order of 5 Å – 15 Å, meaning that only the surface
region of a sample is probed. The surface region,
however, may have very different properties than the
bulk, in addition to having contaminants and different chemical compositions. We therefore have put
efforts to help developing the hard-X-ray photoelectron spectroscopy (HAXPES) technique by which
the probing depth can be as high as 80Å – 200 Å
(depending on the material) thanks to the high kinetic energies of the outgoing photoelectrons associated with the use of 6 keV – 10 keV X-rays. We
have investigated in detail also the possibility to utilize the polarization dependence for disentangling
the various orbital contributions to the valence band
[see Hard X-ray Photoelectron Spectroscopy: New
Opportunities for Chemical and Physical Analysis
(page 97)]. Important is that HAXPES will now allow us to investigate, for example, the high temperature phases of oxide materials, since the possible
loss of oxygen in the surface region close to the vacuum will not affect the spectra significantly thanks
to the larger probing depth.
In order to pursue our scientific goals we have acquired new electron analyzers to upgrade the XPS
system in our home laboratory in Dresden as well as
our HAXPES end-station at Spring-8 synchrotron in
Japan. A new electron lens system has been implemented for our ARPES spectrometer at the National
Synchrotron Radiation Research Center (NSRRC)
in Taiwan to enlarge the acceptance angle to 34 degrees. A new mirror optical floating zone furnace
has been purchased and installed for the growth of a
wide range of oxide single crystals, as well as a Laue
camera and a physical properties measurement system (PPMS) for the characterization of the samples
prepared.
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It is common knowledge that even simple elements
appear in different modifications depending on
external parameters like temperature and pressure.
Adding the chemical composition as a new degree
of freedom largely increases the flexibility of structures and the possibility for various modifications
with the same stoichiometry.
In general, one expects that the corresponding
phase transitions with increasing pressure or temperature lead to modifications of higher symmetry.
For purely temperature-driven transitions, a
reduced density for the high temperature (HT)
phase is usually anticipated.
In this study we report an unusual structural phase
transition of the new intermetallic ternary phase
TiGePt. This compound exhibits polymorphism.
The low-temperature modification (LT-TiGePt)
crystallizes in the cubic MgAgAs type of structure.
At 885 °C, it transforms via a reconstructive transition into an orthorhombic TiNiSi type of structure
(HT-TiGePt). Thus, the transition yields a crystal
structure with lower symmetry in which the atomic
environment of Ti is strongly changed. This transformation is accompanied by a huge volume reduction (density increase) of over 10%. Furthermore,
the associated insulator-to-metal transition reveals a
complete change of the electronic structure during
the structural transformation.
To shed light on the nature of this counterintuitive transition we carried out a joint experimental
and theoretical study combining different diffraction techniques, thermodynamic and transport
measurements, chemical analysis and electronic
structure calculations.
The intermetallic compound TiGePt was synthesized from pure elemental metals in a state-of-theart protective argon gas glove box system in an
optimized metallurgical procedure. This synthesis
was followed by a careful chemical, metallographical and thermoanalytical characterization. Already
these basic measurements revealed that TiGePt

exists in two rather different modifications,
depending in an intricate manner on temperature
and small differences in the chemical composition.
Although the transition is in principle reversible it
is kinetically inhibited and the high-temperature
phase can easily be quenched to ambient conditions. The crystal structures of the two phases were
determined by a combination of powder and single
crystal X-ray as well as neutron diffraction.

Fig. 1: Crystal structures of LT-TiGePt (cubic MgAgAs
type, top) and HT-TiGePt (orthorhombic TiNiSi type, bottom). Ti, Pt, Ge atoms are shown as white, dark grey and
green spheres, respectively. To facilitate the comparison
between the HT and the LT structures the shortest Ge-Pt
contacts are visualized.
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The crystal structure of LT-TiGePt (Fig. 1, top) is
F43̄m,
3̄ m,
of the MgAgAs type [1] (space group F4
Pearson symbol cF12). In the LT phase, Ti and Ge
atoms have four Pt neighbors in a tetrahedral
arrangement in a distance of 2.570 Å. These rather
short interatomic distances, however, contrast the
open crystal structure where Pt occupies only half
of the hexahedral voids in the NaCl type lattice of
TiGe.
The orthorhombic HT-TiGePt modification (Fig.
1, bottom) is isotypic to TiNiSi [2] (space group
Pnma, Pearson symbol oP12). This structure can
be regarded as built up of layers of edge-sharing,
puckered, six-membered rings of Pt and Ge atoms
running perpendicular to [100]. The three Pt-Ge
distances are between 2.447 Å and 2.483 Å, indicating significant interactions. The layers are interlinked through quite short Pt-Ge contacts (2.588 Å)
along the [100] direction forming a three-dimensional four-connected net. In [010] direction large
eight-membered Pt-Ge rings form channels in
which the Ti atoms are embedded. In consequence,
this atomic arrangement results in a more dense
packing of the constituents, in contrast to the
expected lower density for a HT phase. Moreover,
the structures of the two modifications do not show
a group-subgroup relation, which is a prerequisite
for a displacive transition.
The most remarkable change associated with the
phase transition (LT → HT) is a huge contraction
of the unit cell volume. Both unit cells contain four
formula units TiGePt, hence HT-TiGePt shows
about 10% higher crystal density. The dilatometry
study of the LT and HT modifications directly confirms this behavior (Fig. 2): If the LT phase is heated up a strong shrinkage is observed that sets in at
896 °C (structural transition; Fig. 2, top). The
observed transition is of reconstructive nature since
it is characterized by a major rearrangement of
atoms and the related contacts. Because there is no
obvious relation between the LT and the HT structure, the question regarding the transition pathway
and possible intermediate phases is difficult to
answer. To investigate the latter, a sample containing the HT modification was annealed at 765 °C for
just 1 h and quenched afterwards. Thus, the phase
transition was stopped before its completion. This
sample was conserved for the microstructural
investigation.
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Fig. 2: Temperature dependent dilatation of LT- (upper
panel) and HT-TiGePt (bottom panel). The sudden decrease
in sample length at 896 °C (upper panel) is due to the LT →
HT phase transition. The inset shows the DTA results with
the corresponding endothermic effect at 885 °C. In the bottom panel arrow 1 indicates the temperature at which the
metastable HT modification transforms under expansion
into the LT modification. The temperature of the actual
transition (LT phase → HT phase), which is accompanied
by the 10% volume contraction, is indicated by arrow 2.

The electron backscatter diffraction maps
(EBSD-maps) (Fig. 3) show the remaining large
grains of the orthorhombic HT phase in different
orientations surrounded by grains of LT-TiGePt,
which formed at the grain boundaries. In agreement with a reconstructive transition the orientations of the grains of the LT phase are independent
of the bordering grains of the HT phase (Fig. 3,
middle). Moreover, no further structure, like an
intermediate phase, is observed (Fig. 3, left).
To gain more insight into the electronic structure
of TiGePt, the total energy, the band structure and
the density of states (DOS) for both phases were
calculated. In agreement with the experimental
observations, the LT phase is the more stable modification. It is by 175 meV per formula unit (corresponding to about 2000 K) lower in energy than the
HT phase for the experimental lattice parameters.
This is well in line with the observed transition
temperature of about 1160 K.
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HT phase
hv = 700 eV

Fig. 3: EBSD maps of a TiGePt sample containing both, the
LT and the HT phase, due to an incomplete transition. An
overlay of a phase map and a fit map is presented (left): HTTiGePt phase (red), LT-TiGePt phase (green). The middle
panel shows an overlay of an image quality map and an
inverse pole figure map. The interpretation of the grain orientations is given by a colour scheme for the inverse pole
figures (legend right).
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Fig. 4: Total and partial density of states (DOS) from fully
relativistic electronic structure calculations of TiGePt: the
results for the low-temperature (LT) phase are shown in the
bottom panel and the high-temperature (HT) phase in the
top panel. The common vertical dashed line indicates the
position of the Fermi level.

Comparing the density of states (DOS) of the
valence band of both modifications (Fig. 4), a significant difference of about 1 eV in the total band
width is evident. A closer analysis shows that the
shorter interatomic distances and the changed local
coordination have a similarly strong influence on
the change of bandwidth.

The most prominent difference between both
phases, however, is the insulating character of the
LT phase, in contrast to the metallic behavior of the
HT modification. The LT phase exhibits a calculated gap size of about 0.9 eV, whereas the HT phase
shows a pseudogap of about 0.3 eV close to the
Fermi level EF and a low value for the DOS(EF ) =
0.36 states / eV per formula unit.
To check the reliability of the calculations, we
have performed photoelectron spectroscopic (PES)
experiments. The spectra taken at 700 eV photon
energy are shown in Figure 5. To facilitate the comparison with the band structure results, the experimental spectra of the LT phase (bottom panel) and
the HT phase (top panel) are plotted together with
their respective calculated DOS. The partial DOS
are multiplied with the Fermi-Dirac distribution
function, weighted by their respective tabulated
photoionisation cross-sections, and broadened to
account for the experimental resolution and lifetime effects. Finally, the commonly used integraltype of background – as indicated by the dotted
lines – is added to account for the presence of secondary electrons during the photoemission process.
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An extremely good correspondence between the
computational and the experimental results can
clearly be seen in Figure 5. The essential features in
the experimental data are all well reproduced,
including the energy gap between the Ge 4s-like
shallow core states and the remainder of the
valence band. The experiment confirms that most
of the Pt 5d spectral weight is concentrated at the
high-binding-energy side of the valence band, and
that the Ti 3d states contribute significantly to the
features near the Fermi level. Most importantly, the
broadening of the Pt 5d and Ti 3d derived bands in
the HT phase as compared to the LT phase is also
clearly revealed by the experiment.
The theoretical results regarding the metallicity of
the two phases are confirmed by resistivity measurements. For the LT modification the resistivity ρ
increases with decreasing temperature between
400 K and 200 K, indicating semiconducting
behavior (Fig. 6, top). The origin of the almost constant resistivity below 200 K and the additional
low-temperature upturn cannot be identified unambiguously at present, but is likely due to the presence of impurity-related states in the gap. In contrast, the HT phase shows, down to about 50 K, an
essentially linear decrease of ρ, as expected for
metallic behavior (Fig. 6, bottom). The absolute
values for the resistivity of HT-TiGePt are typical
for bad metals and almost four orders of magnitude
smaller than for the semiconducting LT phase. The
upturn of ρ below 50 K in HT-TiGePt remains at
present unclear. According to the susceptibility
data χ(T), it can neither be explained by a magnetic origin nor by extrinsic paramagnetic impurities.
Consistent with the low calculated DOS at EF, a
rather small χ(T) is observed, which is nearly temperature independent apart from a small Curie tail
at low temperatures. The susceptibility of the LT
phase is very small and featureless, indicating nonmagnetic behavior.
The chemical bonding in the LT and the HT modifications of TiGePt was investigated by a combined
topological analysis of the electron localizability
indicator (ELI) and electron density (ED), calculated
both by the FPLO and the TB-LMTO-ASA schemes.
The ELI distribution computed by FPLO (Fig. 7)
reveals the penultimate shell (5 th shell) of Pt being
clearly structured in LT-TiGePt (Fig. 7, top left),
while in the high-temperature case a weaker structuring can be seen (Fig. 7, top right). The topology
of the structuring (positions of the reduced values
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Fig. 6: Temperature dependence of the electrical resistivity
measured on polycrystalline samples of LT- (top) and HTTiGePt (bottom).

in the shell) in LT-TiGePt implies contributions of
penultimate-shell electrons (most probably 5d)
mainly to the Ti-Pt interactions, and only partially
to the Ge-Pt interactions.
Furthermore, the Ti penultimate shell is also
structured in both modifications. In the LT form,
the particular way this structuring takes place
(lower-ELI-value regions facing Ge positions,
Fig. 7 middle left) implies that the Ti penultimate
(3rd) shell electrons (most probably 3d) contribute
to interactions with the Ge atoms. However, the
analysis of the bonding interactions in the valence
region in LT-TiGePt (Fig. 7, bottom left) reveals
two attractors in front of the ‘hole’ in the inner shell
of Ti. Each attractor should visualize a three-center
bond Ge-Pt-Ti bond. In practice, it mainly reflects
the ring attractor of the Ge-Pt bond.
Resulting from its atomic arrangement, Ti seems to
make some, but not the decisive, contribution to
this interaction. Thus, the corresponding attractors
are considered as fingerprints of Ge-Pt interactions.
The next striking interaction in the LT-TiGePt is a
two-center bond Ti-Pt bond, whose attractor is
located on the line between the atoms.
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of the Ti-Pt bonding basin’s population during the
LT-to-HT transition. The electron count in the basin
of a three-centre Ge-Pt-Ti bond is about half an
electron yielding a total of 6.4 electrons per formula unit. On the other hand, in the HT modification
each six-centre bond basin contains 3.0 and
2.1 electrons (7.2 electrons per formula unit), indicating a significant increase in the number of multicentre bonding electrons on the basis of individual
basins.
In total, the Ge-Pt interaction is present in both
modifications of TiGePt, albeit as a part of multicentre bonding. The Ti-Pt interaction in the LT
modification is strong, but significantly reduced in
the HT modification. The Ti-Ge interaction is not
very pronounced in the LT modification, yet
becomes essential in the HT modification, albeit
again as a main part of multi-centre bonding.

Fig. 7: Electron localizability indicator in LT- and HTTiGePt.

The HT modification exhibits six different types
of attractors. Two of them visualize multi-centre
bonds whereas four of them show two-center
bonds. The former are six-centre bonds involving
one Ge, three Pt (nearest neighbours of Ge), and
two Ti (two of the five near neighbours of Ge).
Taking into account the contributions of each atom
these interactions are identified as mainly Ti-Ge
interaction (Fig. 7, top and middle right), and as
mainly Ge-Pt interaction (Fig. 7, middle and bottom right). The latter group of bonds is formed by
Ti and Pt atoms. The corresponding attractors are
difficult to identify (Fig. 7, middle right). Integration of the electron density in basins of the Ti-Ptbonding attractors gives 3.5 and 1.8 electrons per
formula unit for the LT and the HT modification,
respectively. This reveals a remarkable reduction

In conclusion, we found an unusual volume contraction (density increase) associated with the
phase transition of LT-TiGePt to HT-TiGePt. An
accompanied insulator-to-metal transition was
observed. The structural changes are related to significant changes of the atomic interactions, yielding a pronounced difference of the resulting electronic structures. This difference is well reflected in
the experimental results.
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New Developments in Clathrate Research
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Ulrich Burkhardt, Christophe Candolfi, Wilder Carrillo-Cabrera, Katherine Chiong3, Arnold
Guloy 3, Ying Liang, Hannes Lichte4, Katrin Meier, Hong Duong Nguyen, George Nolas 2, Niels
Oeschler, Yurii Prots, Marianne Reibold 4, Marcus Schmidt, Walter Schnelle, Ulrich Schwarz, Paul
Simon, Zhongjia Tang3, Igor Veremchuk, Aron Wosylus, Hui Zhang, Jing-Tai Zhao5, Frank Steglich
and Yuri Grin

Intermetallic clathrates have continued to be an
essential joint project at the institute. During the
recent research period long-standing questions
were elucidated, and new perspectives in the field
were opened. Despite intense research activities on
intermetallic clathrates, fundamentally new results
can still be achieved by applying advanced experimental methods and the concerted research action
of chemists and physicists.

BaGe5: A new Type of Intermetallic Clathrates
The great majority of intermetallic clathrate phases
form crystal structures related to type I and type II
gas hydrates. These phases are characterized by
covalently
bonded host
host frameworks
frameworks of,
of, typically,
covalently-bonded
group-14-elements encapsulating electropositive
metal atoms. However, with increasing content of
electropositive elements connectivity patterns
become more complex. A well-known example is
the chiral clathrate type with Pearson symbol cP124,
in which metal-centered pentagonal dodecahedral
cages enclose a zeolite-type labyrinth containing
chains of the remaining metal atoms [1]. The new
crystal structure type of BaGe5 (oP60, space group
Pmna) [2] may be described as an intermediate
£33 (cP54-3)
(cP46–3) [3]
[3] and
and Ba6Ge25
between Ba8Ge43
43£
25
(cP124) [4]. The crystal structure of BaGe5 reveals
only one type of polyhedron, Ge20 pentagonal
dodecahedra, which are centered by Ba atoms. The
remaining Ba atoms are either assembled in channels as in Ba6Ge25 or located in cavities which are
similar to the Ge24 cages in Ba8Ge43£3 (Fig. 1). The
Ge20 polyhedra are arranged via common pentagons
and hexagons to 2D layers perpendicular to [010].
These 2D layers are covalently interconnected via
disordered (3b)Ge– species which alternatively
occupy two neighboring positions. The electronic
balance expressed by [Ba2+][(3b)Ge–]2[(4b)Ge0]3
fulfills the counting scheme of a Zintl phase.
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Fig. 1: Crystal structure of BaGe5 with channels and covalently bonded layers along [100] (top); view down [010]
(bottom). Ba atoms are represented by large spheres in black
and grey, the disordered Ge sites are drawn in red and white.

decomposes at 820 820
K in
a peritectoid
BaGe55 decomposesataround
Kinaperitectoid
reaction to Ba6Ge25 and α-Ge. The reverse reaction
is kinetically hindered which is probably the reason
why the phase was not identified in thermodynamic equilibrium before. We succeeded in the preparation of BaGe5 by disproportionation of the hightemperature-phase Ba8Ge43£3. Hence, microcrystalline products contained ≈ 5 wt-% of α-Ge. As a
consequence of this discovery of a new equilibrium
phase in the system Ba–Ge, the phase relations of
the various multinary thermoelectric clathrates
based thereon should be reconsidered. The
clathrate BaGe5 constitutes a diamagnetic semiconductor and hence may represent a new prototype
structure for thermoelectric materials.
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Cs8–xSi46 and Cs8–xGe44+y: New type-I Clathrates
Until recently, a binary clathrate-I phase with Cs
had only been known for tin [5]. Although clathrate
frameworks can adapt to various kinds of filler
atoms, Cs was believed to be too large to be accommodated in Si and Ge frameworks. Surprisingly,
the new binary clathrates were obtained by highpressure syntheses [6, 7]. Both phases do not only
show large interatomic distances d(Ge–Ge) and
d(Si–Si), but also exhibit the largest lattice parameters ever observed for binary silicon and germanium type-I clathrates, respectively. The existence of
clathrate phases with expanded unit cell volume at
high pressure
pressuremay
maybebe
unexpected
unexpected
butthe
theoverall
overall volume decreases upon clathrate formation if compared to the respective educts. For instance, the
volume change for a reaction such as 2 Cs4Ge9 +
26.4 Ge → Cs8Ge44.40(2)£1.60(2) is calculated to be
about –273 Å3 per formula unit considering cell
parameters at ambient pressure. Hence, the formation of the clathrate-I is supported by the application of pressure, as it was similarly observed for
Ba8–xSi46 [8]. For both Cs8–xSi46 and Cs8–xGe44+y the
reaction conditions have a strong influence on the
composition. For the silicon clathrate, the occupation of the smaller Si20 cages by Cs atoms increased
with pressure, while the Cs positions in the larger
Si24 cages and the Si framework sites were always
fully occupied. According to X-ray powder diffraction data the composition ranged from Cs6.9Si46
(≈ 2 GPa, ≈ 1200 K) to Cs7.8Si46 (≈ 10 GPa,
≈ 1200 K). In contrast to the Cs8–xSi46 phase, the
germanium clathrate contains vacancies in the

Fig. 2: Crystal structure of the clathrate-I Cs8–xGe44+y£2–y.
Fig. 2:
Crystal
structure
of Ge
the framework
clathrate-I [8].
Cs8–xCs
Geatoms
with
defect
positions
in the
are.
44+y£2–y
with
positions
in the Ge
framework
[8].isCs
atoms are
drawndefect
in red,
the partially
occupied
Ge site
represented
drawn
in red, the
partially
Ge site
represented
by
transparent
spheres,
the occupied
fully occupied
Geissites
by blue
by transparent spheres, the fully occupied Ge sites by blue
spheres.
spheres.

framework (Fig. 2) as it was similarly observed for
K8Ge44£2 or Cs8Sn44£2. However, structure refinement of single crystal X-ray diffraction data revealed
the chemical composition Cs8Ge44.40(2)£1.60(2). The
higher Ge content is surprising, because 2 vacancies
£ per formula unit are expected for an ideal Zintl
phase with charge-balanced composition, according
to [Cs+]8[(3b)Ge–]8[(4b)Ge0]36. The structure analysis reveals a reduced free volume in the Ge24 cage
due to vacancy formation, which would be unfavorable for
for aalarge
largefiller
filleratom
atom[7].
[7].
However,
Csneutral
atoms
However,
only
would
bewould
only too
large
Cs atoms
be too
largeforforthe
thecages
cages considering
atomic radii. This might indicate that the Cs atoms do
not fully transfer their valence electron to the Ge
framework.

Synthesis of Clathrates by Redox Reactions
The preparation of the allotrope Ge (cF136) by oxidation of Na12Ge17 with an ionic liquid has opened
up new perspectives for the preparation of intermetallic phases at low temperatures [9].
Meanwhile, the purity of the bulk products has been
distinctly enhanced by utilising of gas-solid-reactions [10] (see contribution The Role of Ionic
Liquids in the Preparation of Intermetallic
Clathrates and Related Element Modifications).
The method was successfully applied to the synthesis of Ba8–xSi46 [11], which has attracted particular
interest as superconductor with silicon framework
[12]. The preparation at ambient pressure and low
reaction temperatures is remarkable because this
phase could, so far, only be prepared by high-pressure, high-temperature syntheses [8]. However, the
existence field of Ba8–xSi46 is not fully understood.
Calculation of ground-state energies for BaSi2, α-Si
and Ba8Si46 indicates that the clathrate with fully
occupied Ba sites is stable only at high pressure
[13]. On the other hand, a high-pressure product
with composition Ba7.76Si46 was transformed by
annealing at 800 K and under vacuum to a clathrate
with lower Ba content, namely Ba6.63Si46 [14]. From
the latter result it might be concluded that, for lower
Ba content, the clathrate phase is stable at ambient
pressure in this temperature range. The preparation
of Na2Ba6Si46 [15] by oxidation of Na2BaSi4 led us
then to the question of whether Ba8–xSi46 can also be
prepared at ambient pressure by this method.
However, our first experiments to oxidize the precursor phases Ba3Si4 or BaSi2 with gaseous HCl
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Fig. 4: TEM image of rod-shaped clathrate-II KxGe136
nanoparticles obtained by oxidation of K4Ge9 [19].

Fig. 3: Setup for the oxidation of intermetallic compounds
with HCl [11]: (left) the precursor and NH4Cl are placed
spatially separated at the same temperature T; (right) using
a two-zone furnace, the precursor is placed in the high-temNH4 Cl is placed in the low-temperature zone (T2), while NH4Cl
perature zone of the ampoule (T
(T11).).

resulted in the formation of nano-porous silicon [16,
17]. The reaction had been performed in a closed
ampoule in which the precursor and NH4Cl were
placed spatially separated (Fig. 3, left). In this setup,
gaseous HCl is generated from NH4Cl upon heating. In order to control the oxidation reaction, a low
partial pressure of HCl is required such that only
low reaction temperatures of about 573 K should be
applied. By using an improved experimental setup
with two different temperature zones (Fig. 3, right)
the reaction temperature of the precursor and the
partial pressure of HCl could be independently
adjusted. This way, polycrystalline samples of
Ba8–xSi46 could be prepared by oxidation of Ba3Si4
and BaSi2 [17].
The yield and crystallinity of the clathrate phase
could be substantially enhanced by using Ba4Li2Si6
as an alternative precursor. This is attributed to the
high mobility of Li during the redox process in
which the crystal structure of the solid substrate is
rearranged [11]. While Li reacts to LiCl, it was not
detected in the clathrate product anymore. Using
Ba4Li2Si6 it is possible to achieve the clathrate
product within only a few minutes of reaction time.
Depending on the reaction conditions, the clathrate
phase could be obtained in high yield with compositions ranging from Ba6.18(1)Si46 to Ba6.62(2)Si46.
Our preparation route provides an alternative to the
high-pressure route and may provide access to bulk
products of Ba8–xSi46.
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This example shows that the preparation of crystalline reaction products by the oxidation method
requires elaborate adjustment of the reaction conditions, while X-ray amorphous products are easily
obtained. However, this fact has been exploited to
prepare interesting nano-structured products [18].
Crystalline nano-sized particles of the clathrate-II
phases KxGe136 and NaxSi136 are obtained from a
dispersion of alkali metal tetrelides in an ionic liquid [19]. The morphology of the nanoparticles is
revealed by means of electron holography and
high-resolution electron microscopy. The particles
are typically bullet-shaped with dimensions of
15 nm – 60 nm in width and 100 nm – 300 nm in
length (Fig. 4). The preparation route might facilitate the access to silicon- and germanium-based
crystalline nanostructures.

Na24Si136: Preparation and Crystal Growth
For the first time, spark plasma sintering (SPS) was
successfully employed as a route for the synthesis
and crystal growth of intermetallic clathrates [20].
The method represents an electrochemical variant
of the redox reactions of precursor phases. A single-phase product of Na24Si136 was obtained containing single crystals of up to 500 µm in size
(Fig. 5). This is remarkable as binary silicon
clathrates are usually formed as microcrystalline
products by any other preparation method.
Historically, Na24–xSi136 was the first structurally
identified clathrate-II phase [21]. It has been
obtained directly
thermal decomposition
of
with Nabydeficiency
only, and with
Si
with
Na
deficiency
only,
and
with
clathrateNa
clathrate-I
or
α-Si
as
impurity
phases
directly
by
4 4
Ithermal
or α-Sidecomposition
as impurity phases.
crystals
of
crystals
of Na4SiSingle
4. Single
Si24136
Na
Si136were
wereobtained
obtainedbyby SPS
SPS treatment
treatment of
of 24
Na
Na4Si44 at 873 K for 3 hours, under uniaxial pres-
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Fig. 5: Scanning electron microscope image of Na24Si136
crystals obtained after SPS treatment of Na4Si4 at 600 °C.

Fig. 6: SPS preparation of Na24Si136: (left) reaction tool;
(right) cross sections of specimens treated by SPS at 600 °C
and 100 MPa. The formation of Na24Si136 from Na4Si4 in
dependence on the reaction time is cleary visible.

After the spark plasma treatment, a thin film of
Na is always found condensed at the cathode while
the clathrate formation started at the anode progressing towards the cathode (Fig. 6). By changing
the direction of current, the clathrate phase grows in
the inverse direction, which unambiguously proves
the influence of the DC electrical current on the
reaction. Na24Si136 forms by oxidation of Si44– at the
anode, whereas sodium is reduced at the cathode.
Upon oxidation of the Si44– cluster anions, the
clathrate framework is formed, while sodium is
simultaneously encapsulated in the resulting Si20
and Si28 cages. The crystal structure of the Na24Si136
was investigated in detail. A very large atomic displacement parameter is observed for Na atoms centered in the Si28 cage. A difference Fourier map calculated with Na removed from the model shows
only a broadly smeared, essentially spherical residual density, with a clear maximum at the center of
the cage reflecting a thermal motion (‘rattling’).
This is corroborated by Einstein-like modes attributed to Na atom “rattling” which was observed to
provide a pronounced contribution to the heat
capacity [23] (Fig. 7). The importance of the new
preparation method can be seen from the fact that it
has been highly challenging to prepare dense specimens of silicon clathrates free from detrimental
grain boundary effects.

Ba8Au5.3Ge40.7: A p-type Clathrate-I with high
thermoelectric Efficiency

Fig. 7: Experimental (dots) and calculated (black line) heat
capacity of Na24Si136 plotted as Cp/T3. The dashed line represents the electronic contributions, red and blue lines the
individual contributions of the Na atoms applying the
Einstein model [23].

sure of 100 MPa. The specimen was subjected to
ms-pulsed DC electrical current, with the punches
serving as electrodes (Fig. 6). The whole setup was
situated inside an argon-filled glove box for protection against oxidation and moisture [22].

The clathrate phase in the system Ba–Au–Ge was
initially assigned to the composition Ba8Au6Ge40
[24]. A material of this composition shows badmetal behavior [25]. In fact, the clathrate phase
exhibits a wide phase range with promising thermoelectric properties. To provide a reliable basis
for physical property measurements a single crystalline specimen was prepared as reference material by using the Bridgman technique [26]. The crystal exhibits p-type electrical conductivity, low thermal conductivity and a high Seebeck coefficient.
The maximum thermoelectric figure of merit was
found to be ZT = 0.3 at 511 K. SPS-compacted
finely ground samples with a slightly different
composition show an increase of ZT up to 0.9 at
680 K, opening up the opportunity for further optimization of thermoelectric properties.
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Summary
With BaGe5, a new type of clathrate (oP60) was
characterized. Based hereupon the phase relations in
the system Ba–Ge were revised. Applying high pressure synthesis the preparation of the so far unknown
clathrate-I phases Cs8–xSi46 and Cs8–xGe44+y was
achieved. The reaction of intermetallic precursors
with oxidizing agents has been established as a versatile preparation method. Using gas-solid reactions,
the clathrate phase Ba8–xSi46 was obtained which, so
far, had been accessible under high-pressure conditions only. Liquid solid redox reactions of precursors
with an ionic liquid resulted in the formation of nanosized clathrate phases. For the first time, a clathrate
phase, Na24Si136, was obtained by using an electrochemical redox process: Crystalline samples were
formed by spark plasma sintering of Na4Si4. The ternary clathrate-I phase in the system Ba-Au-Ge was
obtained with compositions showing promising high
thermoelectric efficiency.
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Intermetallic Phases as Thermoelectrics
Christophe Candolfi, Jing-Tai Zhao1, Horst Borrmann, Michael Baitinger, Q.-G. Cao1,
Raul Cardoso-Gil, H-H. Chen1, K. Guo1, Z.-Y. Man1, Helge Rosner, Walter Schnelle, Maik Wagner,
X.-J. Wang1, Hui Zhang1, Frank Steglich, and Yuri Grin

The last two decades have witnessed a renewed
interest in power generation and refrigeration
based upon thermoelectric (TE) effects. The design
of highly efficient TE materials, however, requires
an unusual combination of low electrical resistivity and thermal conductivity while, at the same
time, achieving high thermopower [1a]. These
three transport properties define the dimensionless
figure of merit at a given temperature which controls the efficiency of a TE device. However, all
these properties are interdependent making any
attempt to improve the values a complex task. In
an effort to overcome these difficulties and to push
beyond the level of common compounds, several
physical mechanisms were proposed to be
employed, and strong experimental endeavors were
taken to demonstrate a proof-of-principle [1a].
Among all the research directions explored in the
last few years, two fruitful strategies resulted in the
discovery of new efficient TE materials [1b]. A first
one relies on the search for materials that exhibit
complex crystal structures. Such structures may
pave the way for minimizing the thermal conductivity while maintaining good electrical properties.
These structures include skutterudites, clathrates
and Zintl phases [2]. A second strategy is related to
the search of semiconductors whose TE properties
may be optimized through partial substitutions of
the constituting elements. Here, we present examples which illustrate each one of these approaches:
the Zintl phases displaying a 1:2:2 stoichiometry
and the intermetallic compound Ru1−yIn3 and its
ternary derivatives.

crystal structure type to assess their potential as
thermoelectric materials [3–10]. Our goal is to
improve the thermoelectric properties of the
respective ternary Zintl compounds through substitutions on all the three crystallographic sites of the
CaAl2Si2-type structure. By this means the chemical disorder can be enhanced and thus, the thermal
conductivity reduced. We therefore investigated in
detail the systems YbxEu1−xCd2Sb2, CaxYb1−xCd2Sb2,
YbZnxCd2−xSb2, Eu(Zn1−xCdx)2Sb2 and YbCd2Sb2−xGex.
All the samples investigated were prepared by
reacting stoichiometric amounts of pure elements.
The ingots obtained were ground and densified by
spark plasma sintering. The thermoelectric properties were measured in the temperature range of
300 K – 800 K using a commercial set-up (ZEM-3
for measurement of α and ρ, and laser flash technique for κ). Significant improvement of the ZT
values could be achieved through the different substitutions studied (Fig. 1).
The thermoelectric performance of EuZn2Sb2 and
EuCd2Sb2 was optimized by mixed occupation of
the transition-metal position. Samples of the solid
solution Eu(Zn1−xCdx)2Sb2 were prepared from the
elements for compositions with x = 0, 0.1, 0.3, 0.5
and 1. The combination of low electrical resistivity,
high thermopower and low lattice thermal conduc-

The Zintl phases AM2Sb2
Over the last few years, in cooperation with our
partner group, we have focused our attention on the
synthesis, the crystal structure determination and
the characterization of the transport properties of
the Zintl phase compounds AM2X2 (where A is an
alkaline-earth or a divalent rare-earth metal, M is
Zn or Cd, and X is typically Sb) with CaAl2Si2

Fig. 1: Maximal thermoelectric figure of merit ZT in the
600 K – 720 K temperature range of the various ternary and
quaternary systems investigated.
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Fig. 3: High temperature thermoelectric properties of the
YbxEu1−xCd2Sb2 compounds.

Fig. 2: Crystal structure of YbxEu1−xCd2Sb2 showing
[Cd2Sb2] double layers and Eu and Yb cations between the
layers.

tivity resulted in a comparatively high ZT value of
1.06 at 650 K for an optimum Cd content of x = 0.1.
Another way to improve the thermoelectric properties was realized upon substituting on the cationic
site of the crystal structure of the EuCd2Sb2 and
YbCd2Sb2 compounds. The thermoelectric properties of the solid solution YbxEu1−xCd2Sb2 were
investigated for x = 0, 0.5, 0.75, and 1. The crystal
structure (Fig. 2) is formed by double layers of corrugated hexagons of Cd and Sb, together with Eu
and Yb between the layers. Upon substituting Yb by
Eu, the lattice parameters were found to increase.
Figure 3 shows the thermoelectric properties of
the four samples investigated within the temperature range 300 K – 650 K. These materials show
rather low electrical resistivity values that vary
between 40 mΩ cm and 90 mΩ cm at 650 K.
Regardless of the Eu content, high thermopower
values are achieved over the whole temperature
range investigated. Owing to the complex crystal
structure and chemical bonding of these compounds
together with the enhanced disorder on the cationic
site, low thermal conductivity values can be
reached, similar to those encountered in clathrate
compounds for instance. The combination of high
thermopower values and low thermal conductivity
results in maximum ZT values of 0.88 and 0.97 at
650 K for x = 0.5 and x = 0.25, respectively.
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In summary, three compositions with ZT > 1
were obtained. Among them YbCd1.6Zn0.4Sb2
exhibits the highest ZT value we achieved so far,
with a maximum value of 1.2 at 700 K. Our investigations also demonstrate the potential of the Zintl
phases for thermoelectric applications. Further
optimization of the thermoelectric properties of
these compounds might be realized through partial
substitutions on the three crystallographic sites of
the crystal structure.

Ru1−yIn3
The phase Ru1−yIn3 belongs to the TME3 family of
compounds, where TM is a transition metal from
group 8 or 9 and E is a metal of group 13, respectively. These phases differ in their valence electron
concentration (VEC): 17-electron compounds
exhibit semiconducting behavior while 18-electron
compounds are metals [11]. Ruthenium and indium
represent the heaviest known low-toxic combination of elements that composes a 17-electron configuration. For this reason we have focused our
investigations to the potential of Ru1−yIn3 and its
substitution variants RuIn3−xAx (A = Sn, Zn) as new
TE materials [12].
The crystal structure of Ru1−yIn3 belongs to the
FeGa3 type (space group P42/mnm, no. 136) and
can be described as a 3D packing of polyhedra. The
main building unit is a trigonal prism, composed of
In atoms centred by Ru; two additional In atoms
cap the two square faces of the prism. Two of these

RESEARCH REPORTS

Fig. 5: Calculated total electronic density of states for
RuIn3 and the substitution-derivatives RuIn3−xSnx (x = 0.15
and 0.30) close to the Fermi level. The latter is indicated by
the vertical line.

Fig. 4: Polyhedral representation of the crystal structure of
RuIn3 (a) and its trigonal prisms of building units with
shared faces and double caps [Ru2(In1)2(In2)4] (b).

bi-capped trigonal prisms share a common face,
such that each Ru is simultaneously at the center of
a prism and caps the adjacent one. In the unit cell
these building units are interlinked by sharing In2
corners in the [001] direction and via common In1
atoms in the (001) plane. This way, a three-dimensional network is formed.
From the X-ray diffraction patterns of Ru1−yIn3
samples, the lattice parameter a practically does
not change with Ru content, while the value of c
increases for the more In-rich samples and decreases in the In-poor ones. This indicates the existence
of a homogeneity range in Ru1−yIn3 caused most
probably by the defect occupation of the Ru site.
Substitution of In by Zn or Sn leads in both cases
to a reduction of the lattice parameter c, again leaving a unchanged. This behavior may be explained
by the preferential occupation of the In1 position
with Sn or Zn at small substitution ratios.
The calculated electronic density of states (DOS)
for RuIn3 (Fig. 5) shows a band gap of ~ 0.3 eV that
is slightly smaller than the experimental
observation of ~ 0.45 eV. The DOS of RuIn3−xSnx
for a series of Sn concentrations (virtual crystal
approximation) reveals an almost rigid-band-like
behavior for small Sn concentrations, especially in

Fig. 6: Temperature dependence of the electrical resistivity
(upper panel) and thermopower (lower panel) of Ru1−yIn3,
RuIn3−xSnx and RuIn3−xZnx.

the relevant region close to the Fermi level. This is
in qualitative agreement with the experimentally
obtained thermopower values, which decrease
upon an increased substitution of In by Sn or Zn.
The binary Ru1−yIn3 samples exhibit a semiconducting behavior (Fig. 6). After a short plateau, the
resistivity decreases significantly above 350 K by
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Fig. 7: Temperature dependence of the thermal conductivity (upper panel) and ZT (lower panel) of Ru1−yIn3,
RuIn3−xSnx and RuIn3−xZnx.

respect to that of RuIn3. The small increase of the
thermal conductivity of all materials at temperatures above 600 K most likely arises from the thermal excitation of minority carriers across the band
gap. The electronic contribution κel, which can be
derived from the Wiedemann-Franz law κel = LT/ρ,
where L is the Lorenz number of 2.4510−8 V2 K−2,
increases with increasing temperature. Because of
the low values of κel the thermal conductivity is
mainly determined by the lattice contribution.
The dimensionless figure of merit for Ru1−yIn3
and its derivatives is plotted in Figure 7 as a function of temperature. While the binary Ru1−yIn3
exhibits a rather low ZT of 0.07 at 753 K, this value
increases upon substitution up to 0.17 at 676 K for
the
highest
tin-substituted
composition
RuIn2.90Sn0.10. However, substituting Ru1−yIn3 with
Zn is a more effective way to improve the ZT value
reaching 0.45 at 630 K for RuIn2.95Zn0.05. This
value is nearly three times higher than the values
obtained with Sn and indicates that significant
improvements of the thermoelectric properties in
the class of TME3 compounds can be achieved via
partial substitutions.
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Confined Metals and Low Temperature Syntheses
Michael Ruck 1

Within the next decades, modern information and
communication technology will approach the
length scale of a few nanometers. Besides the limitations of the lithographic process also fundamental
problems such as a poor signal-to-noise ratio or
unexpected quantum effects will appear. Still a suitable materials basis and a lot of basic knowledge
about the physics of such surface-dominated materials are lacking, especially when they are embedded into other materials or exposed to air. Current
research just started to look on quantum effects on
the surface of nanostructured materials, such as
Majorana electrons in topological insulators.
Being chemists, our task is to create new materials suitable for subsequent research on properties
and to develop innovative routes of processing. In
close cooperation with physicists we are presently
exploring the properties of so-called confined metals [1]. While most of the synthetic methods out of
the wide variety of classical solid state chemistry
are not suited for processing metals on the
nanoscale, soft chemistry routes must be adopted.

Confined Metals: Limiting the Mobility of
Conduction Electrons
The boundaries between the material classes of
metals, semiconductors, and insulators are more
vague than often recognized. This becomes apparent when the mobility of the conduction electrons
is massively restricted by at least one of the following circumstances: (a) Partial electronic localization in covalent bonds, on ions or in lone-pairs;
(b) contrast of bonding interactions in adjacent
parts of the structure, i.e. separation of metallic and
non-metallic domains; (c) reduced size or dimensionality of metallic domains; (d) real structure
effects like impurities, dislocations or grain boundaries. For such cases the terms of poor metals or
confined metals have been coined [1].
Confined metals proved to have particular physical properties, e.g., coexistence of ferromagnetism
and superconductivity in the same phase. The latter
was found in nanostructured Bi3Ni (see below).

Generally, low-valent bismuth compounds are a
fertile field for the investigation of the properties of
matter at the limit of the metallic state [2]. They
comprise metallic nanorods and nanotubes, crystalline metal/salt hybrids, low-dimensional metals,
complex intermetallics and unique clusters. Most
of these compounds have been obtained by typical
high temperature methods, generally crystallization from melts or deposition from the gas phase.
The adoption and development of low temperature
synthetic routes to inorganic materials, however,
did not only reproduce previous results but opened
new perspectives.

Room Temperature Ionic Liquids: A Mighty Tool
for the Synthesis of Metal-Rich Compounds
Room temperature ionic liquids (RTIL) are molten
salts of only weakly interacting (organic) ions. They
have distinct physical properties, such as high thermal stability, wide liquid range, negligible vapor
pressure, good ionic conductivity, wide electrochemical window, and high solubility of both
organic and inorganic substances. The inherent
thermal stability of RTIL permits access to low and
moderate temperatures, at which kinetically stabilized phases can be obtained. This soft-chemical
approach is common in organic synthesis, catalysis,
polymer science, nanotechnology, and in the synthesis of clathrates, and zeolites, but widely unexplored for the preparation of metal-rich compounds.
We succeeded in expanding the span of this technique towards the preparation of cluster compounds by demonstrating that main-group elements
(e.g. Ga, In, Sn, Sb, Bi, Se, or Te) and transition
elements (e.g. Mo or W) as well as their halogenides are high soluble in Lewis-acidic RTIL [3].
After overcoming the issue of kinetic hindrance of
crystallization from such highly viscous media, a
wide variety of well-crystallized compounds could
be isolated with high yields in uncomplicated onepot syntheses within only two days [4]. Some
examples are Sn[SnCl][W3Cl13] [5], Bi[Mo5Cl13]Cl
[6,7], [Mo2Te12]I6 [8], Te6[WOCl4]2 [4] and
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Fig. 1: Clusters from Ionic Liquids.

[Sb10Se10][AlCl4]2 [9] (Fig. 1). The mild reaction
conditions in RTIL minimize the risk of product
decomposition, which is a major drawback of high
temperature routes. The control of reaction parameters, such as solvent acidity, oxidizing/reducing
agent, or halide acceptor, allows optimization of
the synthesis and improves reproducibility.

Microwave-Assisted Polyol Process: Nanoscale
Intermetallics at Hand
In addition we established an alternative synthetic
strategy, the microwave-assisted solvent-mediated
precipitation of intermetallic phases. Chemical
reduction of metal atom containing precursors in
ethylene glycol is known as the polyol process.
Reduction, seed formation, and crystal growth take
place in solution at a temperature (T ≈ 240 °C) far
below that necessary for crystallization from melt.
The polyol serves as both solvent and reducing
agent, and it acts as a protecting agent, avoiding
agglomeration or sintering of the dispersed metallic (nano)-particles. The use of microwaves instead
of conventional heating proved to be highly beneficial with regard to yield, purity and uniform morphology of the product.
In the case of Bi3Ni highly dispersed submicrometer crystals were obtained [10]. The
faceted particles have the same shape and almost
the same size (Fig. 2). For comparison: Crystallization from melt needs more than 500 °C and
always results in a heterogeneous regulus due to
the peritectic formation of Bi3Ni at 469 °C.
Another instructive example is the preparation of
Bi2Ir nano-particles by this method. Direct reaction
between the elements is hampered by the inevitable
fact that iridium melts at 2410 °C, a temperature at
which bismuth is already in the gas phase (boiling
point 1560 °C).

Fig. 2: Submicron Bi3Ni by microwave-assisted polyol
process.

Reductive Pseudomorphosis: An Access to
Metastable Metals
Metastable metallic phases are rarely isolated due to
the lack of directed covalent interactions, which hinder further phase transitions into thermodynamically
stable states. The conventional approach, a very rapid
quenching of melts, usually produces metallic glasses instead of quasicrystalline or periodic structures.
We succeeded in the synthesis of the metastable
intermetallic compound Bi28Ni25 via the low temperature reduction of the subiodide Bi28Ni25I5 with
nBuLi [11]. In a pseudomorphosis, the iodine was
completely extracted while the needle shaped crystals were preserved. Even the intermetallic structure
fragments of the precursor survived the procedure
and rearranged themselves into a unique crystal
structure (Fig. 3). These fragments are decagonal
rods of about 1 nm in diameter, which consist of an
outer Bi tube and an inner Ni tube. As in Bi28Ni25I5,
the additional Bi atoms on the central axis follow
another periodicity than the rest of the structure.
Bi28Ni25 decomposes exothermically into BiNi and
some Bi3Ni upon heating to about 140 °C. Thus, the
compound is metastable (probably under all conditions) and not part of the binary phase diagram.

Fig. 3: Bi28Ni25I5 transformed into Bi28Ni25.
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Fig. 4: Superconducting transition and broadened ferromagnetic hysteresis of nanostructured Bi3Ni.

Fig. 5: Bismuth nanotubes by reduction of BiI.

In a similar heterogeneous reaction Bi12Ni4I3 was
transformed into bundles of parallel Bi3Ni nanofibres [10]. While the bulk is diamagnetic and shows
conventional type-II superconductivity, the nanofiber bundles as well as the submicron nanoparticles from polyol synthesis undergo ferromagnetic
ordering below 20 K [12]. Type-II superconductivity emerges in all samples at the same critical
temperature, slightly above 4 K. Furthermore, we
observe that superconductivity coexists with ferromagnetism while the latter’s order has already been
established. Below Tc the superconductivity broadens the ferromagnetic hysteresis due the mutual
interplay of both ground states (Fig. 4). The morphology of the Bi3Ni samples influences Curie
temperature, coercive field, remnant magnetization, saturation moment, diamagnetic screening,
and critical fields. The maximum upper critical
field µ0Hc2 of the nanofiber bundles reaches
remarkable 11 T (bulk: 0.4 T), which indicates a
stabilization of the Cooper pairs.
Finally, the room-temperature reduction of BiI
resulted in the formation of double-walled bismuth
nanotubes (DWBiNT), i.e. in a structural motif distinct from the precursor (Fig. 5) [13]. Although no
template was used, the tubes are uniform with an
outer diameter of 6 nm. The two coaxial cylinders
consist of six-membered rings with chair conformation resembling the bulk structure of bismuth.
According to quantum theoretical calculations,
DWBiNT should show superior thermoelectric
performance (ZT up to 10), which now has to be
tested.

Conclusion and Outlook

_______

[13]

1

Technische Universität Dresden, Germany

The above selection of recent results demonstrates
the unbroken aptitude of inorganic chemistry to
generate interesting materials. Adequate characterization and theoretical analysis, however, lie in the
hand of experts from experimental and theoretical
physics, who are willing to accept the challenge.
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Magnetism and Spin States of FeSb2
Peijie Sun, Nils Hollmann, Zhi Wei Hu, Walter Schnelle, Micheal Baenitz, Simon Johnsen1,
Martin Søndergaard 1, Bo Brummersted Iversen1, Júlio Criginski Cezar 2, Nick B. Brookes 2,
Liu Hao Tjeng, and Frank Steglich
ent from that of other semiconductors of this family
[11]. As shown in Figure 1, χ(T) of FeSb2 is characterized by a crossover from low-temperature diamagnetism to a largely enhanced paramagnetism at
T > 100 K. After passing through a broad maximum
at around 400 K, χ(T) smoothly decreases with
temperature up to 750 K. Further increase of the
temperature results in a more rapid decrease of χ(T).
By assuming correlated conduction and valence
bands, Goncalves da Silva was able to theoretically
interpret the peculiar enhancement of χ(T) above
100 K [12]. By contrast, after the recognition of the
strong similarities in magnetic properties between
FeSb2 and FeSi [4,13], the Kondo insulator [4] and
the nearly magnetic semiconductor [14] models
were also applied to FeSb2 in analogy with FeSi. A
description of the χ(T) employing a narrow-band,
narrow-gap scheme (inset of Fig. 1), which is compatible to the Kondo insulator description, requires
an unrealistically narrow band width W (the dashline calculation shown in Figure 1 is based on W =
59.5 meV, roughly the same size as the employed
energy gap, Eg = 57.8 meV). For FeSi, this has been
taken as a proof supporting the Kondo insulator scenario [15]. Notice, however, that the fit of this model
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The prototype d-electron based correlated semiconductor FeSi continues to attract significant
interest in the field of solid state physics due to its
unusual magnetic and thermodynamic properties
[1]. FeSb2, a newly identified narrow-gap semiconductor, is also receiving attention because of its
striking similarities to FeSi [2,3,4]. Part of our
interest in this class of materials stems from their
potential as thermoelectric materials in the cryogenic range. In particular, FeSb2 exhibits a colossal
thermopower amounting to – 45mV K–1 at around
10 K [5, 6]. The two compounds have rather close
energy scales: for example, the crossover from diamagnetism to enhanced paramagnetism occurs at
~100 K in both systems; the main transport gap in
FeSb2 and FeSi is roughly 30 meV and 50 meV,
respectively.
To capture the significant many body effects
found in these systems, different theoretical
approaches have so far been proposed including the
Kondo insulator [7] and the nearly magnetic semiconductor [8] scenarios, as well as the recently suggested correlated band insulator model [9], i.e., a
more general physical treatment starting from the
picture of a classical semiconductor including
many-body renormalizations. While each model
can more or less explain the observed main features
in both systems, a consistent interpretation of the
magnetic, transport, optical and thermodynamic
properties in a unified framework is still lacking.
We report on our experimental investigations of
the magnetism and Fe spin-state configurations of
FeSb2, which provides a basis for the interpretation
of the unusual physical properties observed in this
material. This contribution is a follow-up of our
previous scientific report [10], where transport
properties, NMR and optical properties have been
presented.
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Magnetic properties
FeSb2 crystallizes in the orthorhombic marcasite type
sturcture. Its magnetic susceptibility χ(T) was realized already four decades ago to be distinctly differ-
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Fig. 1: Magnetic susceptibility of FeSb2 up to 800 K in
comparison to the reported values in literatures [7,11]. The
dash line is a calculation based on a simple narrow-band
narrow-gap model (inset). Notice that the high-temperature part does not fit well to this model.

RESEARCH REPORTS

X-ray absorption spectroscopy and Fe spin
states

Fig. 2: Inverse magnetic susceptibility of FeSb2 in the temperature range 400 K – 800 K, with the diamagnetic contribution subtracted from the raw data. No clear CW behavior
is observed in this range. By contrast, the dash line based
on the same calculation as shown in Figure 1, is CW like at
high temperatures.

to FeSb2 yields considerable discrepancy at temperatures above the χ(T) maximum (cf. Figs. 1 and 2).
Extending the temperature range of the reported
magnetic susceptibility [4,11,14] up to 800 K
enables one to check the applicability of the CurieWeiss (CW) law at higher temperatures, which is
anticipated by the Kondo insulator and the nearly
magnetic semiconductor scenarios and has been
experimentally observed for FeSi [13]. As seen in
Figure 2, the inverse magnetic susceptibility
exhibits a positive curvature; a linear variation of
1/χ(T ) as expected by the CW law cannot be identified in any temperature range between 400 K and
800 K, in contrast to the CW like behavior of the
calculated curve based on the narrow band model.
One possible reason accounting for the absence of
CW behavior lies in the complex electronic structure in the vicinity of the Fermi level, as revealed by
various electronic structure calculations [3,16]. As
far as the magnetic properties are concerned, it
seems that the correlated band insulator scenario
[9], which starts from a realistic band structure and
takes significant many body effects into account, is
more flexible to describe the unusual magnetic, as
well as the transport, optical, and thermodynamic
properties [2].

It is perhaps also helpful to investigate the intriguing electronic and magnetic properties from a local
viewpoint, since the rise in magnetization with
temperature could be explained by a spin-state
transition of the Fe 3d electrons. In an early paper,
Goodenough [17] proposed an electron occupation
close to 3d 4 at the iron sites, where the electrons
form a non-magnetic low-spin state with S = 0.
When the temperature is increased, the rise in magnetization could be caused by a thermal population
of an excited magnetic spin state. However, band
structure calculations predict that the electron
occupation is close to 3d 6 for Fe [3]. No direct
experimental evidence for the electronic occupation of the Fe 3d shell and the possibility of a spinstate transition existed so far.
We have performed X-ray absorption spectroscopy on the Fe L2,3 edge, a technique that is
highly sensitive to the local electronic structure,
both in terms of occupation numbers and spin
states. In Figure 3 we show the spectrum for FeSb2
along with other iron compounds as references:
FeO and Fe2O3 are ionic-like and strongly correlated Fe2+ and Fe3+ high-spin systems, respectively,

Fig. 3: X-ray absorption on the Fe L2,3 edge of FeSb2 and
references.
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Fig. 4: X-ray magnetic circular dichroism of FeSb2.

while FeS2 is a rather covalent system with a lowspin configuration. From comparison to the spectrum of FeSb2, we can draw three significant conclusions. (1) The absolute energy position and the
line shape show that the occupation is indeed close
to 3d 6 as predicted by band structure calculations.
(2) The FeSb2 XAS spectrum shows very distinct
features reminiscent of multiplet structures. This
means that electron correlations are important in
FeSb2, and that the system is far away from a band
material. (3) The spectral weight distribution
between the L2 and L3 lines (the branching ratio) is
a good indication for the spin state of Fe. For
FeSb2, we find a clearly enhanced spectral weight
at the L2 line, like for the low-spin FeS2 reference.
The branching ratio thus indicates a predominant
low-spin state for FeSb2.
Interestingly, we also see features in the FeSb2
spectrum which are not present in FeS2, for example the low energy peak at 707 eV and the shoulder
at 720 eV. Such features are present in the FeO
spectrum, suggesting that there is also a high-spin
contribution in FeSb2.
To investigate this issue in more detail, we have
also performed X-ray magnetic circular dichroism
(XMCD) measurements of the Fe L2,3 edge of
FeSb2. The results are shown in Figure 4. A small
dichroic signal is found at the low energy side of the
L3 and L2 lines, which is the part of the spectrum
that is suspected to indicate a high-spin contribution
and which has a more atomic-like lineshape.
Surprisingly, this XMCD signal increases with
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decreasing temperature, approximately with a
Curie-law. This means that the local magnetism
picked up in the XMCD experiment is in stark contrast to the behavior observed in the bulk magnetic
susceptibility in Figure 1. We attribute the high-spin
signal of FeSb2 to surface effects. It is well-known
that the electronic structure of correlated materials
at the surface can be quite different from the bulk
due to differences in the local coordination. This is
especially true if the system is close to an instability, e.g. close to a low-spin to high-spin transition
like it has been proposed for FeSb2. We therefore
speculate that the Fe in the near surface region of
FeSb2 is in the high-spin state while the Fe in the
bulk is in the low-spin state, and that we are able to
pick up this high-spin signal because of the XAS
probing depth of about 50 Å only. In the near future
we plan further investigations using bulk-sensitive
X-ray inelastic scattering in order to confirm our
conjectures and to determine the temperature
dependence of the spin state in the bulk of FeSb2.
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Structural, Electronic and Superconducting Properties of Filled
Skutterudites MPt4Ge12 (M = Sr, Ba, La, Ce, Pr, Nd, Sm, Eu)
Walter Schnelle, Andreas Leithe-Jasper, Michael Baenitz, Horst Borrmann, Ulrich Burkhardt,
Jan Gegner1, Roman Gumeniuk, Michael Marek Koza2, Kristina Kvashnina3, Alexander Maisuradze4,
Michael Nicklas, Helge Rosner, Rajib Sarkar, Peter Thalmeier, Liu Hao Tjeng, and Yuri Grin

Skutterudites and clathrates are intermetallic compounds with cage-like structures which have been
investigated at the MPI-CPfS for several years by
now. New filled skutterudite compounds MPt4Ge12
with a host structure composed of germanium and
platinum have been discovered [1]. This novel cage
structure accommodates early rare-earth
rare-earth ions
ions (La,
Ce, Pr, Nd, Sm, Eu) as well as the alkaline-earth
ions Sr and Ba [2,3]. Meanwhile, other groups have
reported isostructural compounds with M = Th, U
[4, 5]. The compound with M = Sr, Ba, La, Th,
and – most interestingly – Pr are superconductors
with Tc up to 8.2 K [2–4]. Recently, we have studied the structural, electronic, magnetic, and especially the superconducting properties of these compounds in depth with a wide variety of methods and
within several external collaborations. In addition,
further theoretical and experimental investigations
were devoted to the vibrational and ferromagnetic
properties of iron-antimony based filled skutterudites [6–8].
Structure and Bonding
A comprehensive study of the crystal structure and
chemical bonding in MPt4Ge12 provides the basis
for the understanding of the physics of this class of
compounds [9]. Therefore, systematic studies of
the crystal structure based on
on single-crystal
single crystal diffraction data have been carried out. Depending of the
size of the M species, atomic displacement parameters of filler atoms M can be similar or much larger than those of Pt and Ge. This observation is
mainly due to structural peculiarities since the electropositive metal atoms M reside in a large (distorted icosahedral) cage within the platinum-germanium framework. This trend of atomic displacement
parameters has been observed in all filled skutterudite phases and has been paraphrased in the literature as “rattling” motion of M. However, our
detailed lattice-dynamics calculations and experimental studies (in co-operation with scientists of
the ILL, Grenoble) of the vibrational dynamics by
inelastic neutron scattering in Fe-Sb-based skut-

Fig. 1: Electron localizability indicator in LaPt4Ge12. The
isosurface of ELI-D reveals a structuring of the penultimate
shell of Pt (the pink sphere is the Pt nucleus) and appearance of the maxima on the Ge–Ge bonds. The maxima corresponding to the Pt–Ge bonds occur at a lower ELI-D
value and therefore are not shown. The bond counts are
obtained from the integration of the electron density within
the basins of the ELI attractors [9].

terudites show that the vibrational DOS follows the
theory of harmonic crystals and thus the common
phonon-glass (electron-gas) model description is
called into question [6].
Electronic structure calculations and chemical
bonding analysis by the electron localizability indicator (ELI, Fig. 1) describe the MPt4Ge12 compounds as covalently bonded polyanionic [Pt4Ge12]
framework structures which are stabilized by electron transfer from the filler cation M. The interaction involving the electrons of the penultimate shell
of the M atoms is visualized. In case of filled skutterudite compounds containing 3d metals, the DOS
at the Fermi level is dominated by contributions of
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Fig. 2: Normalized and background-corrected valence-band
photoemission spectra of SrPt4Ge12 taken with a photon
energy of 190 eV (black dashed line) and 700 eV (blacksolid line). The 700 eV spectrum has been rescaled with a
factor of 0.4. The difference spectrum (green solid line) is
compared to the calculated Ge 4p DOS (green thin line) and
Ge 4s DOS (blue dashed line) [10].

Unconventional superconductivity in PrPt4Ge12
The crystal field ground state of Pr in PrPt4Ge12 is
a Γ1 singlet and the first exited triplet state Γ4(1) lies
very high (ΔE⋅kB–1 ≈ 130 K) [2]. This basically
allows for superconductivity with comparatively
high Tc of 7.9 K for this compound (LaPt4Ge12:
Tc = 8.3 K). Early on we observed that for both the
La and Pr compounds [2, 11] the electronic specific heat well below Tc is proportional to T 3 instead
of increasing exponentially with T. Such behavior
hints at point nodes in the k-dependence of the
superconducting energy gap Δ(k) [11]. A study of
superfluid density
density ρρss(T⋅T
(T/Tc–1
down to
to temperathe superfluid
c ) ) down
tures of 0.004 Tc (Fig. 3a) by means of transversefield muon spin rotation spectroscopy (μSR) in cooperation with scientists of the Paul Scherrer
Institute, Switzerland, confirmed this conclusion.
Moreover, the detailed temperature dependence of
) )was
ρss(T/T
(T⋅Tc–1
was compared
compared with
with the
the quasi-particle

3d metal states. In contrast, for the MPt4Ge12 compounds, it is essentially composed of Ge p states
with Pt 5d contributions at significantly lower
energies.
SrPt4Ge12 – a photo-electron spectroscopy study
For an evaluation of the electronic band structures
as well as the chemical bonding analysis, spectroscopic data are desirable. Such a validation is
important since one would like to know whether
band theory can provide a solid basis for the modeling of the physical properties in the MPt4Ge12
series. We therefore set out to perform a comparative study [10] of the valence-band electronic
structure of superconducting SrPt4Ge12 by means
of X-ray photoelectron spectroscopy and fullpotential band structure calculations. Excellent
agreement between the measured photoemission
spectra and the LDA band structure calculation was
observed (Fig. 2). This agreement confirms the picture of the chemical bonding analysis yielding
rather deep-lying Pt 5d states which only partially
contribute to covalent bonds with the Ge 4p electrons. In turn, the states at the Fermi level that are
relevant for superconductivity of this compound
can be firmly assigned to originate predominantly
from Ge 4p electrons.
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Fig. 3: Temperature dependence of the superfluid density
–1
Tcc) normalized
) normalizedtotoitsitsvalue
valueatatTT== 30
30 mK.
mK. The lines
ρs (T /T
k-depend-represent fits using six different models for the k-depend
ence of the energy gap as illustrated in the lower panel. The
region [11].
[11].
inset magnifies the low-temperature region
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CePt4Ge12 – Ce on the intermediate valence side
Regarding the typical broad maximum in the
magnetic susceptibility χ(T), CePt4Ge12 was immediately suspected to exhibit an intermediate (fluctuating) valence of cerium [2]. Furthermore, the 195Pt
NMR shift which probes the local susceptibility,
shows a similar behavior [13]. A more in-depth
study [14] by high-energy resolution fluorescence
detected (HERFD) X-ray absorption spectroscopy
(performed atatthe
theESRF
ESRF
Grenoble)
revealed
a
Grenoble)
revealed
a temtemperature-independent
Ce valence
close
three
ν =to3.13(2)
perature-independent
non-integer
valence
(Fig.
electronic
specific
of Ce4).
(Fig.The
4). The
electronic
specificheat
heat coefficient
γ of CePt4Ge12 is moderately enhanced
(105 mJ mol–1 K–2), both with respect to ThPt4Ge12
(as reference for the tetravalent state; γ =

XANES
Ce L 3 edge

HERFD
HERFD
TFY
TFY

CeO2
CeO
2

Intensity
Intensity (arb.
(arb. units)
units)

spectrum resulting for diverse superconducting gap
functions Δ(k) (see Fig. 3b) compatible with the Th
symmetry of the filled skutterudite crystal structure. It is evident that the isotropic BCS-type gap
cannot describe the data, but models C, D, and F
–1
provide a good
). Indeed,
good description
description ofof ρρs(T⋅T
c c ).
s (T/T
functions C and D come with a gap-to-Tc ratio
Δ0 ⋅k
/kBBTcc–1ofof2.68
2.68and
and2.29,
2.29,respectively,
respectively, which
which are
compatible with our specific heat data, while
model F can be excluded. These two gap symmetries have point nodes and have been discussed as
favorable descriptions for the heavy-fermion
superconductor PrOs4Sb12.
Further studies with μSR in zero field addressed
the question of the presence of a magnetic field in
the superconducting Meißner phase [12]. The presence of an internal field hints at time-symmetry
breaking by a non-singlet superconducting order
parameter. We were successful to detect such a signal below Tc for PrPt4Ge12 but not for LaPt4Ge12
[12], suggesting that the Pr-compound is an unconventional superconductor. In addition, we prepared
samples of PrxLa1–xPt4Ge12 and measured their Tc
and the specific heat jump Δcp at Tc. Interestingly,
both properties do not show strong deviations from
a linear variation with the substitution parameter x.
This points to a compatibility of the order parameter symmetries of LaPt4Ge12 and PrPt4Ge12, which
is not expected for a spin-singlet and a spin-triplet
order parameter. One may thus speculate that the
degeneracy of the order parameter of PrPt4Ge12 is
within the orbital channel instead of the spin
degree-of-freedom. Further μSR investigations of
LaPt4Ge12 and of SrPt4Ge12 and BaPt4Ge12, which
have lower Tc, are underway.
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Fig. 4: Experimentally obtained high-resolution (HERFD)
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12
recorded with the X-ray emission energy set to 4839 eV at
300 K and the theoretically calculated partial density of
states of CePt44Ge12
12. The spectrum of CeO22 is compared
with total fluorescence yield (TFY) curves. The Ce atoms
in an
a valence
state valence
close tostate
+3 in
the
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(mean
whole
measured in
temperature
value +3.13(2))
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An analysis
of the specific-heat data [14] revealed a broad maximum of the f-electron contribution at ≈ 65K, which
coincides roughly with similar maxima in the
Seebeck coefficient S(T) (+32 μV K–1 at 80 K) and
the aforementioned maximum in the magnetic susceptibility. CePt4Ge12 shows Fermi-liquid behavior
at low temperatures and is a metal with dominating
hole-like charge carriers (as proven by Hall-effect
data). Our detailed 195Pt NMR study [13] (Knight
conshift and spin-lattice
spin-latticerelaxation
relaxationrate)
rate)isishowever
fully consissistent
with
pictureofofan
anintermediate
intermediate Ce valence.
tent
with
thethepicture
These findings are in contrast to the conclusions of
another group which interprets their results in the
framework of a correlated semimetal with a large
number of residual states in the gap [15].

An exotic heavy fermion system – SmPt4Ge12
The MPt4Ge12 skutterudites with Nd and Eu could
be synthesized by conventional methods. While the
Nd ion is – as usual –– trivalent,
rivalent, and
and has a quartet
ground state, the Eu in EuPt4Ge12 is in a stable
(divalent) 4f 7 configuration with the 8S7/2 state.
Both compounds order antiferromagnetically at
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low temperatures (TN = 0.67 K and 1.78 K, respectively) [16]. The Sm compound, however, could
only be synthesized at elevated pressure (5 GPa)
and is metastable at ambient conditions.
The magnetic susceptibility of SmPt4Ge12 is of vanVleck type and similar to that of ionic compounds
with trivalent Sm [17]. In contrast, an investigation by
X-ray absorption spectroscopy resulted in a noninteger valence state of Sm (ν = 2.90(3)), which is
independent of temperature. This is in agreement with
the deviation of the cubic lattice parameter a of
SmPt4Ge12 from the linear relation of a vs. ionic
radius of the M 3+ ions for La, Pr, and NdPt4Ge12 [9].
Due to the presence of Einstein-like modes in the
specific heat of both SmPt4Ge12 and LaPt4Ge12, the
analysis of the 4f-derived contributions at elevated
temperatures is complicated (Fig. 5). As in the pnictogen-based skutterudites, these Einstein modes
may be related to the displacement parameter Uiso
of the rare-earth guest obtained from diffraction
data [6, 8]. Actually, the values of Uiso increase dramatically when going from LaPt4Ge12 to SmPt4Ge12
[9] and for the latter an Einstein temperature
θE ≈ 65 K is derived from Uiso. Assuming the same
contribution from the host for both compounds but
different Einstein terms, the conduction electron
and 4f-derived terms to cp(T) can be calculated (Fig.
5). At low T a large broad anomaly remains. A fit to
the data results in a linear specific heat coefficient
of γ´ = 450 mJ mol–1 K–2, qualifying the compound
as a heavy fermion. Most remarkable, the anomaly
does not change in a magnetic field of 9 T.
A similarly robust specific heat anomaly is
observed for SmOs4Sb12. For this compound γ´ is
820 mJ mol–1 K–2– 880 mJ mol–1 K–2. Currently, a
mechanism involving a hybridization of electronic
states with the low-lying phonon mode (θE ≈ 40 K)
of Sm in SmOs4Sb12 is discussed for such an exotic heavy fermion state [18]. We thus speculate that
this scenario is also applicable for SmPt4Ge12,
however, the hybridization should be weaker due to
the higher energy of the phonon mode of Sm.

Fig. 5: Specific heat of SmPt4Ge12 (circles) and LaPt4Ge12
(diamonds) and fit (inset). cp(T ) of LaPt4Ge12 consists of:
(i) the host-structure contribution (long-dashed), (ii) the
Einstein contribution of the La guest (short-dashed), (iii)
the electronic contribution γT (dotted) [17].
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Summary and Outlook
Filled skutterudite compounds based on platinum
and germanium have been investigated in depth.
Our recent activities concentrate on a further clarification of the superconducting order parameter, on
substitution studies, and on compounds with similar crystal structures.
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Low-Temperature Properties of CeRu4Sn6 from NMR and Specific
Heat: Heavy Fermions Emerging from a Kondo-Insulating State
Michael Baenitz, Manuel Brando, Eva Maria Brüning, Anders Bentien, Violeta Guritanu,
Stefan Lausberg, Andre Strydom1, Rajib Sarkar, Jörg Sichelschmidt, Russel Walstedt 2,
and Frank Steglich

Kondo insulator (KI) materials are Kondo lattice
(KL) systems that exhibit semiconducting behavior
below a certain temperature Tg at which an energy
gap opens at the Fermi level [1, 2, 3]. Although
numerous studies on Kondo insulator compounds
have been performed, in which the behavior of the
gap under the effect of external parameters like
pressure [4] or magnetic field [1] has been investigated, the intrinsic conditions for transforming a
KL into a KI are still not clear. A puzzling phenomenon that complicates the concept of a
hybridization gap [2] is the fact that an electrically
insulating ground state in the limit T → 0 is rather
uncommon. In this group of KI systems a small
residual carrier concentration and hence, a finite
electrical conductivity for T → 0 appears to be
generic, as indeed observed at low temperature.
The general physical properties of CeRu4Sn6 are
attributed to the formation of the Kondo insulating
state in this compound [5, 6]. The residual carrier
levels in CeRu4Sn6 are magnetic in origin and yet
muon spin relaxation (µSR) experiments [7], a
probe which is exceedingly sensitive to magnetically cooperative phenomena, has proven the
ground state of CeRu4Sn6 to be free from longrange or even short-range ordering. CeRu4Sn6
belongs to a family of rare-earth R-Ru4Sn6 ternary
stannides [8, 9]. Along with U2Ru2Sn, it is a rare
example of a KI with tetragonal crystal structure.
Evidence of the onset of an energy gap at about
30 K has been found in the temperature dependence of several quantities such as the electrical
resistivity (ρ) and thermal conductivity (κ) [5, 6],
the spin-lattice-relaxation rate 119(1/T1) in NMR
experiments [10] and the thermopower (S) [5].
119

Sn spin lattice relaxation and specific heat
In an effort to investigate the low-energy excitations in CeRu4Sn6, we have chosen 119Sn-NMR as
a microscopic probe, together with the bulk measurement of the specific heat. Both methods are
directly linked to the density of states, N(E).

Fig. 1: Temperature evolution of the spin-lattice-relaxation
rate 119(1/T1) of CeRu4Sn6 in a double-logarithmic plot.
(Dashed line: 119(1/T1) ∝ T exp(–ΔEg/kBT) with ΔEg =
30 K). For comparison, the 119(1/T1) ∝ T dependence of the
non-magnetic homologue LaRu4Sn6, is also shown [16].

119

(1/T1) vs T of CeRu4Sn6 deviates significantly
from the linear Korringa type of behavior as
observed in the reference compound LaRu4Sn6 (see
Fig. 1). This deviation is characteristic of systems
exhibiting the opening of an energy gap at the
Fermi level upon lowering the temperature. This
phenomenon is evident in many other KIs as well,
such as U2Ru2Sn [11], CeNiSn [12], Ce3Bi4Pt3
[13], FeSb2 [14] and SmB6 [15]. For non-cubic systems like CeNiSn and U2Ru2Sn, a T 3-power law
was found in 119(1/T1) vs T over two decades in
temperature, followed by a residual Korringa-like
linear-in-T dependence. A consistent description in
the entire temperature range was possible by applying the so-called V-shaped gap model for N(E)
[12]. For CeRu4Sn6, however, a T 3-power law
behavior was not observed. Furthermore, an unusual and strong field dependence of 119(1/T1) could be
found at low temperatures. We attribute this to
strongly correlated residual “in-gap” states emerging from the Kondo-insulating state [16].
To study the effect of the residual “in-gap”- states
and their possible field and temperature dependencies, a detailed low-temperature specific heat study
was performed. In zero field, a logarithmic increase
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Fig. 2: Sequence of isofield plots of the low-temperature
specific heat of CeRu4Sn6. Inset: Field variation of the temperature Tmax at which a maximum is achieved in C(T,H),
after subtraction of the nuclear contributions [16].

Fig. 3: Temperature dependence of the specific heat (main
panel) and spin-lattice-relaxation rate (inset), together with
calculations for each applied field, according to the N(E)
model presented in Fig 4. [16].

of the Sommerfeld
⋅ TT–1versus
versus TT
Sommerfeld coefficient
coefficient γγ==CC/
was observed (see Fig. 2). A similar non-Fermi-liquid behavior is often seen in strongly correlated
systems (for instance in proximity to a continuous
quantum phase transition) and has been the subject
of considerable interest.
In the whole temperature range, no sign of a
phase transition could be found, in good agreement
with µSR measurements [7]. At the lowest temperatures a weak increase of C/ T with decreasing T is
attributed to a nuclear Schottky contribution. At
temperatures sufficiently high compared to the
nuclear splitting energy, the high-temperature tail
of a Schottky excitation is expected which should
follow C ∝ 1/ T 2. In the present case, such a contribution likely arises from 119Sn and 117Sn isotopes
as well as from 99Ru and 101Ru isotopes. Furthermore, the nuclear Schottky contribution commonly
scales with the magnetic field as H 2, as observed in
our case. This low-temperature nuclear contribution is subtracted and is of no further consequence
to the interpretation of our data.

calculations performed and parameters used).
With such an extended model we succeeded in a
consistent description of both, the spin lattice
relaxation rate 119(1/T1) and the specific heat C/T
over the entire temperature range (see Fig. 3).
The density-of-states model used in our calculations for different fields is presented in Figure 4.
The behavior is reminiscent of the S = 1/2 Kondoimpurity model [17].
The shallow peak in the zero field data of C(T)/T
at T = 0.1 K or, equivalently, the resulting shallow
pseudogap in the zero-field N(E)-dependence of
the Fermi level suggest some static internal field to
develop at the Ce sites possibly due to spin-glass
freezing. However, such fields have not been
observed at the muon-stopping sites in µSR experiments down to T = 0.05 K [7]. We can now use this
density of states to calculate all the observables.
The point N0 at which N(E) crosses the Fermi level
provides the Sommerfeld coefficient γ at T = 0.
Plotting N0 as a function of log(µ0H) indicates an
exponential decreases of γ with increasing magnetic field (see inset (a) of Fig. 4). To compare the values of ΔEg2 /kBT obtained from NMR measurements with those obtained by fitting the specificheat data, we plotted both datasets in the same diagram, cf. inset (b) of the same Figure. Similar values and a comparable field dependence are found
for the two different approaches. Assuming a
Zeeman energy of ΔE = – µB, the magnetic
moment of these states can be estimated from the
slope of the dashed line in the inset (b) to Figure 4.
The fit gives a value close to 1 µB. To estimate the
number of states per formula unit, N(E) can be inte-

(1/T1)(T,H) and γ(T,H) from a modified N(E)model: comparison with experiment
We have modified the above mentioned V-shaped
density-of-states model by replacing the constant
and field-independent number of residual states by
two field-dependent narrow peaks which are centered around EF and separated by ΔEg2.
Furthermore, the V-shape of the large gap was
modified to a conventional U-shape (rectangular),
with a temperature and (nearly) field-independent
value of ΔEg1 = 30 K (see [16] for details on the
119
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Fig. 4: Density of states projection against energy relative
to the Fermi energy EF. The field-derived T → 0 density of
states is depicted in inset (b) whereas inset (a) plots the
field evolution of the inner gap ΔEg2 responsible for the
low-energy properties. Lines are guides to the eye [16].

grated. At zero field and T = 2 K, one obtains 0.039
states per formula unit. This value is in good accordance with the one obtained from Hall-coefficient
data, which gave 0.03 carriers per formula unit [5].

Conclusion
We applied our N(E)-model to the specific-heat and
the NMR relaxation data of CeRu4Sn6 with reasonable success. Specifically the field dependence of
these properties was found to be fully reconcilable
in the framework of this model. The temperature
evolution of electronic and thermodynamic properties is driven by two nested energy gaps, ΔEg1 =
30 K and ΔEg2 ≈ 0.65 K (at zero field), centered
around the Fermi energy. The gap is not completely formed, and a residual number of heavy-mass
charge carriers within the smaller of the two gaps
gives rise to a finite electrical conductivity even at
the lowest temperatures. These states are correlated, presumably due to the Kondo-screening effect,
as inferred from strong temperature dependence of
the Sommerfeld-coefficient of the 4f increment to
the specific heat and the magnetic susceptibility,
both of which are found to saturate at large values
as T → 0. The scope of the physics put forward for
CeRu4Sn6 in this work provides a platform from
which the predicted nodal Kondo insulating state
as a new type of semimetal and its formation under
favorable conditions can be tested. The axial symmetry of nodes at which the density of states van-

ishes sets the stage for anisotropic electronic conduction. Anisotropic magnetic properties in
CeRu4Sn6 single crystals have recently been
reported [18], and our studies are also extended to
single crystal material. As a first step we investigate the anisotropic electrodynamic response of
single crystals [18] along the a and c axes in the
frequency range from 5 meV to 0.85 eV at various
temperatures down to 5 K. For both polarizations
the optical conductivity is strongly frequency and
temperature dependent over a broad energy range.
We observe a strong and anisotropic depletion of
the spectral weight at low temperatures up to
0.1 eV, which is more pronounced along the a axis.
Finally, our results may well reflect the interplay
between RKKY and Kondo interaction in the limit
of very low carrier concentration as discussed by
Coqblin et al. [19].
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Sr3[Co(CN)3] and Ba3[Co(CN)3]: Highly Reduced Cobaltates
Peter Höhn, Stefano Agrestini, Marc Armbrüster, Horst Borrmann, Chien-Te Chen1, Zhiwei Hu,
Franziska Jach, Barış Karabiyik, Hong-Ji Lin1, Walter Schnelle, Ulrich Schwarz, Jörg Sichelschmidt,
Frank R. Wagner, Michael Ruck, Liu Hao Tjeng, and Rüdiger Kniep

Nitridometalates and carbometalates of the transition metals M have been extensively investigated
with respect to their structural chemistry and their
peculiar chemical bonding features [1–5]. Our
recent research on the reactions of electropositive
alkaline-earth or rare-earth metals with transition
metals and nitrogen as well as carbon accentuated
the ambivalent role played by carbon which is able
to react both as electron donor as well as electron
acceptor. Reactions under oxidizing conditions
(excess N2) led to nitridometalate-carbodiimides
(e. g. Sr6[Co1+N2]2[CN2] [6], (Sr6N)[Co1+N2][CN2]2
in
[7]), whereas
whereas reactions
reactions under
under inert
inert conditions
conditionsorand
absence
of ofN Nresulted
g.
in
absence
resultedinin carbometalates
carbometalates (e.
(e. g.
1+
La3.67[Fe (C2)3] [8]). Preliminary investigations on
similar quaternary systems under reducing conditions (without excess N2) led to low-valency
cyano-nitridometalates such as Sr2[NNi0(CN)] [9]
with the lowest oxidation state of nickel in nitridocompounds observed so far. Shifting our focus
towards compounds containing CN groups
appeared to be promising in this respect.

Preparation
Single-phase powders of the highly air and moisand
ture-sensitive
phases,
Sr3[Co(CN)3]
Ba3[Co(CN)3], are obtained by treatment of
pressed pellets of AE2N (AE = Sr, Ba) with Co,
graphite, and NaCN in the molar ratio AE:Co:C:N
= 3:1:3:2.5 under Ar at temperatures of about
1200 K. Single crystals of the Ba phase were
obtained at 1023 K whereas single crystals of
Sr3[Co(CN)3] could not successfully be grown up
to now. Great care was taken to keep the nitrogen
content at a suitable (low) level. Higher nitrogen
contents inevitably led to the formation of
(AE6N)[CoN2][CN2]2 [7] or other carbodiimides.

Crystal Structure
As shown
shown inin Figure
Figure1,1,thethecrystal
crystal
structures
structures
of
Ba3[Co(CN)3] (P63/m, No. 176, a = 905.26(11) pm,
c = 577.35(9) pm, V = 409.75(10) 106 pm3) and
Sr3[Co(CN)3] (P63/m, No. 176, a = 869.26(1) pm, c
= 540.65(1) pm) are closely related to the
nitridometalates AE3[MN3] (AE = Sr, Ba; M = Cr,

Fig. 1: Comparison of the closely related crystal structures of AE3[Co(CN)3] (left), La3.67[Fe(C2)3] [8] (center), and AE3[FeN3]
[10] (right). The channels running along [001] are filled in the case of La3.67[Fe(C2)3] [8] only.
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Fig. 2: The complex anion [Co(CN)3]6– (left) together with
trigonal planar complexes in a cyanocuprate [18] and a carbonylcobaltate [15]. Values for distances in [Co(CO)3]3– are
based on theoretical calculations [15].

Mn, Fe) [10] and the carbometalate La3.67[Fe(C2)3]
[8]. If the (CN) ligands are considered as formally
mono-atomic species, the compounds AE3[Co(CN)3]
and AE3[MN3] are strictly isotypic. The same structural motif is also present in La3.67[Fe(C2)3],
although in this latter compound, the channels along
[001] are occupied by chains of additional La atoms
resulting in a threefold superstructure along c.
Predominant structural features of AE3[Co(CN)3] are
isolated trigonal-planar complex anions [Co(CN)3]6–
(Fig. 2) arranged to form layers with a stacking
sequence ⋅⋅⋅ABAB⋅⋅⋅ along [001]. Large voids are
present above and below the [Co(CN)3]6– complexes
(Fig. 1). The CN species are octahedrally coordinated by one Co and five AE; the coordination polyhedron around AE is best described as a highly distorted trigonal bipyramid AE(CN)5.

Crystal Chemistry
At first glance, the isotypic compounds under consideration could be regarded as cyanocobaltates(3–)
with the ionic formula AE2+3[Co3–(CN–)3], although
such uncommonly electron-rich and highly reduced
cyanometalates are not known up to date. The interatomic distances AE–C/N (d(Ba–N): 274.2(3) pm –
334.7(3) pm, dave = 302.4 pm; d(Sr–N): 252(3) pm –
331(1) pm, dave = 288 pm) correspond well with data
from related compounds containing complex anions
[11]. However, the C–N distances (Sr3[Co(CN)3]:
125(1) pm and Ba3[Co(CN)3]: 123.5(5) pm) are
remarkably long compared to cyanometalates, which
in general form a rather homogeneous group with
short distances d(C≡N) = 113 pm – 116 pm [12].
From a structural point of view, a trigonal-planar
coordination of Co is quite rare: besides
[Co2+O3]4–in A4[CoO3] [13] and [Co2+,3+S3] in
A9Co2S7 [14], only the carbonyl complexes

A3[Co(CO)3] [15] and the nitrosyl complex
(Co(NO)3) [16] are known. The variety of tricyanometalate complexes is also small [12]
([Cu(CN)3]2–, [Ag(CN)3]2–, [Zn(CN)3]–, [Cd(CN)3]–,
and [Hg(CN)3]–). The bond lengths d(Co–C) in
Sr3[Co(CN)3] (174(1) pm) and Ba3[Co(CN)3]
(176.9(3) pm) are comparable to Na3[Co(CO)3]
(177 pm, based on theoretical calculations) [15]
and Na[Co(CO)4] (176.2 pm) [17], whereas in the
hexacyanocobaltates(III) [Co(CN)6]3– typical
distances of 188 pm – 190 pm are observed [12].

Spectroscopic Characterisation
Whereas the high negative oxidation state of cobalt
in the alkaline-earth cyanocobaltates is very unusual with respect to the large family of cyanometalates of transition elements, this situation reminds
of carbonylmetalates (e.g. Na3[Co(CO)3] [15]) and
trinitrosylcobalt Co(NO)3 [16]. Since there are no
structural data available for [Co(CO)3]3– and
Co(NO)3, vibration spectroscopy (Tab. 1) provides
good insight into the chemical bondings involved.
Typical CN valence vibrations in cyano complexes
are observed in a rather small range between
2000 cm–1 and 2200 cm–1 depending on ionicity,
electronegativity, oxidation state, and other factors.
In organic compounds frequencies of 1700 cm–1 –
1600 cm–1 for double bonds (C=N), and about
1000 cm–1 for single bonds (C–N) are reported.
The symmetry of the complex anion [Co(CN)3]6–
is C3h with only small deviation from D3h
(∠Co–C–N =179.3(2)°). The factor group analysis
results in 10 fundamentals for both symmetries:
Γvib(C3h) = 3 A’(RE) + 2 A’’(IR) + 4 E’(IR, RE) +
1 E’’(RE)
Out of these, only the CN stretching modes (A’:
νs = 1671 cm–1 / 1700 cm–1, E’: νas = 1682 cm–1/
1696 cm–1) are relevant for this work. All other
modes are found in the region below 600 cm–1
(CoC3 stretching (A’: νs, E’: νas) Co–C–N bending
(A’: δ, E’: δ), CoC3 bending (A’’: γ, E’: δ),
Co–C–N torsion (A’’: γ, E’’: τ)). However, it is
important to note, that the CoC3 stretching modes
are observed in the region of ≈ 600 cm–1, whereas
the corresponding values in other cyanometalates
are ≈ 400 cm–1, indicating a much stronger Co–C
interaction in AE3[Co(CN)3].
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Tab. 1: C–N and C–O distances [pm] together with CN and
CO stretching frequencies [cm–1] in IR and Raman spectra
of AE3[Co(CN)3] in comparison with related cyano- and
carbonylmetalates.
IR

Raman d(C–N)/
d(C–O)

[Ref.]

Sr3[Co(CN)3]

1671

1682– 125(1)
1725

this
work

Ba3[Co(CN)3]

1700

1696

this
work

Na2[Cu(CN)3]⋅3H2O

2090–
2111

2090–
113–116
2122

[18]

Cs[Hg(CN)3]

2156–
2162

2157–
109–119
2164

[19]

K3[Co(CN)6]

2128–
2131

2135– 116(2)
2153

[20]

Na[Co(CO)4]

1886

1918

115(1)

[17]

Na3[Co(CO)3]

1614

126*

[15]

123.5(5)

Fig. 3: Co 2p3/2 and 2p1/2 core level X-ray photoelectron
spectrum of Sr3[Co(CN)3].

*from theoretical calculations

The low values for the CN stretching modes
(1671 cm–1 – 1725 cm–1) in Sr3[Co(CN)3] and
Ba3[Co(CN)3] along with the elongated C–N distances (125 pm/123.5 pm) are unprecedented in
cyanometalate chemistry. In carbonyl metalates,
due to the strong metal-CO π-backbonding the high
negative charges of the metal are distributed via the
π*-CO orbitals. In result the ligand is effectively
reduced as shown for Na[Co(CO)4] [17] and
Na3[Co(CO)3] [15]. A similar behavior was not
observed for any cyanometalates up to now. In
AE3[Co(CN)3], however, a partial reduction of the
ligands and simultaneous strengthening of the
Co–C bond appears to significantly affect the bond
lengths and the vibration frequencies.
The compounds AE3[Co(CN)3] are diamagnetic
and insulating. X-ray absorption spectra (XAS) at
the Sr-K edge of Sr3[Co(CN)3] [21] are consistent
with a Sr2+ charge for the strontium sites. Electron
spin resonance (ESR) data unambiguously support
the exclusive presence of paired electrons and rule
out the existence of any type of radicals in
AE3[Co(CN)3].
The local electronic configuration of Co in
Sr3[Co(CN)3] was investigated by means of X-ray
photoelectron spectroscopy (XPS) and XAS. The
XAS measurements were performed at the Dragon
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Fig. 4: Co-L2,3 XAS spectra of Sr3[Co(CN)3], CoO, BaCO3,
EuCoO3, and Co metal.

beamline of the synchrotron NSRRC in Taiwan.
The XPS spectrum shown in Figure 3 consists
exhibits of
two narrow lines representing the spin-orbit split
Co 2p3/2 and 2p1/2 states of Co. The simplicity of
the spectral line shape is remarkable. The absence
of any significant satellite peak, the featureless
shape of the line, and the extremely narrow linewidth (1.1 eV) provide evidence for a closed shell
configuration of Co 3d [22, 23]. In addition, the
symmetric shape of the peaks without the highenergy tail – typically found for metallic systems –
also indicates that Sr3[Co(CN)3] has a considerable
band gap [22, 23].
Further support for the above results can be
inferred from the XAS measurements. Figure 4 displays the isotropic Co-L2,3 (2p → 3d) XAS measured on Sr3[Co(CN)3] at 300 K (blue curve). The
Co 2p core-hole spin-orbit coupling roughly splits
the spectrum into two parts, namely the L3 and L2
white line regions. Figure 4 also includes the Co-
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L2,3 spectra of CoO (red), EuCoO3 (green), and
BaCoO3 (black) which are characterized by welldefined Co valence states, 2+, 3+ and 4+, respectively. Figure 4 also includes the spectrum of elemental Co metal (orange) for comparison.
It is well-known that XAS spectra are highly sensitive to the valence state [24]. For transition metal
ions with an open 3d-shell, an increase in the
valence state of the metal ion by one causes a shift
of the Co-L2,3 white lines by one or more eV
towards higher energies as illustrated by the CoO,
EuCoO3, and BaCoO3 spectra. Yet, the high energy
of the white lines of Sr3[Co(CN)3] should not be
interpretated
termsofofaa Co
Co valence
valence of
of 4+
4+ or
interpreted ininterms
more. On the contrary, the lack of sharp multiplet
features is fully consistent with the closed 3d10
shell assignment from XPS. The absorption features are then given by the rather broad structures
of the conduction band. Furthermore, the observation of
white
linesofofSrSr3[Co(CN)
at energies
of the
white
lines
3[Co(CN)
3]3] at
higher than those of elemental Co metal indicates
that the material is an insulator with an appreciable
band gap, probably of order of 2 eV.

Quantum Chemical Calculations
The calculated density of states (DOS) [25] for
Ba3[Co(CN)3] (Fig. 5) shows six groups of peaks
denoted A0, A1, A2, B, C, D within the energy
range between –20 eV and the Fermi level (set to
0 eV). A calculated band gap of about 0.7 eV indicates semiconducting behaviour which is consistent with the experimental data. Due to the purely
technical character of the atomic sphere regions
and the associated atomic sphere projected DOS, a
more founded site projection has been additionally
calculated, namely the QTAIM atomic site projection [26,27] for regions A – D (Tab. 2). Obviously,
for regions A – C the dominating QTAIM atoms
correspond to the ones dominating the atomic
sphere projected local DOS. Regions A – C are
identified as the expected ones for a metalate with
the transition metal in d10 configuration, namely
the nominal Ba-5p (A0, 18 e–/ f.u.), the CN-ssσ
(A1, 6 e–/ f.u.), the CN-ssσ* (A2, 6 e–/ f.u.), CNppσ/π (B, 18 e–/ f.u.), and the Co-3d (C, 10 e–/ f.u.)
orbitals. The most interesting and novel part corresponds to DOS region D, where it is to be noted
that 77% of the electrons are not contained inside
any atomic sphere.

Fig. 5 top: DOS for Ba3[Co(CN)3]; bottom: electron density for DOS D; spheres denote atoms (Co: red, C: black, N:
green, Ba: yellow).

Tab. 2: QTAIM atomic site projection of DOS regions A0 –
D. The portion of electrons of each unit per f.u. is given in
%. QTAIM effective charges Qeff from the total electron
density are given. They are identical to the ones obtained in
sum from DOS A0 – D.
e– / f.u.

3 Ba

1 Co

3 CN

DOS A0

18

93%

0.4%

6%

DOS A1

6

3%

0.2%

97%

DOS A2

6

6%

12%

83%

DOS B

18

7%

8%

85%

DOS C

10

7%

65%

29%

DOS D

2

27%

21%

53%

Ba1.4+

Co0.0

Qeff

(CN)1.4–
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The corresponding electron density plot (Fig. 5)
reveals an interaction between a CN-ppπ* and a
diffuse Co state with a node within the molecular
plane. From the electronic occupation (2 e–/ f.u.),
region D can be identified to belong to the A” representation of the site symmetry group C3h of the
cobalt atom, for which only the pz orbital contribution is strictly allowed at the Γ point of the
Brillouin zone (BZ). At other points of the BZ
other states could,
could,ininprinciple,
principle,mix
mix,
in,but
but this does
not significantly happen as is proven by the shape
of the partial electron density around Co. The
QTAIM atomic site projection of DOS region D
(Tab. 2) reveals a portion of 53% of the electrons
belonging to the CN groups, 21% belonging to the
Co atoms, and 27% to the Ba atoms. Thus, the
highest occupied band (HOCO) with its 2 electrons
is to be attributed mainly to the three CN groups,
leaving Co with oxidation state 1– and each CN
ligand being significantly reduced with a formal
charge according to CN1.67–. These results, obtained
by a formal procedure, are consistent with the
QTAIM effective charges Co0.0 and CN1.4– (Tab. 2).
The latter are expected to lie always somewhat closer in value to ±0 than the formal ones [28].
The occupation for the CN-ppπ* antibonding
orbital is compatible with the experimentally
observed long distance C–N (123.5(5) pm) and the
comparably low C–N stretching frequency
(1680 cm–1). The short distance Co–C (176.9(3) pm)
could be explained by the partial Co–C ppπ bond
established in the HOCO by stabilizing
delocalization of the CN π* orbital towards the transition metal.

Fig. 6: Mesomeric forms of [Co(CN)3]6–

By taking into account the occupation of CNppπ* antibonding orbitals, the long C–N distance
and the low C–N stretching frequency, as well as
the short Co–C distance it is conceivable that the
three CN groups of the complex anion are further
reduced and symmetry related equivalent to
([Co1–(CN)1.67–3]6–. However, for ease of understanding, an approximate basic description implies stabilization by mesomeric forms [Co1–(CN)3–(CN)–2]6–
(Fig. 6) including the (CN)3– ligand which corresponds to a 12 e– system, isoelectronic with the O2
molecule, and called a percyano-group. Consequently, the complex anion can be described as a
monopercyano-dicyano-cobaltate (1–). Formally,
[Co(CN)3]6– as well as [Co(CO)3]3– and [Co(NO)3],
represent exceptionally rare examples of 3-coordinate, 18-electron systems which are isoelectronic
to Krypton.
Future research will be focused on related electron-rich systems of the neighboring elements Fe
and Mn as well as on corresponding carbonyl compounds.
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The First Binary Compound of Cobalt with Bismuth
Sophie Tencé, Cornelius Krellner, Susann Leipe, Ulrich Schwarz, Yuri Grin, and Frank Steglich

Many binary intermetallic compounds containing
bismuth and transition metals (TM) exhibit superconducting properties which makes the study of
such systems attractive. For example, the Ni-Bi
and Rh-Bi phase diagrams have been widely
explored and highlight the existence of the superconductors NiBi3 (Tc = 4.0 K), NiBi (Tc = 4.25 K),
RhBi4 (Tc = 2.8 K) or Rh3Bi14 (Tc = 3.15 K) [1–4].
In particular, those materials are of interest in
which the TM might retain magnetic providing the
possibility of unconventional superconductivity at
the border of magnetism. However, for some combinations of Bi and transition metals binary compounds were not reported hitherto [5, 6]. As one
example, in the Co-Bi system only a large immiscibility in the liquid state was observed at ambient
conditions. This opens the possibility to discover
new materials by using different routes of synthesis. Moreover, it is interesting to notice that the
coexistence of superconductivity with ferromagnetic order was reported very recently in NiBi3
nanostructures [7]
The goal of the present project is to re-investigate
some TM-Bi phase diagrams in a quest for new
superconductors. Here, we report our first results
concerning the Co-Bi system. While it is simple to
grow Bi-rich single crystals in the binary systems
Ni-Bi or Rh-Bi utilizing a Bi-flux method for
example, Co-Bi phases cannot be obtained by such
a method. Also, conventional heat treatments failed
to synthesize cobalt and bismuth binaries because
of the immiscibility gap [5, 6].

5 GPa or 10 GPa for several hours and at temperatures between 370 °C and 1200 °C. They were finally cooled to room temperature before releasing the
pressure. The sample containing the highest content
of the new phase (85 at.%) is obtained by applying
a pressure of 5 GPa at 450 °C for a period of 2 days.
The peaks of the X-rays powder diffraction
(XRD) pattern are well indexed with the
orthorhombic space group Pnma with the unit cell
parameters a = 8.8464(7) Å, b = 4.0697(4) Å and
c = 11.5604(9) Å. The diffraction data suggest that
the new phase has the composition CoBi3 and is
isostructural to NiBi3 and RhBi3 [4, 9]. This result
is confirmed by electron-probe analysis with wavelength-dispersive X-ray spectroscopy (WDXS)
which yields Co24.5(3)Bi75.5(3) as the chemical composition. Thus, CoBi3 crystallizes with the orthorhombic RhBi3-type structure (space group Pnma,
no. 62) which is depicted in Figure 1. In this
anisotropic structure, the bismuth atoms form
mono-capped trigonal prisms Bi7 which are connected to each other by sharing the non-capped
square faces. In this way, columns along the [010]
axis are built up. The cobalt atoms are inserted in
these capped trigonal prisms [CoBi7] and form a
zigzag chain along [010], with a zigzag angle of
99.7 ° and a Co-Co distance of 2.66 Å.

CoBi3: Synthesis and Chemical
Characterization
We succeeded to
to synthesize
synthesize the
the first
firstbinary
Co-BiCo-Bi
compound
using
a ahigh-pressure,
compound
using
high-pressure, high-temperature
technique. Powders of bismuth (99.999 %, 100 μm
mesh) and cobalt (99.99 %, 200 mesh) were carefully mixed by ball-milling inside a glove box with
the molar ratio Bi:Co = 3:1. High pressure was
applied by means of an octahedral multi-anvil press,
with a boron nitride crucible as the reaction vessel
[8]. The samples were exposed to pressures of
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Fig. 1: Crystal structure of CoBi3. The capped trigonal
prisms of bismuth atoms (in blue) form chains along the
b axis and contain the cobalt atoms (in gray).
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We observe a slight anisotropic compression of
the unit cell volume V = 416.2 Å3 in comparison to
NiBi3 (a = 8.880 Å, b = 4.100 Å, c = 11.478 Å and
V = 417.8 Å3 [9]) since the lattice parameters a and
b decrease (– 0.4 % and – 0.7 %) whereas c
increases (+ 0.7 %).
The Differential Scanning Calorimetry (DSC)
measurement displays a small exothermic minimum at about 230 °C and a sharp endothermic peak
at 270 °C upon heating the sample. The two anomalies correspond to the decomposition of CoBi3 and
the melting of pure bismuth, respectively.
Subsequent cooling does not reveal an anomaly at
230 °C any more, and the XRD measurements performed at room temperature on the DSC products
exhibit solely reflections of elemental Bi and Co.
These two observations manifest the metastable
character of CoBi3.

Resistivity and Specific Heat Measurements
The electrical resistivity ρ(T) of the polycrystalline
sample CoBi3 was measured between 0.33 K and
300 K by an a.c. four-point method utilizing a
Quantum Design PPMS with a 3He insert. The
temperature dependence of ρ exhibits a metallic
character but with large values at room temperature
(800 μ Ω cm) that most probably result from grain

Fig. 2: Temperature dependence of the electrical resistivity
of the polycrystalline CoBi3 for different applied magnetic
fields.

boundary scattering. The presence of remaining Bi
and Co in the sample explains the low residual
resistance ratio RRR ≈ 3.5 rather than the crystallinity of CoBi3 itself. The low-temperature part
of the curve, shown in Figure 2, displays a sharp
superconducting transition at Tconset = 0.48 K (10 %
of the transition) for zero applied magnetic field.
This transition is progressively shifted towards
lower temperatures for increasing magnetic field
resulting in an estimate of the critical field around
2500 Oe by extrapolation of the μ0H(Tc) curve.
The specific heat Cp(T) of the CoBi3 sample,
measured between 0.33 K and 2 K, is plotted in
Figure 3. With decreasing temperature, Cp(T)
decreases monotonically and clearly exhibits a
jump around Tc = 0.45 K, in agreement with the
resistivity measurement. This observation strongly
supports the bulk nature of the superconductivity.
The jump is completely suppressed by an external
magnetic field of 2000 Oe, again in agreement with
the field dependence of ρ(T). Above Tc, Cp/T(T2)
decreases linearly with decreasing temperature,
which allows us to fit the data between 1 K and
2 K with the Sommerfeld-Debye expression Cp(T)
= γT + βT3. Here, the first and the second term correspond to the electronic and the phononic contribution to the specific heat, respectively. The
resulting parameters are γ = 15 mJ mol–1 K–2 and
β = 3 mJ mol–1 K–4 corresponding to a Debye

Fig. 3: Temperature dependence of the specific heat of
polycrystalline CoBi3. Upper inset presents the data as Cp/T
vs. T2 with the Sommerfeld-Debye fit between 1 and 2 K
(solid red line).
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temperature of θD = 137 K for the formula unit
CoBi3. The Sommerfeld coefficient as well as the
Debye temperature are thus close to those of NiBi3
(γ = 12.7 mJ mol–1 K–2, θD = 144 K [3]). A quantitative analysis of the specific heat jump is hampered by the transition being close to the limit of
the accessible temperature range. However, the
height, ∆Cp/Tc, is of the same order of magnitude as
γ, a fact that indicates that the superconducting
phase is likely the one associated with this γ value.
Thus, the new binary phase CoBi3 seems to be a
low-temperature superconductor similar to its
chemical analog NiBi3 and RhBi3.

Tc = 0.48(3) K. Further high pressure experiments
in different TM-Bi systems will be performed to
find new and interesting superconducting compounds.
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The Role of Ionic Liquids in the Preparation of Intermetallic Clathrates
and Related Element Modifications
Bodo Böhme, Michael Baitinger, Stefan Hoffmann, and Yuri Grin
Common synthesis methods for intermetallic phases involve crystallization from the melt or diffusioncontrolled solid-state reactions. However, these
methods are rarely suitable for the preparation of
phases with low temperature stability or metastable
phases. The development of alternative preparation
methods being applicable at low temperatures is
therefore of high value. In this regard a preparation
route using redox reactions at relatively low reaction temperatures has opened new perspectives. The
metastable germanium allotrope Ge(cF136) with a
guest-free clathrate-II crystal structure was obtained
by oxidation of Na12Ge17 in the ionic liquid (IL)
DTAC/AlCl3 (1:1)1 at 300 °C [1] using a reaction
setup sketched in Figure 1a. Subsequently, the
metastable clathrate-II K8.6Ge136 was prepared in a
similar way from K4Ge9 as the precursor [2].
Optimization of Reaction Conditions and
Development of Gas-Solid Reactions
When aiming for the preparation of crystalline
phases, a drawback of the redox reactions in the IL
became obvious: Considerable fractions of X-ray
amorphous by-products were formed, leading to
significant background scattering in the X-ray
powder diffraction patterns of the final products
[3,4]. In order to optimize the reaction conditions,
the thermal stability and reactivity of the ionic liquid was studied in more detail [3]. It turned out that
during the reactions described above, the IL entirely decomposed within short times. This finding
contradicts the original conception that a decomposition of the IL would only be caused by the reaction with the precursor, while the excess part of the
IL would behave inert during the heat treatment
[1]. Hence, the self-decomposition products of the
IL also had to be taken into account for evaluating
the overall reaction with the precursor.
In order to study the influence of the gaseous
decomposition products exclusively, the IL
DTAC/AlCl3 (1:1) was heated spatially separated
from the precursor Na12Ge17 in an otherwise
unchanged reaction setup (Fig. 1b). Astonishingly, a
_______________________
1

Fig. 1: Setup for the oxidation of intermetallic precursors
(a) in a liquid-solid reaction with the IL DTAC/AlCl3 (1 : 1
molar ratio) and (b) in a gas-solid reaction with the gaseous
decomposition products of the IL.

well-crystalline clathrate-II product NaxGe136 was
obtained making use of the gas-solid reaction, while
the yield of X-ray amorphous by-products was negligible. Moreover, by varying the composition of the
DTAC-based gas source, the reaction conditions
turned out to be tunable [3,4]. At optimized conditions (DTAC/MgCl2 (2:1), 12 days, 280 °C) the oxidation of Na12Ge17 resulted in a well-crystalline
Ge(cF136) product with a low content of impurities
[3]. This product was suitable as a starting material,
e. g., for the high-pressure transformation to the new
germanium allotrope Ge(hR8) [5]. Only recently, the
electrochemical insertion of Li [6] into Ge(cF136)
was in situ monitored by synchrotron X-ray powder
diffraction experiments. Moreover, gas-solid reactions using DTAC-based systems succeeded in the
preparation of well-crystalline K8–δGe44+y type-I
clathrates with compositions deviating from those of
products obtained by any other method [3].
The Principles of the Gas-Solid Reactions
The application of DTAC-based systems as gassources for redox reactions raised several questions. The most prominent one addresses the nature
of the oxidizing agents and the redox reactions
which can be expected.

DTAC = n-dodecyltrimethylammonium chloride
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Fig. 2: Reaction paths of the Cl−-induced thermal decomposition of n-DTA+ ions: (a), (b) nucleophilic substitutions with SN2
mechanism and (c) Hofmann elimination with E2 mechanism.

Hence, an extensive study was performed on the
thermal decomposition behavior of DTAC and its
“neutral” ILs [7] DTAC/MgCl2 (2:1) and
DTAC/AlCl3 (1:1) using experimental conditions
resembling those of the reactions with precursors
[3, 4]. The gaseous decomposition products were
subjected to in situ analysis using a TG-MS setup
for the handling of air-sensitive samples [8].
Furthermore, the solid precipitates from the gasphase formed during the heat treatments at colder
zones of the reaction ampoules (Fig. 1) were investigated ex situ by X-ray powder diffraction.
The experiments revealed that the effective
decomposition of DTAC-based systems can be
attributed to three competing decomposition reactions of the n-DTA+ ions, which are induced by Cl−
ions acting either as a nucleophile or as a base
(Fig. 2). The relevant oxidizing agents evolved by
decomposing n-DTA+ were concluded to be
CH3Cl, C12H25Cl and HCl. This explains why the
gas-solid oxidation of the precursors always yielded metal chlorides as the solid coupling product.
Possible redox reactions of a precursor with such
chlorides are sketched in Figure 3. While the protons of HCl are reduced to H2, the organic chlorides
may similarly react in Wurtz-analogous reactions
forming alkanes. For higher alkyl chlorides as
C12H25Cl not only coupling to C24H50 but also com-

Fig. 3: Oxidation of an intermetallic precursor by HCl or
organic chlorides.
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peting reactions such as the formation of
C10H21–CH=CH2 and C12H26 might occur.
Chloroalkanes and HCl, which were identified as
oxidizing agents in gas-solid reactions with DTAC
based systems have proven to be applicable also in
pure form: Gaseous HCl was used, e. g., in the
oxidative preparation of silicon clathrates [9],
while 1,6-dichlorohexane was successfully applied
in gas-solid reactions yielding K8–δGe44+y [3].
The relative share of the reaction paths depicted
in Figure 2 to the overall decomposition of n-DTA+
was found to depend on the composition of the
DTAC-based system. Also, the overall reaction rate
at a given temperature decreased in the order
DTAC – DTAC/MgCl2 – DTAC/AlCl3. As the
decomposition reactions of n-DTA+ have second
order kinetics, the latter is explained by decreasing
concentrations of free Cl− ions in the liquid phase
due to the formation of chloro complexes of which
Experimentally
AlCl3 yields the most stable ones. Experimentally,
the different decomposition rates have proven to be
useful for controlling the oxidation of a precursor
at a given temperature. It was concluded that the
oxidation products formed from a precursor predominantly depend on the different in situ overall
pressures of the oxidizing agents in the reaction
ampoules. The actual kind of the oxidizing agents
involved seems to be of minor importance as they
can be considered as similarly reactive towards the
investigated precursors [3, 4].
Liquid-Solid Reactions Reinvestigated
Originally, the oxidative route to clathrate phases,
based on heating dispersions of precursors in the IL
DTAC/AlCl3 (1:1) (Fig. 1a). The finding that
clathrates also form in heterogeneous gas–solid
reactions evokes the question, whether the oxida-

RESEARCH REPORTS

Fig. 4: Reaction setup for investigations on the solubility of
K4Ge9 in the ionic liquid DTAC/AlCl3 (1:1).

tion of a precursor in the ionic liquid comprises a
solution step as previously assumed [1]. The solubility of germanide precursors in the IL was therefore reinvestigated [3]. K4Ge9, which is well known
to dissolve in amines [10], was used as model compound. The experiments were carried out at temperatures below 170 °C so that the thermal decomposition of the IL is negligible [3, 4]. An experimental
setup used in these investigations is sketched exemplarily in Figure 4. Here, the IL was stirred vigorously, facilitating a continuous flow through a glass
fiber extraction thimble containing K4Ge9. This way,
possibly dissolved species would have been transported away from the precursor, and their oxidation
products would have been permitted to precipitate
outside of the extraction thimble. But, after a reaction time of 14 h at 170 °C, chemical analysis (OES)
could not detect K or Ge in the IL. Also, oxidation
products of the precursor had not precipitated outside of the extraction thimble. The oxidation of the
precursor was indicated by the characteristic reflections of KCl in the X-ray powder diffraction pattern
of the dark gray solid remaining inside the extraction
thimble albeit crystalline KGex phases had not
formed. These XRPD findings agree with previous
results from reactions at such low temperatures [3].
The experiments showed that neither K4Ge9 nor
KCl significantly dissolve in the IL DTAC/AlCl3 (1:1).
Moreover, K4Ge9 is
is already
already oxidized
oxidized at
at temperatures
temperatures
well below the thermal decomposition of the IL, so
that a direct reaction of the IL with the precursor is evidently proceeding heterogeneously at the surface of
the precursor particles. As originally suggested, the
acidic protons of n-DTA+ should act as oxidizing
agents [1, 3]. Towards higher reaction temperatures,
thermal decomposition products of the IL will contribute to the oxidation of the precursor as well.

Summary
The gas-solid oxidation of precursor phases proceeding in closed setups containing DTAC-based
systems is explained by the presence of gaseous
alkyl chlorides and HCl originating from the thermal decomposition of DTAC. The knowledge of
these oxidizing agents and their advantageous utilization provides the base for further developments
of the redox preparation method and its application
in technical scale. So far, the oxidation of precursors has been performed using dispersions in the IL
DTAC/AlCl3 (1:1). The presented results clearly
show that the oxidation of K4Ge9 in this case proceeds heterogeneously as well and a significant solubility is ruled out.
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Surprising Cobaltates: A Spectroscopic Perspective
Zhiwei Hu, Stefano Agrestini, Hiroto Ohta1, Kazuyoshi Yoshimura1, Sergei N. Barilo2,
Nick B. Brookes3, Chien-Te Chen4, Yi-Ying Chin, Fang-Cheng Chou5, Thomas C. Koethe6,
Hong-Ji. Lin4, Arata Tanaka7, Hua Wu6, and Liu Hao Tjeng

The layered Co oxides have attracted considerable
attention recently, since the discovery of superconductivity in the Na0.35CoO2 ⋅ 1.3 H2O, giant
magneto-resistance as well as metal-insulator
(MIT) and antiferro-ferro-para-magnetic transitions
in REBaCo2O5.5. Moreover, these compounds possess the so-called spin state degree of freedom, i.e.
the Co3+ ions can be in a low spin (LS, S = 0), high
spin (HS, S = 2) and even intermediate spin (IS,
S = 1) state [1]. This spin state degree of freedom
is generally considered to play a key role for the
unconventional magnetic and transport properties
of the cobaltates. A spin-blockade mechanism [2,3]
has been recently proposed as the driving force for
the MIT in REBaCo2O5.5 [2, 4].

(I) Polarization dependent effects in the
Co-L2,3 XAS spectra of NaxCoO2
NaxCoO22 consists of
of alternating
alternating layers
layers of
of CoO
CoO22 and
and
octaNa along the c axis. The edge-sharing CoO
CoO66 octa
their threefold
threefold (111)
(111)
hedra in the CoO22 layers have their
axis oriented parallel to the c axis
axis and
and show
show aa comcompression along c. The local symmetry of
of the
the Co
Co isis
close to D3d, which splits the t2g states into a twofold degenerate egπ and a nondegenerate a1g, while
states remain doubly degenerate,
degenerate, now called
the egg states
Co3+3+/Co
/Co4+4+charge
charge ordering
ordering was
was proposed
proposed for
egσgσ. . AA Co
4+
CoO22 [5],
[5], where
where the Co4+
ion is claimed to
ion
NaxxCoO
attract the neighboring oxygens and to cause a local
symmetry lower than D3d for its adjacent Co3+ ions.
This then would split the egσ doublet and stabilize
the IS state. Moreover, a strong polarization
dependence of the Co-L2,3 XAS spectra of
NaxCoO2 was observed and interpreted as a symmetry lower than D3d [6]. It was also concluded
that the samples used in these XAS studies showed
Co3+/Co4+ spectral ratios which were inconsistent
with their nominal Na contents [6].
Figure 1 shows our experimental polarization
dependent Co L2,3 edge XAS spectra of Na0.5CoO2
and Na0.75CoO2. (a) and (e) are the spectra measured at the Dragon beamline at the NSRRC in
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Fig. 1: The experimental and theoretical Co L2,3 edges XAS
spectra of Na0.5CoO2 and Na0.75CoO2

Taiwan; and (b)-(d) and (f)-(h) are the corresponding simulated spectra together with the individual
Co3+ and Co4+ contributions. The excellent agreement between theory and experiment demonstrates
that a strict D3d local symmetry for both Co3+ and
Co4+ ions in a LS state is sufficient to explain the
observed spectral features and polarization dependence, refuting the need for a local symmetry lower
than D3d for the Co3+ ion as claimed in [5,6]. The
reason for suggesting a local symmetry lower than
D3d for the Co3+ ion in previous polarization
dependent XAS studies is that the authors were still
using cubic wavefunctions in their Co3+ simulations
in D3d symmetry [6], thus essentially neglecting the
anisotropic mixing of the t2g with the eg states due

RESEARCH REPORTS

to the trigonal crystal field. Also in contrast to previous studies is our finding, that the Co3+/Co4+ spectral fractions used to reproduce our spectra match
the nominal Na concentrations. This indicates that
the samples are of proper stoichiometry.
We find that the polarization dependence of the
main peak B and E is due to the mixing between egπ
and egσ. The polarization dependence of the peaks A
and D can be rather directly linked to the hole
occupation in the a1g vs. egπ orbital.
From the cluster calculations which yield the
excellent simulation of the experimental polarization dependent spectra, we find that the Co4+ has a
hole density of about 0.58 in the a1g and 0.42 in the
egπ orbital. These numbers apply for both, the
Na0.5CoO2 and Na0.75CoO2 composition. Band
structure calculations [7] predict that for low Na
contents, i.e. x < 0.67, the t2g hole has indeed a
mixed a1g and egπ character. However, for high x
contents, i.e. 0.67 < x < 1, the hole should reside
only in the
the aa1g1g band.
band.This
Thisisisinincontradiction
contradiction
to
with
our findings. If the hole were of pure a1g character,
the linear dichroism of peak A would be larger by a
factor of 2 – 3 than what is experimentally
observed.

(II) Co valence in bi layer hydrated
superconduting NaxCoO2 ⋅ yH2O
The bilayer hydrated NaxCoO2 ⋅ yH2O (x ~ 0.35, y
~ 1.3) (BLH) is one of the exotic superconductors
with a superconducting transition temperature (Tc)
of about 5 K [8]. BLH has attracted tremendous
research interest since this compound was discovered as the first Co-based superconducting oxide. It
has two-dimensional Co-oxygen planes analogous
to the Cu-oxygen planes in the high-Tc cuprate
superconductors. It was found that varying the Na
content in BLH results in the same type of out-ofplane chemical doping control of the in-plane electronic charge as found in the high-Tc cuprates [9].
Since the existence of an optimal doping for a
maximum Tc is thought to be an important characteristic of the cuprate superconductors, the relationship between doping and Tc has also been
examined intensively for the BLH system [8–10].
At the time of discovery, the BLH was regarded as
an electron-doped system in which a low spin Co4+
lattice would acquire an electron density of about
0.35 per Co atom on the basis of the Na content. In

other words, the Co valence state VCo would be
close to +3.65 [8,9]. In the BLH phase diagram, the
superconductivity was then found to lie in the narrow region from VCo = +3.65 to +3.75, with an optimum Tc for VCo = +3.7 [9].
Within
yr from
Within11year
fromthe
thediscovery,
discovery, however,
however, chemical analysis studies using redox titration methods
claimed that the value of VCo must be in the +3.3 to
+3.4 range [10–14]. It was proposed that the charge
compensation is achieved by the intercalation of
oxonium ions (H3O+) along with the water. Yet,
spectroscopic studies in the same period and afterwards, provide the standard Na doping picture.
Electron energy loss [15], high-energy photoemission [16], NMR [17], hard X-ray absorption
[18,19], and angle-resolved photoemission [20] all
conveyed the message that the superconducting
BLH has a Co valence of about +3.7 consistent
with the Na content. Also a more recent study using
a chemical postreduction method [21] found a similar value. This message is in clear conflict with the
earlier chemical titration results, and this issue has
not yet been resolved to the best of our knowledge.
The debate about the Co valence causes considerable uncertainty about the size and shape of the
Fermi surface and has, in turn, far reaching consequences for the modeling of the superconductivity
in this system. A Co valence of about +3.7 would
existence of
of six
six eV
eggπ hole pockets in addilead to the existence
tion to the large a1g cylindrical Fermi surface
according to standard band structure calculations
[22,23]. This then leads to multiorbital models
claiming the superconductivity driven by magnetic
spin correlations with even the possibility of triplet
pairing [24–27]. A scenario with a Co valence of
+3.3,
on the
the other
other hand,
hand, does
does not have the six eeVggπ
+3.3 on
hole pockets and requires quite different approaches for the superconductivity, e.g., involving electron-phonon mechanisms and unconventional swave pairing [28–31].
The confusion about the Co valence and the
Fermi surface has not been settled yet. An angleresolved photoemission study did not find the presthe six
six eV
eggπ hole pockets [20], but there is
ence of the
also considerable debate whether this due to correlation effects [22,32] or surface effects [33]. By
contrast, a more recent study using Compton scattering claimed to have observed these pockets [34].
Also a recent specific heat experiment has been
interpreted as to support the existence of two types
of hole pockets [35].
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Fig. 2: The Co-L3 XAS spectra of the BLH4 and BLD3
samples together with Na0.5CoO2 and Na0.75CoO2, as well
as Na0.35CoO2 ⋅ 1.3H2O from Ref. [41], and CoO for comparison. Inset: complete view of the Co-L2,3 edges of the
samples studied.

Here we utilize soft X-ray absorption (XAS) spectroscopy at the Co-L2,3 (2p → 3d) and O-K (1s →
2p) edges as the preferred method to determine the
valence state of the Co ions. The Co (2p → 3d) transitions involve directly the relevant valence shell,
and are extremely sensitive to the charge state: not
only do the energy positions depend on the valence
but also the spectral line shape can be used as finger
prints for the valence [36–38]. In addition the O 1s
→ 2p transitions reach final states which are directly hybridized with the empty Co 3d orbitals. We
have explicitly proven recently that this method is
suitable for the cobaltates [2,39,40]. In particular, we
have shown that soft XAS provides not only element
specific information but also quantitative information on how much of the Co ions are in the 4+, 3+ or
2+ states as they are present in the material. This is
obviously more specific than obtaining only the
average charge number for entire multicomponent
system when using chemical titration methods.
We find that the valence state of the Co lies in a
narrow range from +3.3 to +3.4 for all studied
NaxCoO2 ⋅ yH2O samples and their deuterated analogue (BLD) with Tc’s ranging from 3.8 K to 4.7 K,
see Figure 2. These valence values are far from the
often claimed +3.7, the number based on the Na content only. We propose to modify the phase diagram
accordingly, see Figure 3, where the basic electronic
structure of the superconducting phase is very close
to that of the Na0.7CoO2 system, suggesting that the
presence of in-plane spin fluctuations could play an
important role for the superconductivity.
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Fig. 3: Electronic phase diagram of the NaxCoO2 against
both the Co valence (VCo) and the Na content x, reproduced
from Ref. [42]. The BLH lies within the CW metal phase
of the NaxCoO2 (circled area).

(III) Spin state order/disorder and metal-insulator transition in GdBaCo2O5.5
The crystal structure of REBaCo2O5.5 is composed
of an equal number of CoO6 octahedra and CoO5
pyramids and the valence of all the Co ions is 3+.
A sharp drop of the resistivity, the so-called MIT, at
TMI ~ 360 K is commonly attributed to a sudden
spin-state switch of Cooct3+ [2,4]. Contradictory
scenarios have been proposed, including full or
partial LS → IS or LS → HS state transitions for the
Cooct3+, and IS or HS configurations for the Copyr3+.
Figure 4(a) displays our isotropic O-K XAS measured on GdBaCo2O5.5 (GBCO) at 78 K (black),
K (blue)
(blue) and
and400
400K K(red)
(red)
at the
Dragon
285 K
at the
synchrotron
Beamlinefacility
(NSRRC).
structures
from
research
ESRFThe
in spectral
Grenoble.
The spectral
528 eV tofrom
532 528
eV are
due532
to eV
transitions
from
the
structures
eV to
are due to
transiO
1s
core
level
to
the
O
2p
orbitals
which
are
tions from the O 1s core level to the O 2p orbitals
hybridized
with the with
unoccupied
Co 3d tCo
which
are hybridized
the unoccupied
3d te2gg
2g and
states.
and
eg states.
In determining the spin-state configurations for
GBCO at 78 K, we assume that the Copyr3+ ions are
in the HS state like in Sr2CoO3Cl [43] and we first
start by investigating the LS scenario for the Cooct3+
ions as proposed in several studies [2,4]. To this
end we summed the Sr2CoO3Cl (HS) and the
LaCoO3 at 20 K (LS) spectra. The result is displayed in Figure 4(c) (green). One can clearly
observe that this is very different from the GBCO
spectrum in Figure 4(a). The LS Cooct3+ scenario
can thus be safely ruled out. Next we take the
LaCoO3 at 650 K corresponding to 50% LS and
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Fig. 4: The O-K XAS of GBCO taken at 78 K (black),
285 K (blue) and 400 K (red), superposition (green) of
Sr2CoO3Cl (blue) and LaCoO3 at 650 K (red)(b) or at 20 K
(black)(c), (d) LaCoO3 taken at 20 K (black), 300 K (blue)
and 650 K (red).

50% HS for the Cooct3+ part [44]. The superposition
is shown in Figure 4(b) (green). Surprisingly, this
superposition reproduces very well the GBCO
spectrum at 78 K. This strongly suggests that
GBCO in the low temperature phase has 50% of its
Co3+oct ions in the LS state and 50% in the HS. All
of its Copyr3+ ions are HS. Remarkable is also the
very modest temperature dependence in the GBCO
spectra, when compared to the canonical spin state
transition in LaCoO3, which leads to a significant
spectral-weight transfer from 529.5 eV to 528.5 eV
when going from 20 K to 650 K. This suggests that
only a small part of the Cooct ions participates in a
spin state transition and disproves the claims of a
massive spin-state transition across the MIT made
in a large number of publications.
Recent diffraction data showed at TMI the onset of
a structural transition towards a checkerboard modulated structure with two inequivalent Cooct3+ sites
[45]. Our results showing a 50% - 50% mixture of
LS/HS Cooct3+ ions provide direct evidence that this
superstructure is caused by a LS/HS spin-state
ordering of the Co3+ ions at the octahedral sublattice.
effect
of the
conWe now
nowinvestigate
investigatethethe
effect
of spin-state
the spin-state
figurations on the
widthwidth
and band
of GBCO
configurations
onband
the band
andgap
band
gap of.
PES measured
at
Figure 5 Figure
shows the
valencethe
band
GBCO.
5 shows
valence
band PES
in Grenoble
at
the synchrotron
facility ESRF
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at the research
Dragon Beamline
(NSRRC)
at temtemperatures
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and
aboveTTMIMI.. Surprisingly
peratures
bothboth
below
and
above
contradiction with a previous report [46], the
and in contradiction

Fig. 5: The valence band PES (left) and O-K XAS (right) of GBCO taken at 78 K (black), 285 K (blue) and 400 K (red),
LaCoO3 taken at 65 K (magenta), and Ag (green).
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valence band PES of GdBaCo2O5.5 reveals that the
spectral weight at the Fermi level is negligible not
only at 78 K (black) and 285 K (blue) but also at
400 K (red), so that we have to conclude that actually the material is an insulator or semiconductor
even above TMI. What we found is that the band
gap is indeed reduced when the temperature is
increased: the top of the valence band (Fig. 5 left
panel) moves up by about 60 meV in going from
285 K to 400 K, while the bottom of the conduction
band (Fig. 5 right panel) shifts downwards by
70 meV from 285 K to 400 K. So in total, the band
gap is reduced by about 130 meV across TMI. With
the energy scale of the TMI being about 30 meV,
using the
narrowing
the formula
formula ρρ∝∝eeEg / KBTMI, this gap narrowing
well accounts for the observed reduction of resistivity by two orders of magnitude at TMI. From
Figure 5 one can see that there is no pronounced LS
peak at 0.8 eV as found in the spectrum of LaCoO3
at 65 K, where the Co3+ ions are basically in LS
state [44]. However, we see that the weak feature at
0.6 eV in GBCO corresponding to 50% LS Co3+oct
ions loses spectral weight with increasing temperature.
The following picture now emerges from our
electronic structure measurements concerning the
MIT in this system. In the low temperature phase,
a superstructure associated with the 50% LS – 50%
HS spin-state ordering of the Cooct3+ ions stabilizes
the insulating state of the GdBaCo2O5.5 system.
Upon increasing the temperature across the TMI,
part of the LS Cooct3+ ions undergoes a transition to
the HS state, thereby destroying the superstructure
as shown by X-ray diffraction [45]. This loss of
order has the direct consequence that the band gap
gets reduced. In converting a HS-LS (left-right)
neighboring pair into an antiferromagnetic HS-HS
pair by a rise in temperature, one can transfer an eg
electron both ways instead of only from left to
right, thereby increasing the amount of charge fluctuations.
Yet, the band gap does not vanish since the hopping of an extra hole or electron is energetically
quite costly in such an antiferromagnetic state.
Conversely, the observation that the changes in
the widths of the valence (PES) and conduction
(O-K XAS) bands are very modest excludes an IS
state scenario: the presence of IS Cooct3+ ions
would allow for a free propagation of an extra hole
or electron in a ferromagnetically aligned eg band.
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In Search for Rare-Earth Borophosphates
Stefan Hoffmann, Horst Borrmann, Shuang Chen, Ya-Xi Huang1, Fernando Garcia, Jin-Xiao Mi1,
Yan Zhou, Yurii Prots, Walter Schnelle, Jörg Sichelschmidt, Dingbang Xiong2, Miao Yang3,
Prashanth Menezes, Jing-Tai Zhao4, and Rüdiger Kniep

In search for compounds with new crystal structures
and interesting chemical and physical properties the
exploration of the systems MOx – B2O3 – P2O5 –
(H2O) (MOx = metal oxide) has proven to be
extremely successful [1]. Numerous compounds
have already been synthesized with an amazing
structural variety that originates from the unique
arrangement of isolated tetrahedral (BO4 and PO4)
and trigonal planar (BO3) units and/or the condensation between them by forming complex borophosphate anions. Such anions can favorably be employed to tailor the physical properties of the resulting
compounds, as is schematically shown in Figure 1.
As an example M2O9 dimers are considered that consist of two face-sharing transition-metal centered
octahedra. In perovskites the M2O9 units are directly
interconnected to form a three-dimensional arrangement. The introduction of diphosphate groups allows
for a separation of these dimeric units. This sepation
can be increased further by incoperating the more
complex borophosphate anions containing boron in
three- and phosphorous in fourfold coordination.
So far, this general concept has been successfully developed mainly for 3d transition elements
mainly. Our recent synthetic efforts, however, are
focused on rare-earth elements, especially those
with unpaired f-electrons.

A First Step: Layered Rare-Earth Borate
Phosphates
A series of compounds with general formula
K3 RE [OB(OH)2]2[HOPO3]2 (RE = Y, Yb, Lu) has
been synthesized only recently [6]. The ytterbium
compound as the most interesting member is chosen as a representative example for the following
discussion. A single-crystal structure determination
on a hexagonal prismatic crystal revealed the layered nature of the structure (Fig. 2, left). Phosphate
tetrahedra are connected to isolated YbO6 octahedra resulting in the formation of extended layers
(Fig. 2, middle). This kind of linkage pattern is also
present in the compounds A3RE(XO4)2 (A = Na, K,
RE = rare-earth element, X = P, V, As), which can
be regarded as structural derivatives of the mineral
Glaserite (Aphthitalite) [7, 8], K3Na(SO4)2. Boron
is situated in a trigonal planar coordination by oxygen. The borate units are protonated and are
arranged to form layers (Fig. 2, right) above and
below the Glaserite-type slabs. A detailed crystal
structure analysis revealed the formation of
hydrogen bonds are formed between the terminal
oxygen atoms of the Glaserite-type slabs and the
borate layers.

Fig. 1: Separation of face-sharing transition-metal dimers. In the 4H perovskite SrMnO3 [2] (left) the dimers share common
apical oxygen atoms and form a three-dimensional arrangement. Separation of the dimeric units is realized in the diphosphate
Fe4(P2O7)3 [3] (middle) and more pronounced in the borophosphate Cr2(BP3O12) [4,5] (right).
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Fig. 2: Crystal structure of K3Yb[OB(OH)2]2[HOPO3]2. Single crystal: hexagonal platelet (SEM image, bottom right); left:
overall crystal structure; middle: Glaserite-type slab; right: borate layer.

Only a limited number of reports on Yb3+
microwave absorption spectra is available due to its
fast relaxation. Consequently, information on fundamental parameters, e.g., the g value for different
crystal field symmetries is missing. In the new
borate phosphate the crystal field of Yb3+ exhibits
the rare point symmetry C3i. Therefore, continuouswave X-band (9.4 GHz) and L-band (1.1 GHz)
electron paramagnetic resonance (EPR) spectra of
powdered K3Y1–xYbx[OB(OH)2]2[HOPO3]2 (x =
0.01) were investigated (Fig. 3). Well-defined
microwave absorption spectra were observed. The
figure presents the main 170Yb resonance line (natural abundance 69.6%) along with its full hyperfine
structure, resulting from the isotopes 171Yb ( I =
1/2) and 173Yb ( I = 5/2). The main line was analyzed by fitting to a Lorentzian-type lineshape,
from which a T-independent g-value of 3.16(1) was
obtained. This g-value indicates a significant diviation of the local Yb coordination from a regular
octahedron, for which a g-value of 2.6667 [9]
was expected. The evolution of the EPR linewidth

(ΔB) with T is presented in the inset of Figure 3 for
both X - and L-band measurements. The following
features are noteworthy: i.) the T-dependency of ΔB
is characteristic of an Orbach relaxation process [9]
(green line, Fig. 3 inset) where the localized spins
relax due to an interaction with excited crystal field
levels. From the Orbach-analysis the crystal field
splitting of the first excited levelwas extracted:

Δ

EPR Spectroscopy and Magnetic Susceptibility

Fig. 3: EPR X-band spectrum of powdered
K3Y1–xYbx[OB(OH)2]2[HOPO3]2 (x = 0.01) at 10 K. The
inset shows the temperature dependence of the linewidth
for X-band and L-band resonances. The solid line (green)
corresponds to an Orbach-like relaxation.
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of Δ = 211(30) K and Δ = 163(20) K for X- and Lband, respectively. ii.) ΔB is strongly field-dependent indicating an inhomogeneous resonance, with
this inhomogeneity resulting from the presence of
inequivalent Yb sites and/or a distribution of crystal
field parameters. In general, our EPR data are consistent with a distorted octahedral coordination of
Yb3+. The asymmetry of the lineshape is most likely due to an admixture of the main resonance with
parts of the hyperfine structure.
For K3Y1–xYbx[OB(OH)2]2[HOPO3]2 (x = 1) a
modified Curie-Weiss fit (χ = C/(T–θ) + χ0) yielded
an effective magnetic moment of μeff = 4.7 μB close
to the expected free-ion moment of Yb3+. The
Weiss temperature of θ = –65(1) K points to a crystal electric-field interaction. There is no indicationfor magnetic ordering. The magnetization isotherm
at 1.8 K shows a saturation of the paramagnetic
magnetization at ≈ 1.9 μB for fields above 40 kOe.

arrangement in the center (Fig. 4b and 4c). By taking into account the “free” oxygen corners of the
neighboring BO4 tetrahedra, it can be assumed that
the two oligomers become interconnected by i.) a
BO+-group (resulting in a BO3-unit), ii.) a
B(OH)2+-group (resulting in a O2B(OH)2-tetrahedron), and iii.) a PO2+-unit (resulting in a PO4-tetrahedron). Bearing this in mind, the chemical composition of the RE borophosphate is best described by
K6RE3[BP3O13(X 1+)O13P3B], with X = BO, B(OH)2
and/or PO2, at the moment.

The First Rare-Earth Borophosphates
Using a two-step reactiveflux route we succeeded
in the preparation
of a series of isostructural (space
_
group Pa3
Pa-3)
rare-earth
borophosphates [10].
[10]. High) rare-earth borophosphates
quality X-ray diffraction data (Ag Kα–radiation
[11]) of the Y-compound enabled us to establish a
reasonable structure model (Fig. 4), which was further supported by synchrotron and neutron diffraction data, chemical analyses, and EDXS.
The “clear” part of the crystal structure (Fig. 4)
contains the K and RE positions as well as the
tetrameric borophosphate units BP3O13 with B and
P in tetrahedral coordination. The RE sites (in octahedral coordination owing to the oxygen corners of
neighboring PO4-groups) are arranged in form of
rhombic dodecahedra which fill the space by sharing common faces. These rhombic dodecahedra are
filled with potassium and two tetrameric borophosphate groups. The blue triangle between the two
BP3O13 groups (Fig. 4a) corresponds to an atomic
which has
ihas soso far
fareluded
elued clear-cut
arrangement, which
identification. Yet, it can be assumed that this
unidentified group interconnects the two BP3O13
units and completes a borophosphate oligomer.
From the point of view of charge balancing the
missing unit (named X) has to bear one positive
charge. The residual electron density distribution
between the two neighboring BP3O13 groups is
characterized by 12 maxima surrounding a toroidal
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Fig. 4: Crystal structure of K6RE3[BP3O13(X 1+)O13P3B].
The RE ions form an arrangement of condensed rhombic
dodecahedra (yellow), which are filled with K+ (light blue)
and borophosphate groups (orange: PO4, green BO4, blue:
X 1+, see text). Residual electron density in the voids viewed
along [111] is shown in (b) and perpendicular to [111] in
(c).
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Rare-Earth Metal Chains in the Crystal Structures of Dicarboferrates
Bambar Davaasuren, Horst Borrmann, Enkhtsetseg Dashjav, Guido Kreiner, Walter Schnelle,
Frank R. Wagner, and Rüdiger Kniep

The family of ternary carbides can be divided into
two groups: carbometalates and metal-rich carbides. Carbometalates contain complex anions
[TyCz]n– with monoatomic C4– species covalently
attached to transition metals. Coordination numbers and oxidation states of the transition metals in
carbometalates are low. The compounds are electron precise, i.e., an ionic charge assignment is possible and no perceptible homogeneity ranges are
observed. Metal-rich carbides represent alloy type
phases, which are best described as interstitial carbides. Due to strong metal-metal interactions, partial structures cannot be clearly distinguished.
Recently, we have studied novel rare-earth iron
carbides.
The
crystal
structures
of
RE15[Fe6C(C2)6(Fe(C2)3)2] with RE = Y, Dy, Ho, Er
[1] and RE5.64[FeC(C2)2(Fe(C2)2)] with RE = Y,
Gd, Tb, Dy [2] contain complex anions with small
coordination numbers and low oxidation states of
the iron atoms. The structural motifs resemble
those in carbometalates, however the complex
anions contain diatomic C2 units besides
monoatomic C species. Therefore, these compounds are not carbometalates in a strict sense
(monoatomic ligands). La3.67[Fe(C2)3] is an example exclusively containing C2 units as ligands [3].
An interesting feature of this class of compounds is
the presence of noticeable RE−RE interactions
leading to the formation of superstructures or
incommensurately modulated structures. Here, we
report on structural ordering of RE atoms in the
crystal structures of La3.67[Fe(C2)3] and
RE5.64[FeC(C2)2(Fe(C2)2)]. In addition, we discuss
the possibility to extend the concept of carbometalates containing monoatomic ligands towards compounds containing C2 units.
The RE-compounds were synthesized by arcmelting of cold-pressed pellets of mixtures of the
elements. Heat treatment of the samples was performed in arc-welded Ta crucibles fused in silica
ampoules. For characterization, XRD techniques,
metallographic examinations in combination with
EDXS, and measurements of the electrical resistivity and magnetic susceptibility were used. The
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chemical bonding was analyzed by the COHP
method based on LMTO-ASA calculations, and the
phase stabilities were investigated by total energy
calculations using the PAW method.

Complex Anions in Ternary RE-Iron-Carbides
Containing C2 Units
The crystal structures of RE5.64[FeC(C2)2(Fe(C2)2)]
(RE = Y, Gd, Tb and Dy), La3.67[Fe(C2)3] and
RE15[Fe6C(C2)6(Fe(C2)3)2] (RE = Y, Dy, Ho, Er)
contain trigonal planar groups with Fe centers
coordinated by three carbon ligands (Fig. 1). A similar structural motif with nitrogen ligands is present
in the crystal structure of the nitridoferrate(III),
Ba3[FeN3] [4]. Trigonal planar units are the only
structural entities of the anionic partial structure of
La3.67[Fe(C2)3], whereas RE5.64[FeC(C2)2(Fe(C2)2)]
in addition contains linear chains of edge-sharing
tetrahedra as shown in Figure 1. An analogous
polyanion, [FeN4/2], is present in the crystal structure of the nitridoferrate(III), Li3[FeN2] [5].

Fig. 1: Complex anions in ternary RE-Fe-C-compounds
and nitridometalates.
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Fig. 2: La chains in the crystal structure of La3.67[Fe(C2)3]
enclosed within the channels formed by face-sharing (C2)6
octahedra. a) Split atom model of La chains within the
superstructure; b) shown as ordered chains running antiparallel, within neighbor-channels.

RE-filled Channels of La3.67[Fe(C2)3] and
RE5.64[FeC(C2)2(Fe(C2)2)]
The crystal structures of La3.67[Fe(C2)3] and
RE5.64[FeC(C2)2(Fe(C2)2)] both contain 1D channels, which are occupied by RE atoms. In case of
La3.67[Fe(C2)3] the trigonal-planar groups are surrounded by tricapped trigonal prisms of La atoms.
These prisms are connected via common triangular
faces forming a host framework of the chemical
composition {La3[Fe(C2)3]}, with the channels created via face sharing of octahedra formed by C2
units as shown in Figure 2. The remaining La

atoms occupy the channels in such a way that a
threefold superstructure with respect to the host
structure is formed along [001]. The total number
of guest La atoms per supercell is four. Two different La positions as part of the ordered chains relative to the host structure are possible; both with
equal probability, resulting in two partially occupied crystallographic La sites, each of 50% probability. Figure 2 shows the arrangement of La atoms
within the channels in more detail. The La atoms
forming the chains are characterized by alternating
short and long La–La distances. However, due to
merely weak interactions between the chains – the
interchain distance of 879pm
879 pm isis quite
quite large
large – correlations between the chains are lost. The chemical
composition La3.67[Fe(C2)3] corresponds to the
maximum La content of the ternary phase. The
phase stability as a function of the La content was
studied using first principles total energy calculations, which were performed using the VASP code
[6, 7] with generalized gradient approximation for
the ordered structural models La3.33[Fe(C2)3],
La3.5[Fe(C2)3], and La3.67[Fe(C2)3]. The results of
the calculations show that the energy differences
between the crystal structures with differently
ordered chains are less than 20 meV/atom.
La3.5[Fe(C2)3] and La3.67[Fe(C2)3] are both stable at
0 K while La3.33[Fe(C2)3] is unstable. This branching up at 0 K supports a small homogeneity range
for Lax{La3[Fe(C2)3]} with 0.5 < x < 0.67 at higher
temperatures. Experimental evidence for the homogeneity range is given by the crystal structure
determination of La3.64[Fe(C2)3] [8].

Fig. 3: a) Substructures (host-guest-assembly) in the crystal structure of Dy5.64[FeC(C2)2(Fe(C2)2)]. b) Dy-chains of the modulated composite structure located within channels formed by polyanionic tetrahedral strings and trigonal planar groups.
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In case of RE5.64[FeC(C2)2(Fe(C2)2)], the filling
of channels by RE guest atoms leads to a modulated structure, which is best described as a composite consisting of two substructures with mismatch
of host and guest lattices along [001]. The average
crystal structure and the complex anionic parts
have already been described in [2]. In the following, we focus on the ordering of RE atoms within
the channels, which is exemplarily discussed for
the Dy compound.
The two substructures are shown in Figure 3a. The
first one, {Dy5[FeC(C2)2(Fe(C2)2)]}, represents the
host structure containing most of the atoms and
forming a framework with empty channels running
along [001]. The second substructure, {Dy0.64}, is
the guest structure, which contains chains of Dy
atoms with alternating distances short-short-long
(333pm−333pm−390pm) within the channels of
the host structure. Figure 3b shows a cut-out of the
modulated chain of Dy atoms occupying the channels of the host structure together with one adjacent
polyanionic tetrahedral string and trigonal planar
groups. The guest Dy atoms are located inside the
(C2)6 octahedra, however, some of them are pushed
in direction of the octahedral faces due to limited
space, thereby changing their coordination from
octahedral to tetrahedral or even to trigonal planar
environment. In the composite, both substructures
are modulated due to their mutual interactions. All
distances exhibit only small variations, except
those between the guest Dy atoms.

Extending the Concept of Carbometalates (Cligands) to Dicarboligands (C2-ligands)
The crystal structures of ternary RE iron carbides
contain complex anions similar to those observed
in nitridoferrates. Such an analogy was one of the
motivations to develop the concept of carbometalates. Besides the presence of complex anions, the
carbometalate concept introduces further criteria
that help to assign particular carbides to the class of
carbometalates: (i) covalent bonds within the complex anions; (ii) charge-balanced ionic formulae;
(iii) absence of significant homogeneity ranges.
The key criterion (i) is fulfilled for the examples
discussed here: Fe–C distances indicate strong
covalent bonds; inspection of the chemical bonding
in La3.67[Fe(C2)3] shows that Fe–C covalent bondings are indeed dominating and optimized. Criteria
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(ii) and (iii) are not strictly valid, although the oxidation states for iron within the trigonal planar and
tetrahedral complex anions in the crystal structures
of La3.67[Fe(C2)3] [3] and Er2[Fe(C2)2] [9] can be
clearly assigned as Fe(I) and Fe(II), respectively.
The crystal structure of RE5.64[FeC(C2)2(Fe(C2)2)]
contains both types of environments of Fe atoms by
mixed carbon ligands, monoatomic and diatomic.
The average C−C distance in the C2 units amounts
to 135 pm indicating the presence of C24− species
containing double bonds. Thus, taking into account
the two different coordinations of iron atoms, we
expect oxidation states close to Fe(I) and Fe(II) for
the trigonal-planar and the tetrahedrally coordinated Fe atoms, respectively. A nearly charge balanced
ionic formula of the composite may be written as
{(Dy3+)0.64}{(Dy3+)5[Fe2+(C24 −)4/2][C4 − Fe1+(C24 −)2]}.
Nevertheless, the amount of {(Dy3+)0.64} within the
channels of the crystal structure does not exactly fit
to {(Dy3+)0.67} which would be needed for perfect
charge balancing.
This kind of “electronic flexibility” may be provided by the C2 units, which allow variations in
ionic charges [10].
We thank Dr. M. Mihalkovič (Institute of Physics,
Slovak Academy of Sciences, Slovakia) for VASP calculations.
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Ferromagnetic Quantum Criticality in the New Quasi-OneDimensional Heavy-Fermion Metal YbNi4P2
Cornelius Krellner, Christoph Geibel, Manuel Brando, Michael Baenitz, Stefan Lausberg, Luis
Pedrero, Heike Pfau, Helge Rosner, Rajib Sarkar, Alexander Steppke, Sophie Tencé, and Frank
Steglich
Phase transitions are one of the most fascinating
phenomena and a central topic in solid-state
physics. While classical phase transitions driven by
thermal fluctuations have been extensively studied,
current interest is in continuous quantum phase
transitions occurring at zero temperature and are
caused by collective quantum fluctuations between
competing ground states [1]. Namely, the emergence of remarkable new states of matter at such a
quantum critical point (QCP) has attracted strong
interest and has been studied in exquisite detail in
Lanthanide-based heavy fermion systems [2–4].
However, despite these studies spanning more than
two decades, no 4f-based material has been found
with a ferromagnetic (FM)-to-paramagnetic quantum phase transition, a fact that challenges our current understanding of quantum critical phenomena
in those systems [5–9]. Materials with reduced
dimensionality were found to be highly suitable in
the quest for new quantum critical materials [10,
11]. Furthermore, it is well known that the influence of quantum fluctuations increases for systems
of lower dimensionality. Here, we present a new
quasi-one-dimensional Kondo-lattice system:
YbNi4P2. This material fills the aforementioned

gap because it is a clean FM heavy-fermion metal
with a severely reduced Curie temperature (TC =
0.17 K) due to strong Kondo screening in the very
close vicinity of a FM QCP.
Intermetallic pnictides have recently become a
focus in the solid state physics community as a
result of the discovery of high-temperature superconductivity in the RFeAsO (R = rare earth) and
AFe2As2 (A = alkali metal) systems with different
substitutions (see e.g., Ref. [12]). While these compounds present a pronounced quasi-two-dimensional character, the pnictides crystallizing in the
ZrFe4Si2 structure type are quasi-one-dimensional,
and have only been poorly investigated [13]. In
Figure 1a, we present this tetragonal crystal structure of YbNi4P2 which can be viewed as isolated
chains (along the c direction) of edge-connected Ni
tetrahedra, with adjacent chains linked by Ni-Ni
bonds between corners of the tetrahedra. The Yb
atoms are located in the channels between these Ni
tetrahedral chains. The quasi-one-dimensional
character in the Yb and in the Ni network as well as
the geometrical frustration between neighboring
Yb chains, which are shifted by c/2, are prone to
strong quantum fluctuations if Yb is trivalent.

Fig. 1: Quasi-one-dimensional crystal and electronic structure of YbNi4P2. (a) Stereoscopic view of the crystal structure along
c with the Yb chains located in the channels between chains of edge-connected Ni tetrahedra. (b) Topology of one of the
uncorrelated Fermi surfaces with the most pronounced one-dimensional character manifested in two nearly flat sheets well
separated along kz. The size of the Fermi velocity, vF, of the mainly Ni-3d states dominating the DOS at EF is color-coded.
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We succeeded in preparing single-phase YbNi4P2
polycrystals. Our susceptibility measurements,
χ(T), indicated a clear Curie-Weiss behavior
between 50 and 400 K with an effective moment
µeff = 4.52 µB as expected for magnetic Yb3+ ions,
thus supporting the absence of a Ni-moment. The
lattice parameters deduced from powder X-ray diffraction experiments agree well with the reported
structure data [14].
To gain insight into the electronic structure of
YbNi4P2, we performed band structure calculations
of the „Ni4P2“ sublattice. For this purpose, the 4f 13
electrons are frozen as core states and assumed to
not contribute to the density of states (DOS) at the
Fermi energy, EF, as the strong Coulomb correlations of the Yb 4f electrons would give incorrect
results in the mean-field approximation. Two main
results can be inferred from the electronic band
structure: First, the three main Fermi surfaces have
a predominantly one-dimensional character: The
most prominent one is visualized in Figure 1b as
two disconnected sheets (along kz), which in real
space is typical for a one-dimensional system.
Therefore, not only the crystal structure but also
the electronic structure suggest that YbNi4P2 is a
quasi-one-dimensional system, quite unique
among Kondo-lattice systems. Second, spin-polarized calculations clearly demonstrate the absence
of Ni related magnetism in YbNi4P2 although the
main contributions to the DOS at EF result from Ni3d states.
The temperature dependence of the resistivity,
ρ(T), and the Seebeck coefficient, S(T), between
2 K and 300 K (Fig. 2) evidence YbNi4P2 as a
Kondo lattice with strong interactions between 4f
and conduction electrons. ρ (T) decreases linearly

Fig. 2: Temperature dependence of the resistivity. In the
inset we show the Seebeck coefficient S(T).
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down to 50 K with a room temperature value of
ρ300K = 120 µΩ cm, before dropping rapidly below
20 K, due to the onset of coherent Kondo scattering. The correspondingly large residual resistivity
ratio, ρ300K/ρ0 = 50, reveals a long electronic mean
free path which demonstrates the high quality of
our polycrystalline sample. Assuming that the linear decrease down to 50 K dominantly results from
phonon scattering, the magnetic part of the resistivity reveals a typical Kondo maximum around
30 K. The presence of strong hybridization
between the 4f and the conduction electrons in
YbNi4P2 is further supported by thermopower
measurements (see inset of Fig. 2). S(T) is negative
within the whole temperature range investigated, a
fact that is well established in Yb-based Kondo lattices. Moreover, S(T) presents a pronounced minimum at 35 K with absolute values as high as
40 µV⋅K–1. Also, maxima in ρ (T) and S(T) originate from Kondo scattering on the ground and the
excited crystal electric field (CEF) levels [15].
Since the CEF scheme of YbNi4P2 is presently
unknown, a reliable estimate of the Kondo energy
scale, TK (for the lowest-lying CEF Kramers doublet), can only be obtained by means of the magnetic entropy calculated from the specific heat data
(see below). At 4 K, the entropy reaches 0.5Rln2,
establishing a doublet ground state with TK ≅ 8 K.
We now turn to the astonishing low-temperature
properties of YbNi4P2 presented in Figures 3 and 4.
Below T = 10 K, the susceptibility, χ, further increases and nearly diverges towards TC = 0.17 K where the
4f moments undergo a FM phase transition (see Fig.
3). The fact that the magnetic ordering temperature
of the Yb moments is so strongly reduced results primarily from the pronounced Kondo interactions.
Applying a tiny magnetic field, χ is suppressed and
a clear maximum develops for B ≥ 5 mT. Below the
maximum a shallow minimum appears, which shifts
to lower temperatures with higher fields and most
probably reflects the magnetic response along the
magnetic hard direction of the tetragonal YbNi4P2.
The FM nature of the magnetic phase is one of our
key results as most of the presently known Kondo
lattices order antiferromagnetically.
In the inset of Figure 3 we present the magnetization data below and above TC obtained from the
same sample. At 60 mK, the magnetization is
strongly nonlinear and increases steeply with field
up to 150 mT due to a small ordered FM moment
of M ≅ 0.09µB, (left arrow in the inset of Fig. 3)
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Fig. 3: Temperature-dependent a.c. susceptibility at selected magnetic fields. Inset: field dependence of the magnetization below (black) and above (red) TC.

Fig. 4: Specific heat plotted as C/T vs. T on a logarithmic
scale. Inset: the resistivity exhibits a linear-in-T behavior
over more than a decade in temperature above TC for zero
magnetic field.

followed by a second kink at B ≅ 3.5 T (right
arrow), which either represents the rotation of the
FM moments along the magnetic hard direction or
the complete suppression of the Kondo screening.
Above TC, both anomalies are absent and the
polarized moment amounts to M ≅ 0.6µB at B = 5 T.
Specific heat data, shown in Figure 4, strongly
confirm that YbNi4P2 is indeed a FM ordered
heavy-fermion system. A sharp, λ-type anomaly is
observed at TC, establishing a second-order phase
transition into the ferromagnetically ordered phase.
Well below TC, a huge Sommerfeld coefficient, γ0 ≅
2 J mol–1 K–2, reflects the existence of heavy quasiparticles with an electronic mass two to three
orders of magnitude bigger than the bare electron
mass. Remarkably, C/T is larger below TC than
above the FM ordering, indicating strong fluctuations within the ferromagnetically ordered state,

similar to the antiferromagnetic phase in YbRh2Si2
[16]. Integrating C/T over temperature reveals an
entropy gain of only about 0.02Rln2 within the
anomaly at TC. This is in accordance with the small
value of the ordered moment derived from our
magnetization data and provides further evidence
for the very weak FM order in YbNi4P2.
The onset of magnetic order is further supported
by the freezing out of spin-disorder scattering, i.e.,
a distinct reduction of the electrical resistivity at
TC, presented in the inset of Figure 4. Below TC,
the resistivity follows ρ (T) = ρ 0 + AT 2, with ρ 0 ≅
2.5 µ Ω cm and A ≅ 52 µ Ω cm K–2, down to the
lowest measured temperatures. Therefore, all measured quantities exhibit the hallmarks of a LandauFermi-liquid ground state within the FM ordered
phase and can be characterized by the T → 0 limits
of the susceptibility, χ0, Sommerfeld coefficient of
the electronic specific heat, γ0, and the resistivity
coefficient A. The so-called Kadowaki-Woods ratio,
A/γ02, amounts to approximately 13 µ Ω cm
K2 mol2 J–2, close to the universal value of
10 µ Ω cm K2 mol2 J–2 for heavy-fermion compounds. The Sommerfeld-Wilson ratio, W = R0χ0/γ0
with R0 = π2 kB2/(µ0µeff2) and µeff ≅ 2µB is found to
be huge compared to all other heavy fermion systems [19, 20] within their magnetically ordered
states (SWRT → 0 ≅ 350) and is still substantially
enhanced well above TC, SWRT=0.3K ≅ 20. This
leads further support to very strong FM quantum
fluctuations in YbNi4P2.
The effect of an applied magnetic field is similar
for all presented quantities: Already a tiny magnetic field leads to an increase in TC. This shift extends
the Landau-Fermi-liquid ground state to higher
temperatures and is accompanied by a reduction of
the effective mass reflected in decreased values of
γ0, A, and χ0. The field-stabilized FM state is characterized by broad crossover maxima in χ(T) and
C/T(T), respectively, as the Yb moments get polarized in the external field at higher temperatures.
Therefore, the system is tuned away from the QCP,
in striking contrast to antiferromagnetic (AFM)
systems where an ordered system may be fieldtuned through the QCP [2].
Finally, we address the distinct deviations of various properties of YbNi4P2 from the predictions of
Landau-Fermi-liquid (LFL) theory above TC. They
are most pronounced in zero magnetic field, where
YbNi4P2 is situated very close to a FM QCP.
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Remarkably, the specific-heat coefficient diverges
stronger than logarithmically below T = 3 K with a
power law C/T ∝ T –0.42 down to 0.2 K. At this temperature, the classical fluctuations of the FM order
parameter set in (see Fig. 4). In the same temperature range the resistivity follows a linear-in-T
dependence with a tendency to sub-linear behavior
above T = 2 K. These strong deviations from LFL
behavior along with the low-lying FM ordering
have very general implications for our current
understanding of quantum phase transitions. While
numerous AFM Kondo systems have recently been
tuned towards a QCP by variation of pressure or
doping, appropriate candidates for the study of FM
QCPs are extremely rare [2]. Starting deep inside
the localized moment regime in Ce-based ferromagnets, the increase of the Kondo interaction with
pressure usually leads to an AFM ground state even
before the QCP is reached [5]. In disordered FM
systems a peculiar Kondo-cluster-glass state was
found, preventing the study of FM quantum criticality [7]. On the other hand, in clean itinerant FM
3d systems, it is established that no QCP exists,
rather the FM transition always ends at a classical
critical point (at finite T) where a first-order phase
transition occurs [8]. Therefore, YbNi4P2 represents the first clean example of FM quantum criticality permitting the examination of existing, and
the development of new, theoretical predictions for
the temperature dependencies of relevant physical
properties at a FM QCP. Most theoretical work was
done for systems where the vanishing magnetism
can be described within the framework of itinerant
spin fluctuation theories [2]. However, our observed
divergences in C/T(T) and ρ (T) above TC deviate
strongly from these theoretical descriptions.
Presently, we cannot distinguish whether these deviations result from the quasi-one dimensionality of
YbNi4P2, for which no calculations have been performed, or whether YbNi4P2 is situated close to a
local QCP, where the FM transition is accompanied
by a localization-delocalization transition of the felectrons. The local QCP scenario is well established
for YbRh2Si2 [17] which exhibits AFM order below
TN = 72 mK [16], but nonetheless shows strong FM
fluctuations in wide parts of its phase diagrams [18].
We note that C(T)/T also follows a stronger-thanlogarithmic divergence below 300 mK and a linearin-T resistivity is observed in YbRh2Si2 [19].
To conclude, we have discovered a new heavyfermion Kondo lattice with several features that are
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unique among strongly correlated 4f systems. First,
both the crystal and the electronic structure of
YbNi4P2 are quasi-one-dimensional, originating in
distinct quantum fluctuations at low temperatures.
Second, YbNi4P2 undergoes a well-defined FM
transition of second order at TC = 0.17 K, growing
out of a strongly correlated Kramers doublet
ground state with a Kondo temperature TK ≅ 8 K.
Because of the dominant Kondo screening only a
tiny fraction of the Yb moments order ferromagnetically with a substantially reduced TC. Above
TC, a remarkable power-law divergence of the
specific heat, C/T ∝ T –0.42 , and a linear-in-T resistivity is observed over more than a decade in temperature. Therefore, YbNi4P2 is the first clean system situated in the very close vicinity of a ferromagnetic quantum critical point. These FM quantum fluctuations which dominate the thermodynamic and transport properties well above TC cannot be explained within any current theoretical
framework. Furthermore, YbNi4P2 is a highly stoichiometric system and has the potential to become
the prototype of a FM quantum critical material.
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Hard X-ray Photoelectron Spectroscopy: New Opportunities for
Chemical and Physical Analysis
Jonas Weinen, Stefano Agrestini, Hidenori Fujiwara1,*, Zhiwei Hu, Thomas C. Koethe1,
Yen-Fa Liao2, Christian Schüßler-Langeheine1,**, Ku-Ding Tsuei2,3, Thomas Willers1, Hua Wu1,
and Liu Hao Tjeng
Photoelectron spectroscopy (PES) is a well established technique in condensed matter research and
is also widely used to study the chemical composition of matter and the valences of ions [1,2]. A sample hit by monochromatic light of energy hν emits
electrons whose kinetic energy Ekin is related to its
binding energy Ebin by Einstein’s famous equation
Ekin = hν −Ebin −ϕ (ϕ is the work function of the
material). Measuring the energy distribution of the
emitted electrons then yields an image of the density of states of the sample. Typical light sources
used in such experiments are UV gas discharge
lamps (UV Photoelectron Spectroscopy, UPS) and
X-ray sources with energies of 1256 eV (Mg Kα
radiation) or 1486 eV (Al Kα radiation). The latter
is known as XPS (X-ray Photoelectron Spectroscopy) or ESCA (Electron Spectroscopy for
Chemical Analysis). However, the significance of
these spectra is limited since they strongly depend
on the properties of the surface. Having a probing
depth of 5 Å – 15 Å (for UPS and XPS, depending
on the material) means that only the surface of a
sample is probed. The surface, however, may have
very different properties than the bulk. On the one
hand, it might be oxidized or have adsorbed contaminations from the environment. In this case,
meaningful spectra can only be obtained by carefully preparing the sample surface under ultra high
vacuum (UHV) conditions and removing any
adsorbates. On the other hand, even a perfectly
clean surface – especially of strongly correlated
materials – may have different properties than the
bulk since the different environment can cause
changes in the electronic structure.
In recent years progress in instrumentation and
especially the availability of high energy synchrotron radiation for generation of intense hard X-rays
with unprecedented energy resolution opened up
new possibilities for photoelectron spectroscopy
and thus for condensed matter research and chemical analysis. It is now possible to do HArd X-ray
PhotoElectron Spectroscopy (HAXPES) measurements with photoelectrons with an energy range of
6 keV – 12 keV, and count rates and resolution

comparable to those of standard XPS/ESCA
machines. The key advantage of using high energy
photons is that also the photoelectrons have much
higher kinetic energy and thus an increased inelastic mean free path [3]. Depending on the material
probing depths of 50 Å – 200 Å are possible, i.e.
ten times larger than in UPS or XPS/ESCA.
This allows to record high quality spectra of samples even if their surface is not atomically clean.
Careful surface preparation is no longer mandatory
(though sometimes still favourable). For systems
which exhibit different properties at the surface,
the bulk can be probed directly with this technique.
Furthermore, it is possible to measure high temperature phases of oxides which is problematic with
UPS or XPS techniques because of oxygen loss at
the surface.
As an example, Figure 1 shows the valence band
spectrum of a silver film grown on a MgO substrate. This spectrum was taken using a photon
energy of 7.6 keV. The sample was measured without any in situ treatment after being in air for long
time. Despite the sample surface being covered
with atoms and molecules adsorbed from air, the
spectrum has the typical lineshape of silver valence
band. Thus, the probing depth of this technique is
indeed large enough to avoid sizeable surface contributions to the spectra.

Fig. 1: HAXPES valence band spectrum of a silver film
grown on an MgO substrate, measured using 7.6 keV photon energy. The sample surface was not treated before the
measurement.
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The photoionization cross sections in the hard Xray regime are very low. This is why very bright synchrotron radiation is needed. Moreover – and this is
very crucial for our experiment – also the relative
weights of the cross sections for the different orbitals
(i.e. s, p, d, etc.) change at high photon energies,
which is demonstrated in the following example.
Figure 2 (a) shows the valence band spectrum of
a ZnO single crystal taken with a photon energy of
1486 eV (XPS). The valence band spectrum is
essentially composed of the Zn 3d states at binding
energy around 10 eV – 12 eV and the O 2p states
around 4 eV – 9 eV. The excitation spectra of this
compound are well understood and a simulation of
the valence band spectrum using LDA+U band
structure calculations agrees very well with the
experimental data. Note that the contribution of the
Zn 4s spectral weight is small in this case.
The same spectrum collected in a HAXPES
experiment (7.6 keV photon energy) using a typical
horizontal geometry, has a very different lineshape
(Fig. 2 (b)). In this geometry the detected photoelectrons are emitted in the direction parallel to the
polarization vector (E) of the incoming light. Using
the bandstructure calculations the change in spectral weight can be assigned to a much increased
contribution of the Zn 4s orbital. And, indeed, this
change can be explained by a relative increase of
the photoionization cross section of the s orbitals
compared to the p and d orbitals when going to
higher photon energies [4–6]. By identifying the
properties of the 4s states it is possible to study the
chemical bonding
thisthis
compound,
exists
bondingwhich,
which,in in
compound,
is
between
thebetween
Zn 4s and
established
thethe
ZnO4s2p.
and the O 2p.
The spectrum in Figure 2 (c) was measured under
the same conditions, but with vertical experimental
geometry where the detected photoelectrons are
emitted perpendicular to the direction of the polarization of the light. It is different from (b) and, surprisingly, much more similar to the XPS. To explain
this feature, the so-called asymmetry parameter β in
the angle – dependent differential photoionization
cross section (Fig. 3) needs to be taken into account.
For s electrons β is close to 2 [4–6]. As it can be seen
in Figure 3, this causes a strong enhancement of the
s spectral weight for an Eǁek geometry and an
almost complete suppression for E⊥ek (γ being the
angle between E and ek and ek being the wave vector of the photo electrons). By choosing the experimental geometry one can quasi switch the sensitivity to s electrons.
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Fig. 2: Photoelectron spectra of a ZnO single crystal, taken
with a photon energy of (a) 1486 eV (Al Kα), (b) and (c) 7.6
keV. For (b), electrons emitted with wave vector ek parallel
to the polarization of the light were recorded, for (c): electrons perpendicular to the polarization of the light. Note the
different spectral weights of the Zn 4s states depending on
photon energy and geometry.

Fig. 3: Polar plot of the angular dependence of the differential photoionization cross sections for various values of the
asymmetry parameter in the range −1 ≤ β ≤ 2.
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Our experimental work is performed at the
SPring-8 synchrotron radiation facility in Hyogo,
Japan. A sideline of Beamline BL12XU (Taiwan
Beamline) is dedicated to the joint HAXPES project
of MPI CPfS and NSRRC. Close to the undulator
the beam is split and monochromatized by Bragg
scattering from a diamond crystal (Fig. 4). Further
sections of the sideline are mounted on a movable
platform allowing to
energy
to use
use aa photon
range of
6 keVrange
to 12from
keV
6photon
keV toenergy
12 keV(according
(accordingtotothe
the Bragg’s
Bragg’s law).
law). To
To
improve the resolution, the light is guided through a
silicon channel cut monochromator. A K-B mirror
system focuses the beam to the center of the measurement chamber. The light spot has a footprint of
50 µm × 50 µm. As for any hard X-ray experiment,
the whole beamline and experimental stage is placed
in a lead hutch to shield any harmful radiation.

Fig. 4: Top view sketch of the BL12XU (Taiwan Beamline)
sideline dedicated to HAXPES at SPring-8. The inset
shows the vectors E and ek (both in the paper plane) for the
horizontal setup.

The spectrometer consists of a system of UHV
chambers. The main component is the electron
energy analyzer A-1HE from MB Scientific.
Samples are mounted on an xyzθ manipulation
stage which is – as well as the table on which the
whole setup is placed – fully motorized to allow the
tuning of the sample position while the beam is on.
A flow cryostat is used to cool the sample with liquid nitrogen or liquid helium. The cooling setup is
complemented with a heating stage on the same
arm. A temperature range of 10 K–750 K can be
covered without changing the setup. A separate
preparation chamber is used for sample transfer
and storage and for in situ cleaving.
In order to
make
use
make
useofofthe
thepolarization
polarizationdependence
dependence
of the photoionization cross section as described
above, the whole system can be installed in two
geometries, i.e. with horizontally or vertically
mounted analyzer (Fig. 5). Currently, a change in
the geometry involves a complete reconstruction of
the setup. A major redesign is planned to avoid the
need for this demanding procedure. The experiment will be equipped with a second electron analyzer. With two analyzers mounted perpendicular
with respect to each other and to the beam, it will
possible two
to switch
be possible
switchswiftly
swiftly between
between s sensitive
possibly
to
and ss non-sensitive
non-sensitivemeasurements,
measurements,or or
possibly
measure in both modes simultaneously. This will
make the instrument unique in the world.
To conclude, the strongly increased probing
depth of HAXPES allows to study the electronic
structure and to
dodo
chemical
chemicalanalysis
analysisofofaawide
widerange
range
of materials without the need for extensive in situ
surface treatment and cleaning. It is now possible

Fig. 5: Photographs of the experimental setup with the electron analyzer oriented horizontally (left) and vertically (right),
respectively, thus making use of the geometry dependence of the photoionization cross sections of the different orbitals.
(Photon beam is coming from the rear into the chamber, polarization vector horizontal.)
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to study buried interfaces as well as powder samples using this technique. The polarization dependence of the spectra allows to investigate the nature
of the chemical bonding, in particular the role of s
orbitals. For strongly correlated systems in which d
and f states are important, the perpendicular geometry can be used to obtain spectra which are free
from s electron contributions.
For the near future it is planned to work on several projects, partly in collaboration with other sections of MPI CPfS: the study of electronic structure
of intermetallic compounds, of high temperature
phases of transition metal oxides and of materials
with high oxidation states.
We gratefully acknowledge the NSRRC and the
SPring-8 staff for providing us with beamtime. We
would like to thank L. Hamdan and C.-C. Chen for
their skillful technical and organizational assistance. The research in Cologne is supported by
Deutsche Forschungsgemeinschaft (DFG) through
SFB 608; the research in Dresden is supported by
the DFG through FOR 1346.
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Non-Magnetic Quantum Impurities and Resultant Two-Channel
Kondo Effect in ZrAs1.58Se0.39
Tomasz Cichorek1, Lukasz Bochenek1, Andreas Czulucki, Marcus Schmidt, Rainer Niewa2,
Gudrun Auffermann, Yurii Prots, Ryszard Wawryk1, Michael Baenitz, Frank Steglich,
and Rüdiger Kniep
Many intriguing problems in condensed matter
physics may occur if a finite, strongly interacting
quantum mechanical system couples to a weakly
interacting extended one [1]. A prominent example
is the single Kondo impurity in a metallic environment with internal degrees of freedom, e.g., due to
an effective spin S = ½ (in units of ħ). Such a spin½ impurity is a well-known realization of a quantum impurity often called a two-level system (TLS).
However, two-state quantum systems can also arise
from a non-magnetic origin like, e.g., interstitial
hydrogen [2]. Due to their low mass, interstitial
hydrogen atoms or their isotopes may exhibit a
marked quantum transport over two or more interstitial sites separated by a barrier being much higher than its thermal energy. Similar physics governs
tunneling centers derived from structural disorder.
Here, a particle with the mass m tunnels between
two metastable states separated by the spatial distance, d, in the double-well potential characterized
by the barrier height, V. In the case of symmetrical
TLSs (twofold degeneracy) the energy difference
between the two eigenstates is equal to the coupling between the equivalent states, which exponentially decreases with the tunneling parameter λ.
The latter can be written in terms of the potential
parameters as
O

d

2 mV
!2

.

For example, for an atom with moderate atomic
weight, such as arsenic, m = 74.92 g mol–1 (12C =
12.00 g mol–1), crossing a barrier V = 1 eV over a
distance d = 0.2 Å (typical parameters of structural
TLS) one obtains λ ≈ 40. Even for hydrogen jumping between interstitial sites separated by d = 1 Å,
one still anticipates a large value of λ ≈ 23 for the
same barrier height of V = 1 eV.
It was already proposed [3–5] that the dichotomy
between extended and localized states may lead to
a two-channel Kondo (2CK) effect if itinerant electrons interact with a twofold degenerate tunneling
center. In this Kondo problem, only spherical har-

monics (l = 0, m = 0 and l = 1, m = 0) of the conduction electrons are relevant for the specific scattering process. As a consequence, the spin of the
conduction electrons plays the role of a silent channel index and is unaffected by spin splitting in the
presence of an applied magnetic field. In other
words, the 2CK effect derived from structural TLSs
is an intriguing, non-magnetic alternative to the
spin-½ Kondo effect. Since this is essentially a
one-impurity Kondo problem, a considerably
stronger effect on the transport properties rather
than on the thermodynamic ones is anticipated [6].
Nevertheless, it is still debatable whether the 2CK
effect due to structural TLSs can be experimentally achieved or not [7–11]. Indeed, in its strong-coupling regime both the temperature and the level
splitting cannot exceed the Kondo temperature, TK.
Since m is large for a “conventional” tunneling
particle, one obtains λ >> 1 even for relatively low
barriers, a fact that implies TK as small as 10–3 K –
10–2 K. This suggests the possible realization of a
strong-coupling 2CK fixed point in metals with
non-magnetic TLSs whose potential parameters
yield λ ≈ 1.
Previous investigations on ThAsSe (nominal
composition) single crystals revealed an extra,
magnetic-field-independent –AT 1/2 term in the lowtemperature electrical resistivity ρ (T) – a hallmark
of the 2CK effect [12]. Additionally, both the thermal conductivity and the specific heat showed a
glass-like temperature dependence which signifies
the presence of tunneling states. Successive investigations of closely related Zr- and Hf-based compounds have demonstrated the universality of a Bindependent –AT 1/2 behavior for M–As–Se (M = Zr,
Hf, Th) phases crystallizing in the PbFCl type of
structure [13,14]. Additionally, for the Zr–As–Se
system, it turned out that the homogeneity range is
very narrow with a minimal deviation from the
composition Zr(As,Se)2 (ZrAsxSey; 1.38(1) ≤ x ≤
1.65(1), 0.32(1) ≤ y ≤ 0.61(1), x + y ≤ 2). Finally,
very recent neutron diffraction experiments performed on a ZrAs1.58Se0.39 single crystal unambigu-
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ously gave evidence for the As–Se distribution in
the PbFCl type crystal structure: With respect to the
crystallographic sites As (2a) and Se (2c), the latter
one is occupied by both As and Se, and the former
one is occupied by As only, along with a significant
amount of vacancies [15].
These observations lead to questions about the
nature of potential quantum defects in metallic
arsenide selenides: Are the tunneling centers triggered by empty sites in the As (2a) layers or by
mixed occupation of the 2c sites with arsenic and
selenium? Would TK of the order of a few K be an
obvious consequence of non-local oscillations of
the chemical bonds, as previously suggested in
[12]. However, prior to an estimation of relevant
potential parameters, one must unambiguously
exclude a possible impact of enhanced electronelectron interactions (EEI). Indeed, besides the
2CK effect, three-dimensional (3D) EEI are the
only known phenomena that can also result in a
magnetic-field-independent –AT 1/2 correction to
the resistivity in disordered conductors. This may
happen if the electron screening is strongly reduced
yielding the unique case of a screened Coulomb
interaction parameter, F, very close or even equal
to zero [16]. As a consequence, only the field-independent singlet (l = 0, m = 0) term would determine
the low –T · ρ (T) behavior resulting from the EEI,
even in the high-field limit gμBH > kBT [17]. To
resolve these problems, we performed a comparative study on the closely related phases
ZrAs1.58Se0.39 (3 at.% of vacancies within the
monoatomic As layer) and ZrP1.54S0.46 (2a site fully
occupied with P).
Starting from microcrystalline powders, the
Zr–P–S single crystals were grown by an exothermal Chemical Transport Reaction applying a temperature gradient from 875 °C (source) to 975 °C
(sink) and using iodine as transport agent. The
chemical composition of a selected crystal was
determined by wavelength dispersive X-ray spectroscopy (WDXS, Cameca SX 100) to
Zr1.000(4)P1.543(5)S0.460(4). Other crystals from the
same batch were characterized by chemical analyses (ICP–OES, Vista RL, Varian) to
Zr1.00(2)P1.56(1)S0.461(4) (normalized to Zr), respectively. The variation of the chemical composition within these datasets is below 0.5 wt.% for Zr, P, and S.
The ternary phase crystallizes in the PbFCl structure type with similar structural features as previously reported for ZrAs1.4Se0.5, ZrAs1.6Te0.4 [18]
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and HfAs1.7Se0.2. The crystal structure contains
square planar phosphorus nets (Wyckhoff site 2a)
without detectable indications for vacancies.
Replacement of As and Se by P and S (i.e., by the
lightest homologue of the pnictogen and chalcogen
families) does not result in distinctly different basic
physical properties of ZrAs1.58Se0.39 and ZrP1.54S0.46.
In fact, differences in the metallic-like behavior of
ρ(T) are of minor significance only, as depicted in
Figure 1. For the As-based system, the c axis
residual resistivity ρ0 amounts to about 500 μΩcm.
For the P-based system, we found a lower value of
ρ 0 = 270 (±40) μΩcm and a residual resistivity
ratio RRR = 1.65, slightly larger with respect to
RRR ≈ 1.1 for ZrAs1.58Se0.39. These observations
point to a somewhat smaller structural disorder in
the former system, as naturally expected for a compound with full occupancy of the square-planar
layer by pnictogen atoms. Additionally, for both
zirconium pnictide chalcogenides, a steep drop of
ρ (T) at the lowest temperatures signals a superconducting phase transition at Tc ≈ 0.14 K
(ZrAs1.58Se0.39) and 3.5 K (ZrP1.54S0.46). However, a
zero value of the resistivity was found only far
below the onset temperature (see the inset of Fig.
1). The complex behavior of the resistivity data in
the vicinity of the superconducting transition for all
samples investigated can be tentatively ascribed to

Fig. 1: Temperature dependence of the electrical resistivity
along the c axis of ZrP1.54S0.46 and of ZrAs1.58Se0.39 (for thelatter, the two specimens were cut off from the same single
crystal). Inset: The same results but with focus on the vicinity of the superconducting transition, plotted as ρ/ρ0 vs.
T/Tconset . For clarity, the ρ(T) data for the P-based system
were multiplied by a factor of 5.
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ZrAs1.58Se0.39 and ZrP1.54S0.46, respectively, in
accord with the mass difference of the two systems.
For structurally disordered materials such as
ZrAs1.58Se0.39 and ZrP1.54S0.46, the disorder parameter can be calculated from the free-electron formula
(kFle)−1 = ħ 3meD–1, where D is the electron diffusion constant. Along the c axis direction, we
estimated D ≈ 1.0 and 1.9 cm2s−1 for the As- and Pbased systems, respectively. Here, we used the
Einstein relation,
D

Fig. 2: Temperature dependence of the specific heat of the
ZrP1.54S0.46 single crystal measured in zero and overcritical
magnetic fields. Inset: Zero-field-cooled (ZFC) and fieldcooled (FC) magnetization as a function of temperature for
the same ZrP1.54S0.46 sample.

a delicate variation of the chemical composition,
i.e., below 0.5 wt. % which is the resolution limit
of our analyses. Most likely, such chemical inhomogenities are also responsible for the slight sample dependence observed in the ZrAs1.58Se0.39 system, for which two specimens had been cut off
from the same part of a large single crystal used for
neutron diffraction experiments.
In order to determine the Meissner volume in
ZrP1.54S0.46, magnetization experiments were performed. The inset of Figure 2 displays the zerofield-cooled (ZFC) and field-cooled (FC) magnetization data. If we assume that the ZFC data show
the complete diamagnetic shielding below Tc ≈
3.5 K, we conclude from the FC results a volume
of about 60% of the sample was in the MeissnerOchsenfeld state at these temperatures. Further evidence for bulk superconductivity in ZrP1.54S0.46 is
provided by the sizeable specific heat jump at Tc ≈
3.5 K in B = 0 (Fig. 2). The small mass of 0.2 mg and
the low value of Tc have yet prevented such detailed
low-temperature volume-sensitive experiments on
ZrAs1.58Se0.39. Nevertheless, their thermodynamic
properties are very similar, as highlighted by the
same value of the Sommerfeld coefficient of the
electronic specific heat γ = 1.7 (±0.1) mJ K–2 mol–1.
This is further corroborated by similar Debye
temperatures ΘD = 355 K and 456 K for

1
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where N(EF) is the density of states at the Fermi
level calculated from the electronic specific heat
and ρ0 is the residual resistivity. Within this
formalism we obtained (kFle)−1 ≈ 0.37
(ZrAs1.58Se0.39) and 0.21 (ZrP1.54S0.46) which again
points to a similar, but somewhat less pronounced
structural disorder in the free-of-vacancies phase.
Having established a far-reaching similarity of the
main physical properties of ZrAs1.58Se0.39 and
ZrP1.54S0.46, we now turn to a discussion of their normal-state electronic transport properties at low temperatures at which an additional contribution to ρ(T)
emerges. Details are shown in Figure 3: Here, we
plotted the relative change of the resistivity
normalized to the minimum value, (ρ − ρmin)/ρmin as
a function of T1/2. The zero-field ρ(T) data for
ZrAs1.58Se0.39 (#2) and the resistivity of ZrP1.54S0.46
(obtained at an overcritical magnetic field, B = 1 T
[19]) exhibit a very similar temperature dependence. Below a broad minimum at Tmin ≈ 15.0 K
[ZrAs1.58Se0.39 (#2)] and 8.5 K (ZrP1.54S0.46), the
resistivity depends strictly linearly on T1/2 in a wide
temperature range, i.e., down to the vicinity of the
superconducting transition temperature. The A coefficient in the extra –AT1/2 term amounts to
0.167 μΩcm/K1/2 and 0.038 μΩcm/K1/2 for the Asand P-based samples, respectively. We emphasize
that a magnetic field of B = 14 T, which is the largest
field accessible in our experiment, does not alter the
square-root temperature dependence of the resistivity for the phase with vacancies in the mono-atomic
pnictide layer. The same behavior of the low-T electrical resistivity, i.e., the magnetic-field-independent
–AT1/2 term, was found in all M−As−Se single crystals. Moreover, this behavior is independent of both
the crystallographic orientation and the superconducting properties. In striking contrast are the resistivity data of the free-of-vacancies phase ZrP1.54S0.46.
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Fig. 3: Qualitatively different effects of magnetic fields on
the low-temperature electrical resistivities as (ρ −ρmin)/ρmin
vs. T 1/2 for ZrAs1.58Se0.39 and ZrP1.54S0.46, i.e., for systems
with and without vacancies in the pnictogen layers. Inset:
Suppression of the square-root temperature dependence of
the resistivity for ZrP1.54S0.46 in varying magnetic fields
applied along the a axis direction.

Clearly, the –AT1/2 term displays a completely different response to an applied field. For B = 14 T, the
low-T upturn is strongly suppressed, as evidenced
by an order-of-magnitude smaller value, A ≈
0.005 μΩcm (K1/2)–1. The inset of Figure 3 provides
more insight into the resistivity vs. temperature
curves measured in various fields B ≤ 14 T. These
observations yield striking evidence for entirely different phenomena occurring in the material without
(ZrAs1.58Se0.39) and with (ZrP1.54S0.46) a full occupancy of the square-planar pnictogen layers. While
the B-independent –AT1/2 term, formed for the former material, is expected for a 2CK problem derived
from isolated doubly degenerate non-magnetic
quantum impurities, the very strong field
dependence of ρ (T) for the latter system points to
considerable 3D quantum interference effects and
superconducting fluctuations. Most importantly,
however, electron-electron interactions in the spinsinglet channel are apparently negligible in the M−
Pn−Q (Pn = P, As; Q = S, Se) single crystals investigated. This can be concluded from the B = 14 T
upturn in ZrP1.54S0.46 with it about 18 times smaller
that the expected (ρ − ρmin)/ρmin correction due to the
EEI in magnetic fields. Apparently, the latter are sufficinetly large, such that the field-induced spin splitting becomes comparable to kBT.
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Fig. 4: Remarkable differences of the low-temperature electrical resistivity plotted as (ρ −ρmin)/ρmin vs. T 1/2 for two single-crystalline ZrAs1.58Se0.39 specimens with similar residual resistivity. The dashed line shows the magnitude of a
hypothetical correction to ρ(T) for the sample #2, as discussed in the text. Inset: Transverse magnetic field dependencies of the electrical resistivities for ZrAs1.58Se0.39 and
ZrP1.54S0.46 at liquid-helium temperature. For clarity, the
magnetoresistivity of ZrAs1.58Se0.39 was multiplied by a
factor of 10.

Independent arguments which additionally rule
out any significant impact of the EEI on the lowtemperature charge transport in M−As−Se are provided by a comparison of the (ρ − ρmin) ρmin
dependencies obtained for two ZrAs1.58Se0.39
specimens. As inferred from ρ0 = 490(±40) μΩcm
for the sample #1 and 550(±40) μΩcm for the sample #2 (see Fig. 1), similar elastic relaxation times
can beassumed for the two samples. In spite of this,
the magnitude of the magnetic-field-insensitive
–AT 1/2 term differs by more than a factor of 3.
These experimental observations, displayed in
Figure 4, are at strong variance to the expectation
of enhanced EEI in specimens of the same disordered metal [16]. Indeed, since the chemical composition of the two samples does not vary by more
than 0.5 wt.%, one expects a very similar electronic structure. In other words, an anticipated correction to the resistivity due to the EEI has to be calculated under the assumption of a nearly identical
interaction parameter F [16,20,21]. In such a case
of a sample-independent F, the magnitude of a
hypothetical (ρ −ρmin)/ρmin anomaly would only
vary with ρ0D−1/2 ∝ ρ03/2 in any disordered metal.
This, however, is in a striking contrast to our exper-
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imental observation on ZrAs1.58Se0.39. In fact, a
supposed –AT1/2 term, estimated for sample #2 on
the basis of the value of the A-coefficient of sample #1 would be substantially smaller than what is
experimentally found for sample #2, see dashed
line in Fig. 4. (We note that F = 0 was assumed in
our calculations.) Finally, to provide further support to the accurcy of our estimates of the residual
resistivity are accurate, the isothermal response of
the resistivity to a magnetic field was studied by
taking advantage of the fact that the
magnetoresistivity [MR = (ρ − ρ0)/ρ0] is a dimensionless relaxation-time-dependent quantity. The
MR data, obtained at T = 4.2 K, are depicted in the
inset of Figure 4. Neither any temperature dependence nor any deviation from the B2 behavior was
observed in the temperature range 0.15 K – 15 K
and for B ≥ 1 T. From the differences in the MR ∝
(1 / ρ0) 2, e. g., 40% at B = 14 T, one can estimate
ρ0 of sample #2 to exceed ρ0 of sample #1 by about
18% [22]. This estimate, being in satisfactory
agreement with the 12% difference between the
measured ρ0 values, leads to minor changes in the
hypothetical (ρ −ρmin)/ρmin anomaly and, hence,
provides further support to a novel scattering
mechanism which we relate to a random distribution of non-magnetic quantum impurities in the
ZrAs1.58Se0.39 single crystal.
The results presented in this contribution are
obviously associated with the occurrence of nonmagnetic quantum impurities within those layers in
ZrAs1.58Se0.39 that are exclusively formed by As,
since the absence of a significant number of such
defects in the closely related ZrP1.54S0.46 phase leads
to a fundamentally different physical behavior. We,
therefore, propose that the formation of tunneling
centers in the pnictogen layer with vacancies is triggered by non-local oscillations of the As-As chemical bonds. This suggests that an electron rather than
an atom (as usually assumed) plays the role of the
tunneling particle. Taking advantage of the theoretical calculations of the atomization energy per
atom, AE, for Asn clusters, i.e., the energy required
to break the Asn molecule completely into its component atoms [23], one can estimate the tunneling
exponent λ for M−As−Se phase: For example, in
the case of an As4 tetramer, characterized by AE =
2.68 eV and the bond length d0 = 2.46 Å, one
obtains λ as small as 1.5, providing an opportunity
to approach a strong-coupling 2CK fixed point at
experimentally accessible temperature. (Here we

assumed V = AE and d = ½d0.) Obviously, a substantially smaller value of the tunneling exponent
compared to the one for “conventional” potential
parameters (λ >> 1), is a natural consequence of the
electron mass being smaller than atomic masses by
about 4 orders of magnitude. In other words, we
suppose that a non-magnetic 2CK effect in
ZrAs1.58Se0.39 and other M–As–Se phases originates
from a two-state quantum system formed by nonlocal oscillations of the As-As chemical bonds.
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YbRh2Si2 and YbIr2Si2 belong to the few Kondo
lattice compounds for which a well-defined
Electron Spin Resonance (ESR) signal is observed
and allows to directly characterize the spin dynamics of the Kondo ion. Even well below the (thermodynamically determined) single-ion Kondo
temperature TK this signal exhibits properties that
are typical for localized 4f moments [1,2]. It has
been shown that the presence of strong ferromagnetic correlations between the 4f-spins gives rise to
a narrow, observable ESR signal [3, 4], a situation
which is very similar to the one for 3d-spins in ferromagnetic metals [5].
It is commonly believed that the occurrence of an
ESR signal of paramagnetic ions as impurities in a
metal is impeded by the Kondo effect. In this case,
however, their magnetic moment should be screened
by the conduction electrons at T < TK and their spin
relaxation rate toward the conduction electrons
(being in thermal equilibrium) should substantially
exceed the ESR frequency. The fact that this is not
always the case for Kondo lattice systems is a crucial issue of Kondo lattice physics, and was the main
topic of our theoretical work [6,7] and extended supplementary ESR experiments [2-4, 8-10].
Theory development
The Kondo effect can help to observe an ESR signal in YbRh2Si2 – this was the central result of the
developed theoretical understanding [7]. In the
framework of this theory it also became clear that,
in a simple approximation, the relaxation rate of
Kondo ions diverges logarithmically for temperatures approaching TK from above. However, it was
found that this is correct only for a single-ion picture of the Kondo effect. In the case of a dense concentration of the paramagnetic impurities, and
especially for the Kondo lattice, the back-influence
of the Kondo ions on the spin dynamics of the conduction electrons becomes very important.
The equations of motion for both spin systems
are coupled by additional kinetic coefficients,
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which diverge on the same energy scale: a collective-spin-mode is formed and is supported by the
Kondo effect [7]. Mutual cancelation of all divergences results in a greatly reduced effective
linewidth even in the case of a strongly anisotropic
Kondo interaction. An additional reduction of the
ESR linewidth results from the motional narrowing
of the local magnetic field distribution caused by
the quasi-localized f-electrons. This narrowing
process is only possible if nearest-neighbor 4fspins interact ferromagnetically. The importance of
ferromagnetic fluctuations for narrow ESR lines is
clearly supported by experimental results [3] and,
noteworthy, was discussed also within a picture of
a heavy-electron spin resonance [11].
As depicted in Figure 1 we were able to describe
quantitatively the temperature and frequency
dependence of the experimental data. It turns out
that these data are consistent with a characteristic
temperature of the Kramers doublet ground state
that is much smaller than the usual Kondo temperature describing the 4f-thermodynamic properties.

Fig. 1: g-factor and relaxation rate Γ of the ESR signal can
be well described by a collective mode of Yb spins and conduction electron spins in the presence of the Kondo effect.
Inset: frequency dependence of the collective mode rate.
Solid and dashed lines are fits according to the “collectivespin-mode” scenario [7].
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ESR of YbRh2Si2 under pressure and Co doping
The ESR investigations under external pressure in
YbRh2Si2 were aimed towards tuning the 4f-electron hybridization. Consequently, these studies
should provide additional information on the spin
dynamics. The challenge of these experiments was
the skin-depth limited, small ESR intensity of
YbRh2Si2 and the need to measure at temperatures
well below 20 K. Therefore, at the University of
Augsburg, we extensively improved a previously
home-built ESR pressure setup which allows for
ESR measurements at the X-band (9.4 GHz) under
a hydrostatic pressure of up to 3 GPa (30 kbar) and
in a temperature range 2.5 K − 300 K [8].
Figure 2a shows examples of ESR spectra of
YbRh2Si2 as a function of pressure. With increasing
pressure the ESR line broadens (Fig. 2c) and shifts
to higher fields, i.e. to correspondingly smaller gvalues, (Fig. 2d). The present theoretical framework
for the ESR in YbRh2Si2 [7, 11] provides a reasonable basis to understand the ESR under pressure in
terms of the Kondo effect and the presence of ferromagnetic correlations. For instance, the concept of
a narrowing of linewidth by the 4f-spin motion
could provide, within the collective-spin-mode scenario [7], a preliminary understanding of the pres-

Fig. 2: ESR spectra dP/dH (P: absorbed microwave power)
at 9.4 GHz with fitted metallic Lorentzian shapes (solid
lines) (a) under different hydrostatic pressures p (amplitudes are scaled for best illustration), (b) at ambient pressure for different concentrations x of Co. Linewidth ΔH,
(c), and effective g-factor, (d). Upper axis and lower axis
refer to chemical and external pressure, respectively, and
are related as described in the text.

sure-induced line broadening (Fig. 2c). An increase
of pressure favors the magnetic Yb3+ configuration
and, hence, seems to be equivalent to a slowing
down of the 4f-spin motion resulting from a
decrease in 4f-conduction spin hybridization.
We compared the pressure results with the X-band
ESR of Yb(Rh1–xCox)2Si2. Substituting the Rh ions
with smaller Co ions causes a similar behavior of
the ESR response (Fig. 2b). The volume reduction
introduced by either external pressure p or internal
“chemical pressure” x stabilizes antiferromagnetic
ordering and gives rise to an equivalent evolution
of the Néel temperature TN. The x and p values are
related according the measured lattice parameters
and the bulk modulus of YbRh2Si2, and are shown
at the ordinates of Figures 2c and 2d. There, for
p ≥ 1 GPa or x ≥ 0.07, significantly different values of ESR linewidth and g-factor are revealed.
Therefore, the static and dynamic magnetic properties of the Yb3+ spin seem to be influenced not only
by the decrease of the unit cell volume but also by
disorder induced by Co doping. The obtained ESR
linewidths for all investigated pressures and Co
contents could be characterized by a universal ratio
between the respective residual linewidth and the
slope of the linear temperature dependence of the
linewidth. By relating both quantities to the scattering processes of charge transport the evolution
of the ESR data with pressure allowed a further
characterization of the influence of the Kondo
interaction on the ESR of YbRh2Si2 [8].
The pressure dependence of the linear slope of the
temperature evolution of the linewidth is equivalent to the linewidth behavior of local Gd 3+ spins
serving as diluted ESR probes in Ce-based heavyfermion compounds [12]. There, the change in the
low-temperature slope under pressure is explained
by the change of the Kondo temperature.
Therefore, the equivalency reveals two conclusions: (i) the ESR in YbRh2Si2 looks like a resonance of local Yb3+ spins in a metallic environment
and (ii) the Kondo temperature is a relevant parameter to describe the linewidth.
ESR of YbRh2Si2 at low temperatures
Our ESR investigations of YbRh2Si2 at temperatures
down to 0.5 K were aimed to investigate an eventual
crossover behavior of the ESR parameters linewidth
and g-factor once the electronic properties of
YbRh2Si2 approach a heavy Landau-Fermi liquid
behavior. This is seen, for instance, in the tempera-
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indicate the properties of a collective 4f-conduction
electron spin mode upon changing the 4f-conduction electron hybridization [8]. Furthermore, we
found that both the ESR g-factor and the linewidth
of YbRh2Si2 display a crossover behavior at around
the same temperatures where thermodynamic and
static magnetic properties indicate a crossover to
Landau-Fermi liquid behavior [9].
A full treatment of these results within our
recently developed theoretical approach of an
anisotropic bottleneck scenario [7] will be the subject of future work.

References
Fig. 3: Temperature dependence of the ESR linewidth ΔH
and effective ESR g-factor. Temperature T* indicates
anomalies which occur at the boundary of heavy-electron
formation. Red lines indicate linear and exponential
behavior for ∆H and ln(T) for g [9].

ture dependence of the magnetic susceptibility which
exhibits a maximum close to a temperature T* specified by a crossover in the isothermal Hall resistivity.
The low-temperature ESR experiments were performed using home-built 3He bath cryostats for Xband (University of Augsburg) and Q-band
(Okayama University). For X-band (resonance
field ≈ 2 kOe), the lowest accessible temperature of
0.69 K was still above T*, and no anomalies were
found in the ESR parameters [9]. The measurements at Q-band (resonance field ≈ 7 kOe) went
down to 0.6 K and, thus, well below T* ≈ 1.5 K [9].
The data displayed in Figure 3 indeed establish a
crossover behavior of the ESR linewidth and gfactor at T ≈ T*. At higher fields, although much
weaker developed, such crossover behavior was also
reported and interpreted as a typical signature of a
heavy-electron spin resonance [10]. We suspect,
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Conclusion
We could show that the pressure effects on the spin
resonance in YbRh2Si2 on the one hand manifest the
local character of the Yb3+ spins, on the other hand
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Synthesis, Characterization, and Physical Properties of Iron
Chalcogenides FexSe, FexTe and Fex(Se,Te)
Sahana Rößler, Cevriye Koz, Ulrich Schwarz, Handady L. Bhat1, Ulrich Burkhardt, Dona Cherian1,
Suja Elizabeth1, Sashidharan Harikrishnan1, Mydeen Kamal, John A. Mydosh2, Michael Niklas,
Yurii Prots, Marcus Schmidt, Ulrike Schmidt, Walter Schnelle, Frank Steglich, Liu Hao Tjeng,
Yuri Grin and Steffen Wirth
The recent discovery of superconductivity in iron
pnictides by Kamihara et al. [1] led to a surge of
interest in this class of materials. within a few
months of this seminal work, superconductivity
was discovered in several iron-based intermetallic
compounds. These are the first non-copper oxide
materials that exhibit superconductivity at relatively high temperatures: the highest critical temperature Tc achieved so far is 55 K [2,3]. Among them,
tetragonal FexSe has the nominally simplest crystal
structure [4], but to obtain a pure PbO-type tetragonal phase is found to be difficult. This is a crucial
issue since the physical properties of FexSe are
extremely sensitive to the Fe:Se ratio and the
highest Tc ≅ 8.5 K at ambient pressure was
observed when the material’s composition is closest to 1:1 [5].
In this context, the role played by an excess of Fe
in the ternary iron chalcogenides Fex(Se,Te)
deserves intense consideration. A ternary material
with x = 1 has so far been found impossible to
obtain, and elemental iron appears to be always
present in the synthesized ternary samples. The
excess Fe ions are supposed to randomly occupy
interstitial sites in the chalcogenide layer [6] and
give rise to a pair-breaking effect in the superconducting state [7]. Recent experimental studies
clearly demonstrate suppression of superconductivity [5] and localization effects [8] induced by
excess Fe.
Here, we present a thorough investigation on
synthesis and homogeneity range of binary phases
FexSe and FexTe as well as on the growth of single
crystals by chemical vapor transport. To scrutinize
the subtle effects of chemical composition on ternary materials Fex(Se,Te), the physical properties
of single crystalline samples with different compositions are compared. Therefore, in addition to the
binary in-house material, we investigated ternary
samples obtained from our external collaborators.
These specimens were grown using a horizontal
Bridgman setup. The details of this single crystal

growth and the implicated characterization have
been described elsewhere [9]. Our study of the ternary materials Fe1.09Te0.5Se0.5 and Fe1.04Te0.5Se0.5 is
focused on resistivity, magnetization, linear and
nonlinear responses of ac susceptibility. The results
depict that iron excess causes a broadening of the
superconducting transition, a phase separation in
the superconducting state, and a localization of the
charge carriers in the normal state.

Synthesis of the binary phases FexSe and FexTe
investigation, ,we
we concentrate on preparing
In our investigation
pure phases of tetragonal FexSe and FexTe as well
as the characterization of the synthesized material
with respect to homogeneity range and composition. In this context, impurities like hexagonal
FexSe and elemental iron are considered.
FexTe adopts the same crystal structure as tetragonal FexSe but does not show superconductivity
down to the lowest investigated temperatures.
However, the phase exhibits a first order structural
transition accompanied by an antiferromagnetic
ordering [6,10]. FexTe samples were prepared by
the same procedure as described in detail for tetragonal FexSe (see below). According to an analysis of
the lattice parameters (Fig. 1), the homogeneity
range of FexTe amounts to 1.060(5) < x < 1.155(5),
which is roughly in conformity with earlier findings [11,12].
Polycrystalline FexSe was prepared by solid state
reaction of Fe pieces (99,995%) with Se shots
(99,999%) in molar ratios close to 1:1 (typically
FexSe with x = 0.98−1.02). Glassy carbon crucibles
with lid were filled with Fe/Se mixtures and placed
in quartz ampoules which were sealed under vacuum (10−5 mbar). The first part of the temperature
program for the reaction (step I in Fig. 2) is similar
to a procedure described earlier [5]. However, in
order to improve homogeneity, the ingot was
ground in a second step, cold-pressed and annealed
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Fig. 1: Lattice parameters at room temperature depending
on the nominal composition FexTe. The determinations
were performed with LaB6 as an internal standard in the Xray powder diffraction experiments. Typical standard deviations amount to 2×10−4 Å − 6×10−4 Å and are, thus, frequently within the size of the symbols.

Fig. 3: X-ray diffraction diagram of samples with nominal
composition FexSe and tetragonal FexSe as the main phase
at room temperature (Impurity phases; hexagonal FexSe
marked by * and bcc Fe by )

Fig. 2: Temperature program for the synthesis of polycrystalline samples of tetragonal FexSe.

at 400 oC for 2−5 days and subsequently quenched
in water to room temperature. Except, the reaction
process, sample handling and preparation were performed in argon-filled glove boxes.
X-ray powder diffraction experiments exhibit
that the prepared polycrystalline FexSe samples
mainly contain the tetragonal phase. According to
these measurements, a single phase tetragonal
FexSe can be synthesized at a molar ratio of 1:1
within experimental error. Even small changes of
the composition result in impurity phases. As
shown in Figure 3, unreacted iron was observed in
samples with Fe excess while surplus of Se induces
the formation of hexagonal FexSe.
Samples with a nominal composition Fe1.00Se are
single phase according to the findings from EDXS
or WDXS measurements and X-ray powder diffraction data. However, magnetization measure-
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Fig. 4: Lattice parameters of samples with nominal composition FexSe and tetragonal FexSe as the main phase at
room temperature. The measurements were performed
using TiO2 as an internal standard in the X-ray powder diffraction experiments.

ments at room temperature indicate that even these
samples contain 300 ppm Fe. According to chemical analysis the samples contain less oxygen than
the detection limit of 0.05 mass %.
The unit cell dimensions for the investigated
compositions FexSe with 0.98 ≤ x ≤ 1.02 show very
small, but nevertheless systematic changes. The
analysis of the lattice parameters narrows the
homogeneity range of tetragonal FexSe to 1 ≤ x <
1.010(5) (Fig. 4).
Single crystals of tetragonal Fe1.00Se were grown
from polycrystalline material by chemical vapor
transport using AlCl3 as a transporting agent. The
evacuated sealed quartz ampoule (diameter 20 mm,
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Fig. 5: FexSe single crystals manufactured by chemical
vapor transport in a temperature gradient.

length 100 mm) was filled with a mixture of
~ 500 g Fe1.00Se powder and ~ 20 mg AlCl3 and
placed inside a horizontal resistance oven. The
temperature gradient was 400 °C → 300 oC. The
experiments were carried out over two months.
Single crystals were washed with ethanol to
remove remaining AlCl3. As shown in Figure 5, all
crystals have the same plate-like morphology.
Regarding to the phase diagram of the system
Fe−Se, there are still some uncertainties concerning the homogeneity range of phases and the nature
of the phase transitions between tetragonal and
hexagonal FexSe. In order to understand the relation between the tetragonal superconducting phase

Fig. 7: Magnetic susceptibility of samples with nominal
composition FexSe and tetragonal FexSe as the main phase.
The discontinuous changes indicate transitions into the
superconducting state.

and the hexagonal modification, in-situ high-temperature X-ray synchrotron radiation diffraction
measurements were performed at the ESRF
(Beamline ID31). Tetragonal FexSe (Fig. 6, inset)
remains stable with increasing temperatures up to
440 oC. Above this temperature, the diffraction data
give evidence for a decomposition of tetragonal
Fe1.00Se into hexagonal FexSe (x ≤ 1) and traces of
bcc Fe in full accordance with earlier reports [1315]. The transition temperature indicated by the
diffraction experiments is in agreement with the
findings from DTA measurements.
Figure 7 displays the magnetic susceptibility of
FexSe samples at low temperature. The characteristic changes indicate superconducting behavior at
low temperatures. The highest Tconset ≈ 8.2 K is
observed in samples with a nominal composition
Fe1.00Se which is in good accordance with previous
studies and the findings on the ternary varieties
Fex(Se,Te).

Physical properties of ternary phases Fex(Se,Te)

Fig. 6: Synchrotron X-ray powder diffraction data refinement of FexSe at 500 oC. Reflection positions of hexagonal
FexSe and approximately 3 mol% bcc Fe are represented by
the upper and lower green ticks, respectively. The inset
shows the XRPD pattern of tetragonal FexSe at 400 oC (line
positions indicated by green ticks). Red curves show experimental X-ray powder diffraction intensities, the blue lines
represent the difference between observed and calculated
intensities.

The dramatic influence of Fe excess on the electrical transport in ternary phases Fex(Se,Te) is clearly
visible in Figure 8, where the resistivity as a function of temperature for the two samples
Fe1.09Te0.5Se0.5 and Fe1.04Te0.5Se0.5 is plotted. Both
samples show an onset of the superconducting
transitions at around Tc ~ 15 K (Fig. 8).
Nevertheless, the width of the superconducting
transition increases from 1 K to 6 K as the amount
of excess Fe increases from 4% to 9%. Further, in
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Fig. 8: Resistivity as a function of temperature of samples
Fex(Se,Te).

the normal state, for T < 130 K, sample
Fe1.04Te0.5Se0.5 displays metallic behavior (dρ/dT >
0) whereas a log 1/T divergence was observed for
Fe1.09Te0.5Se0.5. We note that a similar log 1/T
divergence was also observed in the case of the
cuprates [16] and 1111 Fe arsenides [17]. In these
cases, this behavior is ascribed to the onset of insulating behavior via disorder-driven electron localization when the superconductivity is suppressed
by an external magnetic field. In the present case,
however, the log 1/T dependence found in the
absence of any magnetic field can be ascribed to a
similar effect of disorder-induced localization
caused by the excess of iron.
To characterize the superconducting state, we
performed dc magnetization, as well as, linear, and
non-linear ac susceptibility measurements. In our
single crystalline samples, the diamagnetic signal
was observed only in the zero field cooled (ZFC)
measurement protocol. The volume fraction that is
screened by superconducting currents was estimated to be about 45% [9]. In Figures 9(a) − (d), the
real and imaginary parts of both the fundamental
(χ1) and third-harmonic (χ3) susceptibility are presented. In a homogeneously superconducting sample, at the transition, the real part of the linear susceptibility χ′1 always changes monotonically to the
full screening value of −1/4π whereas the imaginary part χ"1 either changes monotonically or displays a peak. Also, the magnitude of the third harmonic |χ3| = (χ′32+χ"32)1/2 forms a peak at Tc. In our
samples, χ′1(T) does not show a full diamagnetic
screening, as seen in Figure 2 (a), and χ"1(T) displays a shoulder in Figure 2 (b) rather than a peak
below Tc. Instead of a single sharp peak, χ′3(T) and
χ"3(T) have double peak structures as can be seen
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Fig. 9: Ac susceptibility as a function of temperature measured in an ac field of 10 Oe and at a frequency of 1333 Hz
for Fe1.09Te0.5Se0.5 and Fe1.04Te0.5Se0.5 samples. (a) Real part
χ ′′1(T),
and (b)
(b) imaginary
imaginary part
part χ""1
(T)
of the linear
(T), and
(T
) of
1
1
and (d) imaginary part
susceptibility. (c) Real part
′3(T ), and
part χχ′3(T),
χ ""3(T)
ofthe
thenonlinear
nonlinearsusceptibility.
susceptibility.
(T ) of
3

in Figures. 9(c) and (d), respectively. These are
clear indications of a phase separation in the superconducting state originating from the magnetic secondary phases.
In an attempt to extract the effective paramagnetic moments, the dc susceptibility obtained from the
field cooled (FC) measurement protocol is fitted to
χ = χ0 + C (T − θ)–1 in the temperature range 180 K
− 300 K. Here, χ0 is the temperature-independent
susceptibility arising from diamagnetic core and,
paramagnetic van Vleck contributions, as well as
diamagnetic Landau orbital and paramagnetic Pauli
spin susceptibilities from conduction electrons. C
stands for the Curie constant and θ is the Weiss temperature. It is known that in Fe-containing samples,
an analysis of magnetization data is often hampered
by the contribution of a ferromagnetic impurity [18,
19], and the inverse susceptibility in the paramagnetic regime can thus be field dependent [9].
Therefore, we utilized the Honda-Owen method
[20] to eliminate the impurity contribution with the
assumption that the magnetization of the ferromagnetic impurity saturates above a field of about 1 T.
In this method, the magnetic susceptibility M/H is
plotted against 1/H for each temperature [9]. A
Curie-Weiss law can be fitted to the extrapolated
values of the magnetic susceptibilities in the limit
1/H → 0. These values are then used for the CurieWeiss fit. From the fit, we obtain χ0 = 0.0019 emu/g
Oe, an effective moment μeff = 1.49 μB/f. u. and −θ
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= 50 K for sample Fe1.09Te0.5Se0.5. A similar
approach for sample Fe1.04Te0.5Se0.5 provided χ0 =
0.0017 emu g–1 Oe, μeff = 1.49 μB/f. u., but −θ =
88 K. A Curie-Weiss behavior in the iron chalcogenides has been reported by other research groups
as well [21] and is attributed to Fe excess with
localized moments. However, additional investigations are needed to understand the precise role
played by the excess iron in the physical properties
of the ternary phases.
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Phase Stability and Magnetism of Ternary Laves Phases
Alexander Kerkau, Manuel Brando, and Guido Kreiner

The modeling of phase formation and crystal structures is still a major challenge in solid-state chemistry [1–3]. A crystal structure may sometimes be
guessed based on information from the chemical
composition, the crystal structure of a neighboring
phase and by applying chemical bonding concepts.
However, only first-principles calculations effectively allow to model phase formation, crystal
structures and disorder phenomena.
Recently, we have been able to model the phenomenon of preferential site occupation [4] for the
ternary C14 Laves phase Nb(Cr1–xCox)2, which is
formed in a large homogeneity range from
0.127(3) ≤ xxz≤is 0.937(3)
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In this case, the calculation predicts a preferential
site occupation of the respective minority component on the 2a site and a site occupation reversal at
approximately x = 0.5. The computed values are in
good agreement with the experimental data.
Since it was possible to model the short range
order in a ternary C14 Laves phase we have
extended the computations to calculate the unit cell
volume, the lattice parameters, the c/a ratio and the
phase stability of C15 and C14 phases along quasibinary sections AB2–AB’2. The computed properties are suitable for multiple uses: (i) they help to
minimize the number of required experiments
along the section AB2–AB’2 because the computation predicts the general curve shape; (ii) in the
case of the absolute values deviating from the
experiment, the calculated values can be calibrated
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by a small number of experimental data; (iii) a system can be probed for unexpected behavior.

Cell Geometry of Nb(Cr1–xCox)2
The lattice parameters a and c, the mean atomic volume and the c/a ratio have been calculated using the
partition function in the same way as the site occupation factors. However, a supercell has been used
to increase the number of compositional data points.
First-principles total-energy calculations were performed with the Vienna Ab-Initio Simulation
Package (VASP) [5] within the generalized gradient
approximation (GGA) [6]. The calculated data as
shown in Figure 1 are based on a 2 x 1 x 1 supercell,
i.e., Nb8Cr16–NCoN with N = 1 – 16.
The calculated unit cell parameters are slightly
smaller than the experimental data. The experimental and the calculated data for the mean atomic
volume follow Vegard’s volume rule. Both data
sets can be brought into conformance by adding the
volume difference from one data point to the experimental data. The curve shape of the c/a ratio for
C14 Nb(Cr1–xCox)2 can be described by an S-type
behavior with the inflection point at x ≈ 0.6 and the
minimum at x ≈ 0.8. The absolute values of the cal-

Fig. 1: Experimental and calculated c/a ratio for C14
Nb(Cr1–xCox)2. The calculated data are temperature scaled
by using the experimental c/a ratio at the predicted minimum. The inset shows the calculated and the experimental
mean atomic volume. The calculated data are not fitted to
the experimental for reasons of clarity.
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culated c/a ratio differ from the experimentally
obtained values. However, the general S-shape, the
location of the inflection point and the minimum
and maximum are well captured. The calculated
c/a ratio curve can be fitted to the experimental values by changing the temperature T in Eq. 1 using
the c/a ratio at the predicted minimum.

Phase Stability of Nb(Cr1–xCox)2 and
Ta(V1–xFex)2
In order to determine the composition dependent
stability of the C14 and the C15 structure type
along the section NbCr2–NbCo2, the Gibbs energy
ΔG has been calculated. For cubic C15,
Nb8Cr16–NCoN was chosen as a model system. For
each N between 0 and 16, we have considered all
possible ways of distributing the N Co atoms
among the 16c site of the unit cell. First-principles
total-energy calculations were then performed only
for the symmetrically inequivalent configurations.
In a similar way, we calculated the total-energies
for C14 Nb(Cr1–xCox)2 based on Nb8Cr16–NCoN.
The same unit cell content as for the C15 phase was
obtained by using 2 x 1 x 1 supercells. The N Co
atoms were distributed among the 2a and 6h sites
of the hexagonal unit cell.
The Gibbs energy ΔG is given by:
ΔG = ΔH – TΔS

(2)

The entropy for C15 and C14 Nb(Cr1–xCox)2 as disordered solution phases employing the ideal
solution model is given by:
ΔS = –R[x ⋅ ln(x) + (1– x) ⋅ ln(1 – x)]

G == ((
((xx - 1) × DGAB22 + xx ××DDG
DDG
GAB
+((xx--xx2 2))× ×
AB'2'2))+
0
1
2
2 3
3 4
)4 ]
[[0AA+1AA(2(2xx -1)1)+2A(A2(x2 x 1-)12) 3A+(2Ax(2 x1)-3 1)4A+(2A
x (21)x4]- 1(5)

(5)
The phase boundaries associated with the firstorder transition between the phases with C15 and
C14 structure were located using the tangent construction.
The calculations predict in agreement with the
experiment that NbCr2 and NbCo2 crystallize with
the cubic C15 structure type. A small solubility of
2 at.% Co in C15 NbCr2 is expected followed by a
two-phase field up to 12 at.% Co. Due to the limited number of data points, the location of the twophase field C14/C15 on the Co-rich side cannot be
determined by the tangent construction. However,
a small solubility for Cr in C15 NbCo2 is expected
from the data and a C14 phase Nb(Cr1–xCox)2
should form with a broad homogeneity range. The
predictions are in good agreement with the experimental data as indicated by the top and bottom bars
in Figure 2.
As a second example, the system TaV2 – TaFe2
has been chosen to compare calculated with experimental data. No information for this system is
available in the literature, except that TaV2 and
TaFe2 crystallize with the C15 [7] and the C14
structure type [8], respectively. TaFe2 is a paramagnet very close to a magnetic instability with
strong ferromagnetic (FM) and antiferromagnetic
(AFM) spin fluctuations [9]. Hence, one can expect
that spin polarization plays an important role.

(3)

The heat of formation ΔH was then calculated for
the configuration with the lowest energy at each
point N from the total-energy of the compounds
and the total-energy of the elements Nb, Cr and Co:

DH = E Nb (Cr1-xCox ) 2 - E Nb - (2 - 2 x) × ECr - 2 x × ECo
H ENb (Cr1 xCox ) 2 E Nb (2 2 x) ECr 2 x ECo (4)
(4)
The Gibbs energy of the stable configurations of
the C15 and the C14 structure at the composition
N/16 with N = 0 – 16 are shown in Figure 2. The
values are fitted with Redlich-Kister polynomials
of 4th order:

Fig. 2: Gibbs energy of C15 and C14 Nb(Cr1–xCox)2. The
solid lines are fits with Redlich-Kister polynomials. The top
and bottom bars indicate the experimentally determined
and the calculated width of the single phase fields of C15
and C14, respectively.
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Fig. 3: Gibbs energy of C15 and C14 Ta(V1–xFex)2. The
solid lines are fits with Redlich-Kister polynomials. The
bottom bars indicate the width of the single phase fields of
C15 and C14.

Fig. 4: Experimental and calculated mean atomic volume
Vatom of Ta(V1–xFex)2 against the composition x. The bottom
bars indicate the experimentally determined width of the
single phase fields of C15, C36 and C14.

However, due to the large number of
structural/magnetic configurations spin polarization was not included in the current calculations.
The Gibbs energy of the stable configurations of
the C15 and C14 phases are shown in Figure 3. The
calculation predicts a solubility of Fe in TaV2 up to
24 at.% and of V in C14 TaFe2 up to 39 at.%. An
additional phase change from C15 to C14 close to
TaV2 and the stability of C14 TaV2 is expected
from the calculated data. However, this is inconsistent with the experimental results. It is known that
pseudo potential calculations tend to make wrong
predictions in the case of Laves phases containing
V [10]. If a full-potential code like FPLO is used
[11], C15 TaV2 is the stable polytype, in agreement
with the experiments.
A series of Ta(V1–xFex)2 alloys with various Fe
and V contents was prepared by arc-melting high
purity elements as starting materials and performing a subsequent heat treatment at 1150 °C for 30
days. After the annealing, the samples were
quenched in water. The composition of the samples
was determined with ICP-OES. Metallographic
examinations were carried out to check the phase
content. The maximal solubility of Fe in TaV2 at
1150 °C is 8 at.%, while the solubility of V in TaFe2
is 43 at.%. In addition, a ternary Laves phase of the
hexagonal C36 type has been observed with a small
homogeneity range of 0.29 ≤ x ≤ 0.32. Figure 4
shows the experimental results of the phase analysis and the mean atomic volume plotted versus the
composition x. As expected, the mean atomic volume decreases with increasing Fe content and the
volume behaves according to Vegard’s volume rule.

The calculated values are in good agreement with
the experimental data, after the volume correction,
except for the C15 phase close to TaV2. The reasons
for the deviation of the calculated mean atomic volume close to TaV2 are yet unclear, but can be related to the wrongly predicted stability of C14 TaV2.

Magnetism of Ta(V1–xFex)2
The change of the crystal structure is not the only
interesting issue in Ta(V1–xFex)2. In the C14 phase,
this system shows peculiar magnetic properties: In
the range 0.75 ≤ x ≤ 0.95 it was reported to be an
itinerant antiferromagnet, whereas for x > 0.95 the
magnetic susceptibility of the system, measured
with a magnetic field of 1T, did not show any phase
transition but very high values for a band magnet,
indicating the proximity of TaFe2 to a FM instability [9]. In other words, TaFe2 is considered to be
paramagnetic (PM) with strong AFM and FM spin
fluctuations. This statement is supported by the
chemical and electronic similarity of TaFe2 and
NbFe2, which has been investigated in our institute
in some
[12-15].
By adjusting
the precise
detail detail
[12 -15].
By adjusting
the precise
comcomposition
within
a narrowhomogeneity
homogeneityrange
range or
position within
a narrow
by applying hydrostatic pressure, NbFe2 can be
tuned from ferromagnetism via an intermediate
spin-density-wave (SDW) modulated state to a
quantum critical point (QCP). Since the atomic
volume of TaFe2 is about 13.25 Å3 and thus slightly smaller than that of NbFe2 (13.35 Å3) we expect
TaFe2 to be closer to the QCP than NbFe2.
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Fig. 6: Magnetization taken at 5 K of two paramagnetic
samples with x = 1 and 0.70, and an AFM sample with
x = 0.75 and TN = 18 K. Inset: Field derivative of the magnetization at different temperatures (2, 5, 10, 20, 30, 50 K)
inside and outside the AFM phase for the sample with
x = 0.75: The arrow indicates how the critical field which
suppresses the AFM state shifts to lower values with
increasing temperature.

Fig. 5: Upper panel: Temperature dependence of the dc
susceptibility χ of selected samples with 0.7 ≤ x ≤ 1 taken
at B = 1 T. The antiferromagnetic transition temperatures TN
are indicated by arrows. Lower panel: χ –1 plotted versus
T to emphasize the Curie-Weiss behavior at low T: The
dashed line is a linear fit to the data for the x = 0.983 sample below 50 K.

To get insight into the magnetic properties of
Ta(V1–xFex)2 we have measured the temperature (T)
and field (B) dependencies of the magnetization
(M) of polycrystals with 0.7 ≤ x ≤ 1. The uniform
susceptibility χ = M/B at B = 1 T is plotted in
Figure 5 (upper panel) for selected samples and
temperatures from 300 K to 2 K: The arrows mark
the peak in χ at the Néel temperature TN, indicating
a phase transition from a PM state into a low-T
AFM state. At high and low V contents no phase
transition is observed and the ground state is paramagnetic. However, there is a great difference
between the values of the susceptibility for x = 0.7
(red line) and x = 0.98 (grey line) at 2 K. In the
sample with x = 0.98 the susceptibility is enhanced
by spin fluctuations by a factor of ~ 240 (Stoner
factor) compared to the bare susceptibility estimated from band structure calculations. In NbFe2 this
factor is ~ 180 [13]. This value confirms that the

system at x ~ 1 is close to an FM instability. To
know how large the fluctuating moment is in this
sample, we have plotted χ-1 vs T in the lower panel
of Figure 5 to analyze the Curie-Weiss behavior:
The dashed line is a linear fit to the data yielding a
fluctuating moment of 1.04 μB which is much larger than the induced magnetic moment of about
0.055 μB measured at 7 T (see Fig. 6). This is a
common property observed in all itinerant magnets.
More evidence for the presence of the AFM state
is given by the field dependent magnetization
shown in Figure 6 for three PM samples and one
AFM sample with x = 0.75. This sample shows an
inflection point around 3 T emphasized in the inset
where we have plotted the derivative dM/dB vs B.
dM/dB shows a clear peak which shifts to lower
fields with increasing temperature, as expected for
an antiferromagnet.
From our susceptibility measurements with
B = 1 T we have determined the magnetic phase
diagram of Ta(V1–xFex)2 which is displayed in
Figure 7. The red points indicate the Néel temperatures observed in our experiments, while the black
ones have been extracted from Ref. [9], where the
susceptibility has also been measured at 1 T. A
clear AFM dome emerges in the PM phase of the
diagram. There is a certain systematic discrepancy
between these points, which is difficult to clarify. It
could be explained by the fact that our V content
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Aspects of Superconductivity in the Non-Centrosymmetric
Superconductor CePt3Si
Michael Nicklas, Corneliu Florin Miclea1, Ernst Bauer2, Raul Cardoso, Ilya Eremin3,
Anna Celia Mota4, Andrey Prokofiev2, Manfred Sigrist5, and Frank Steglich

In all superconductors, the gauge symmetry is broken. In the heavy-fermion superconductor CePt3Si,
the inversion symmetry is broken in addition to the
gauge symmetry. This leads to new unconventional behavior in the superconducting phase. In this
report, we present two studies on CePt3Si revealing
some of these unusual properties.
Antiferromagnetic order in CePt3Si sets in at
TN = 2.2 K while the system adopts a superconducting ground state below Tc = 0.75 K for polycrystalline samples [1]. For single crystals, lower
superconducting transition temperatures have been
reported [2]. Furthermore, the upper critical field
Hc2 = 3 T – 5 T exceeds the Pauli-Clogston limit
hinting at spin-triplet pairing.

Extreme vortex pinning in CePt3Si

Isothermal decays of the remnant magnetization
at different temperatures are depicted in Figure 1.
At constant temperature, the flux escaping the sample is typically recorded for more than 104 s. Then
the sample is heated up above Tc all the trapped
field to expell out of the sample (inset of Fig. 1). In
this way, we obtain the value of the total remnant
magnetization as the sum of the amount of flux
expelled in the first 104 s plus the flux removed
while crossing Tc. This value of Mrem is then used
to normalize the creep rate. At all temperatures, the
decays show logarithmic time dependence as predicted by the Kim-Anderson theory. The creep rate
becomes faster upon increasing the temperature as
expected for thermally activated flux motion. The
temperature dependence of the normalized relaxation rates S = ∂ ln(M) / (∂ ln(t)) for CePt3Si is
depicted in Figure 2 together with the rates
obtained for the heavy-fermion superconductor

Our investigation carried out on a high-quality single crystal of CePt3Si with Tc = 0.45 K reveals
extremely slow flux dynamics with creep rates
even lower than those in Sr2RuO4, PrOs4Sb12, and
UPt3 (see references in [3]). Interestingly, the critical current in CePt3Si is also low, in spite of the
very strong pinning.
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Fig. 1: Normalized remnant magnetization as a function of
time at different constant temperatures. Inset: remnant magnetization as a function of time at T = 0.1 K. After 2.25 P 104 s
the sample is warmed up above Tc and all the trapped magnetic flux is expelled.
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Fig. 2: Comparison of the normalized relaxation rates
S = ∂ ln(M) / (∂ ln(t)) a function of temperature for different compounds in a log-log representation.
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UBe13 which only breaks gauge symmetry,
PrOs4Sb12 which, in addition, violates time-reversal symmetry and the non-centrosymmetric superconductor Li2Pt3B (Ref. [3] and references therein). Remarkably, CePt3Si has anomalously small
decay rates comparable only with Li2Pt3B and
lower by a factor of five than the very low creep
rates observed in PrOs4Sb12. Li2Pt3B breaks the
inversion symmetry and displays extremely small
creep rates as well. For the latter compound, however, in a certain temperature interval, the weak initial logarithmic creep is followed after several thousand seconds by a much faster, avalanche-like, also
logarithmic, decay [4].
In general, in superconductors with strong vortex
pinning the critical current jc is high. However, this
is not the case in CePt3Si which has the lowest critical current among the compared superconductors.
We conclude that the critical current is not the relevant parameter for the pinning mechanism in
CePt3Si. The extremely slow vortex dynamics in
combination with the comparatively small critical
current suggests that an unconventional and very
effective pinning mechanism is at work. A possible
explanation of this pinning mechanism could be
based on the existence of fractionalized vortices
localized at interfaces between crystal twins where
time reversal symmetry is not conserved. In order
to move into the bulk of the sample, a fractionalized vortex would have to find the right partner and
recombine into an integer flux quanta. Twin boundaries would then act as planar barriers for flux flow
the critical
critical current.
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without affecting the
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Pair breaking by non-magnetic impurities in
the non-centrosymmetric superconductor
CePt3Si
To study the effect of non-magnetic impurities on
the physical properties of the non-centrosymmetric
superconductor CePt3Si, we carried out combined
Ge-doping and hydrostatic pressure experiments
on polycrystalline samples. This allowed us to disentangle the effect on volume effects and introduction of additional disorder by isoelectronic Ge-dop-
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Fig. 3: T-p phase diagram of CePt3Si0.94Ge0.06 (main panel)
and CePt3Si (inset). In the case of CePt3Si, additional data
from Ref. [8] (triangles and diamonds) have been included.

ing. Our results show exemplarily the peculiar
effect of nonmagnetic disorder on non-centrosymmetric superconductors and provide an additional
proof for the unconventional character of the
superconductivity in CePt3Si [3].
The results of our heat-capacity and electrical
resistivity experiments under hydrostatic pressure
are summarized in the phase diagram displayed in
Figure 3. Compared with CePt3Si (inset of Fig. 3),
the superconducting state in CePt3Si0.94Ge0.06
responds more sensitively to external pressure. At
0.24 GPa, no zero resistivity state is observed anymore, but the onset of the superconducting transition in resistivity is still visible up to 1.03 GPa. Not
surpri-singly,
the resistive
resistive transition
transition for
for the alloy at
surprisingly, the
ambient pressure is found to be already rather broad
compared with the stoichiometric compound.
Considering the dome-like shape of the superconducting phase often observed in a T-p phase diagram in heavy-fermion superconductors, CePt3Si
seems to be situated close to the Tc maximum which
occurs at a hypothetical minor negative pressure
[5]. The small initial slope of Tc(p) suggests that the
maximum Tc only slightly exceeds Tc at ambient
pressure. It is important to note that substituting Si
by isoelectronic Ge expands the unit-cell volume
without changing the electronic structure significantly [5]. Doping with 6% Ge leads to an increase
in the unit-cell volume, V, of approximately 0.38%
compared to the stoichiometric compound. Using
the bulk modulus B = 162 GPa, this corresponds to
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the application of a hypothetical negative pressure
of ∆p = − 0.6 GPa, resulting in a reduction of Tc and
an increase of TN [3]. Since the volume expansion
reduces the 4f-conduction electron hybridization
and, thus, strengthens the RKKY interaction (while
weakening the Kondo effect), the observed dependence of TN on the unit-cell volume can be easily
explained. It can be expected that disorder has only
a minor influence on the magnetic properties in this
material.
The consequence of adding a non-magnetic
impurity in a non-centrosymmetric superconductor, which is the case for CePt3Si0.94Ge0.06, is far
from being obvious. Theoretical analysis shows
that adding non-magnetic impurities results, for
weak disorder, in the suppression of Tc for both
conventional as well as unconventional Cooperpairing (see references in [6]). Moreover, for the
conventional Cooper-pairing, non-magnetic impurities yield a decrease of Tc; superconductivity,
however, will not be destroyed completely. This is
the origin of the suppression of Tc due to being
interband impurity scattering which tends to reduce
the difference between the gap magnitudes in the
two bands. Once both gaps have become equal,

adding further impurities should be harmless for
superconductivity, which is in striking contrast to
our observation that superconductivity is completely suppressed for a doped sample of 10% Ge. Thus,
the latter observation points toward an unconventional symmetry of the Cooper-pairing in CePt3Si.
The agreement between our experimental data
and the Abrikosov-Gor’kov (AG) theory clearly
points toward the unconventional symmetry of the
SC order parameter in CePt3Si which is destroyed
by non-magnetic impurities (see Fig. 4). In addition, we find that the strength of the potential scattering off the Ge dopands, rather than the Geinduced expansion of the average unit-cell volume,
more strongly affects the SC transition temperature, quite opposite to the response of TN temperature to these parameters.
In conclusion, our results show that the suppression of Tc on Ge substitution in CePt3Si is basically not due to a volume effect but is caused by scattering processes on non-magnetic impurities introduced by the Ge substitution. We have argued that
the peculiar effect of non-magnetic impurities in
non-centrosymmetric superconductors plays an
important role in destroying superconductivity in
CePt3Si. In addition, we have shown that the superconducting state in the Ge-substituted sample is
much more sensitive to pressure than in CePt3Si.
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Fig. 4: Phase diagram of CePt3Si1–xGex as a function of the
reduced unit-cell volume V/V0 with V0 the unit-cell volume
of CePt3Si. Triangles correspond to Tc of Ge-substituted
samples while circles present Tc of CePt3Si. Ambient pressure data is indicated by filled symbols and data under
applied pressure by open symbols. Tc of the Ge-substituted
samples at p = 0 is taken from Ref. [5]. The solid line represents a fit to the data according to the AG function. The
dashed and dashed-dotted lines are suggesting the shape of
the superconducting dome for CePt3Si and CePt3Si1–xGex,
respectively, assuming that the superconducting behavior
were only governed by volume effects.
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Quantum Chemical Tools for Bonding Analysis
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The chemical bonding situation in molecules and
solids can be analyzed in several ways depending
on the chosen viewpoint as well as on the underlying quantities used in their interpretation. Roughly
spoken, two routes are utilized: On one hand, the
composition (in a broader sense) of the wave function is analyzed, i.e., orbital dependent indices are
created and interpreted, like orbital populations,
orbital overlap integrals or various transformations
of orbitals are examined. On the other hand, functions derived from density matrices based on the
total wave function serve as the source for further
examination. In the following we will focus on
tools for the bonding analysis evaluating integrals
of density matrices and operating in real (coordinate) space.
Obviously, stable molecules and solids can be
prepared. This means that a more or less strong
influence is needed to disturb the physical state of
the compound (for instance the composition, configuration, etc.). The compounds are thought to be
composed of individual atoms held together by
attractive forces. The whole situation is described
by the notion of chemical bonding. Especially in
case of molecules the pairwise interaction between
atoms or fragments seems to be a favorable concept
to represent the chemical bonding. The situation
becomes more complicated when collective interactions, i.e., with more participants, are apparently
responsible for the bonding, respectively in cases
where the individuality of the atoms is strongly disturbed. This is often the case for solid state compounds.

space. The diagonal part of the 2-matrix is the electron pair density. The 2-matrix can be further
reduced to the 1-matrix, the diagonal part of which
is the electron density.
The electron density and its derivatives are the
central objects of the so-called Bader analysis [4].
The electron density gradient field determines the
critical points, i.e., the minima (repellors), maxima
(attractors) and saddle points, given as the spatial
positions of zero density-gradient, respectively as
the end points of the gradient field lines (trajectories) in case of attractors located at the nuclear
position. The pair of trajectories starting from a
chosen saddle point and connecting two attractors
defines a bond path. The diagram showing all the
bond paths connecting the saddle points with the
attractors (in case of the electron density usually
the nuclei) describes the so-called molecular graph.
Additionally, regions given by all trajectories terminating at the same attractor are so-called basins.
In Bader’s approach the basin around a nucleus is
used to define an atom.
Figure 1 shows the 0.125-localization domains of
the electron density for MgB2 (regions surrounded
by isosurfaces for the density value 0.125 bohr-3).

Bonding Indicators in Real Space
As the chemical bond is not explicitly given by a
corresponding quantum mechanical operator different suitable descriptors were created in the past
and are still under development [1–3]. Focusing on
the bonding indicators in real space the 2-matrix
can conveniently be utilized as the basis for the
investigation. The 2-matrix is given by the squared
modulus of the wave function after integrating the
coordinates of all electrons but 2 over the whole

Fig. 1: Molecular graph of MgB2. Mg: red, B: green. Small
spheres: saddle points in green, ring points in blue, minima
in black. Electron density localization domains and the
boron basin (large green object) are also shown.

127

RESEARCH REPORTS
RESEARCH
REPORTS

The wave function was computed with the solid
state DFT program Elk [5]. The calculation of the
electron density and the determination of the critical points, the bond paths as well as the basins for
the solid state was performed with the program
DGrid [6,7] The atoms in the unit cell are connected by bond paths – light brown lines – starting
from the density saddle points (small green
spheres). Thus, each boron atom is connected to the
3 neighboring boron atoms and the 6 closest Mg
atoms (above and below the boron plane).
Additionally, there are bond paths to the 2 boron
atoms in the surrounding boron planes. There is no
bond path between the Mg atoms (however,
already a small change in the density distribution in
the Mg plane could give rise to a saddle point
between the Mg atoms). The (non-spherical) shape
of the atomic basin of boron gives an impression of
the spatial demand of the atomic species (in contrast, the atomic basins of Mg are almost spherical
– the shape can be guessed by the “holes” in the
boron basin). For a deeper analysis the density
Laplacian as well as the energy density at the saddle points can be evaluated.
For the analysis of the correlative effects
between the electrons various indicators based on
the electron pair density can be utilized. For
instance, the electron localizability indicator (ELI)
is determined by integrals of the pair density over
very small, compact non-overlapping regions. One
of the ELI forms (triplet ELI-D [1]) is given by the
distribution of populations of triplet-coupled electrons over regions enclosing a fixed amount of
electron pairs coupling to a triplet. High ELI-D values are found for regions where it is not favorable
for the electrons to couple to a triplet pair, i.e.,
where high electron population is needed to form
such a pair. The ELI-D distribution is rich of structures that can be used as signatures of atomic
shells, bonds and lone pairs. The field can be
searched for critical points and corresponding
interconnection lines (trajectories starting from
saddle points to the attractors, in case of ELI-D not
necessarily connected with bonds between atoms).
The integration of the electron density in the ELID basins yields the basin population that can be
interpreted further.
The evaluation of the electron density of MgB2
presented in Figure 1 can be extended by the
inspection of the ELI-D functional, cf. Figure 2.
High ELI-D values are found in the core regions of
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Fig. 2: ELI-D interconnection graph for MgB2. Mg: red, B:
green. Saddle points are presented in green, ring points in
blue, minima in black. ELI-D localization domains together with the B and Mg core basins (large green and red
objects) are shown.

the atoms as well as in the bonding region between
the boron atoms. For the ELI-D attractors in the
core regions the corresponding basins (in case of
Mg grouped together into superbasins) were determined. The basins are shown in Figure 2 as large
green (B core) and red (Mg core) objects populated by 2 and 10 electrons, respectively. The attractors of ELI-D positioned at the midpoints of the
shortest B-B distances can be viewed as the signatures of bonds. The interconnection lines linking
chosen ELI-D bond attractor with other attractors
(via ELI-D saddle points) bridge that bond attractor
not only with the 2 closest boron core attractors but
also with the 4 closest Mg cores. Additionally, the
interconnection lines are bridging the bond attractor with the 4 closest bond-attractors in the boron
plane and 2 bond attractor from the neighboring
boron planes.

Delocalization Indices
The electron pair density is a spatial function
depending on the coordinates of two electrons. The
integral of the pair density over a chosen region
yields the number of electron pairs within. The
integration can also be performed in such a way
that each electron is confined to a separate region,
giving the number of pairs between the regions.
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For convenience, the number of pairs can be
decomposed into the product of electron populations and a part connected with exchange-correlation effects. It is the latter part of the pair density
integrals that is utilized for the bonding analysis.
The exchange part of the pair density integral computed between two regions A and B is termed the
delocalization index δ(A, B) [8]. With the basins for
the electron density or ELI-D at hand the delocalization indices between the basins can be evaluated. In case of density basins for diatomic molecules
the δ(A, B) index can be connected with the bond
order [9].
The determination of the delocalization indices
in DGrid was interfaced with the solid state program Elk, and a selected set of compounds was
examined [10]. The dense packing in solid state
compounds favors long range pairing of electrons.
Accordingly, significant values of the delocalization index were found between more distant density basins, for instance for graphite or the metals Na
and Cu. Thus, in
in fcc
fcc Cu
Cu an
an atomic
atomicbasin
basin(i.
(i.e.,
e. determined by electron density) shares 0.66 electron
pairs with all the basins other than the closest
neighbors (there are 12 × 0.26 = 3.12 electron pairs
shared with the 12 closest atomic basins; this can
be contrasted with the single electron pair found for
the Cu2 dimer).

ELI-D for fcc Cu shows, besides the concentric
atomic shells, attractors in the bonding region (outside the 3rdrd ELI-D
ELI-D shell
shell of
of Cu).
Cu) The corresponding
bonding basins are presented in Figure 3 as red
objects, each enclosing 1.1 electrons. For the 3d
transition elements it is useful to merge the basins
of the two innermost atomic shells into the innercore superbasin (the small blue-colored basin in
Figure 3 enclosing 10.5 electrons) and analyze the
3rd shell basins separately. In fcc Cu each innercore basin is surrounded by six 3rd shell basins.
Interestingly, these 3rd shell basins (each populated
by 2.7 electrons) share electron pairs mainly with
the other basins of the same 3rd shell and the innercore basin. This supports the idea of merging the
3rd shell basins into a single basin set forming nearly a sphere (cf. the large green sphere in Figure 3;
the whole 3rd shell ELI-D basin set is populated by
16.4 electrons). For each Cu site the 3rd shell basin
set shares 8 × 0.26 = 2.10 electron pairs with the 8
closest bonding basins (even the inner-core basin
still shares 8 × 0.018 = 0.144 pairs with the bonding
basins). The sharing indices allow for deeper
inspection of the pairing interactions between specific regions.
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Fig. 3: ELI-D basins for fcc Cu. Red: basins in the bonding
region. Blue sphere: core basin surrounded by 3rd shell
basins. Green sphere: 3rd shell basin set.
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In order to be able to generate a firm basis concerning the normal bonding situation and to identify and
explore the more exotic ones, a most general and
widely applicable set of theoretical instruments has
to be at one’s disposal. We chose to utilize and
develop the analysis of electronic behavior in position space on the basis of reduced density matrices.
This way, the methodology developed does not
explicitly depend on a specific type of basis set or
treatment of electron correlation. It is the common
kernel part of all electronic structure methods that is
utilized. Thus, the methods of analysis can be
employed at any level of electron correlation treatment to molecules and to solids as well.
The presently employed quantities are the electron density and its complete spatial partitioning
into atomic regions, i.e., the QTAIM topological
atoms, the electron localizability indicator (ELI) in
various variants [1], and the electronic localization
and delocalization index between spatial regions
[2]. The following investigations have been pursued because of their prototypical character for
emerging and unusual bonding situations in complex solids.
Our basic understanding of chemical bonding
mostly originates from structurally and electronically very simple units, ultimately H21+ and H2.
Although structurally still simple, in the series of
Li2–Ne2 each molecule displays a prototypical
bonding situation on its own, and often an adequate
theoretical treatment has to take electron correlation into account explicitly. A systematic investigation of the behavior of ELI-D and singlet-ELI at a
highly correlated level of theory was undertaken in
order to a) obtain a reliable representation of ELI
for these complex bonding situations, and b) analyze the effects of electron correlation on the position-space chemical bonding descriptors used [3].
Although Li2 is isoelectronic to H2 and the formal bond order according to Herzberg is 1, the
bond is significantly weaker due to the influence of
the filled 1st atomic shell. This influence manifests
itself in the valence region of the ELI-D distribution as a specific structuring yielding either one
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(bond attractor) or three (one bond and two atomic
attractors) ring attractors depending on the amount
of electron correlation included. At sufficiently
high level only the ring attractor in the bonding
region remains, where the absence of the point
attractor is caused by the closed-shell interaction
between the first atomic shells of Li.
Be2 is a molecule built from two closed shell
atoms isoelectronic to He, and the formal bond
order is therefore zero. The attraction between the
atoms mostly results from electron correlation.
Still, the bond is an order of magnitude stronger
than those caused from dispersion forces in Ne2.
The ELI-D displays a split-attractor scenario at the
bond midpoint and two bond-opposed lone pair
regions, which is consistent with the picture of a
weak, shared interaction of an intrinsically
stretched bond. Noteworthy, this topology is
already found at the HF level of theory, where the
molecule is not stable.
B2 is an open-shell triplet molecule because it
prefers two π half-bonds (i.e., half-filled pπ bonding orbitals) instead of a single σ bond (i.e.,
completely filled pσ orbital), which is a correlation
effect. With the formal bond order of one, it represents an exotic single bond resulting from π bonding alone. The ELI-D distribution for the minority
spin channel resembles the one for Be2, however
with a non-split attractor at the bond midpoint. On
the other hand, the ELI-D for the majority spin
channel yields two ring attractors around each of
the atoms, but no bond attractor. This is observed at
all levels of theory investigated. The combined
ELI-D diagram can be obtained by calculating the
variant for triplet-coupled electron pairs, called
triplet-ELI-D [1]. While HF displays no bond
attractor of triplet-ELI-D at all, all the methods
considering electron correlation yield a ring attractor at the bond midpoint resulting from the π bonding interaction and two bond-opposed lone-pair
attractors inherited from the Be2 scenario.
With two electrons more than B2 which fill up the
two open shell π orbitals, the closed-shell molecule
C2 displays an exotic type of formal double bond
with two pπ bonds accompanied by the σ/σ* com-
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bination, as in Be2. The effective non-cancellation
of the σ bonding by the σ/σ* combination yields,
similar to Be2, an additional σ bonding contribution not taken into account in the formal bond order
evaluation. Therefore, the C–C distance is markedly shorter than for the usual σπ-bonding situation
in e.g., C2H4. For this molecule the ELI-D topology was the most difficult to converge with respect
to electron correlation treatment. Finally, a ring
attractor at the bond midpoint and two atomic ring
attractors are displayed. The ELI-D topology is to
be interpreted as a type of strongly split, ringshaped bond attractor owing to the π character.
The only truly classical covalent molecule of the
series appears with N2, which represents the prototype example of a triple bond. All methods yield
the same topology of ELI-D, namely a point attractor at the bond midpoint and two lone pair attractors at the bond-opposed sides.
Another example of a formal double bond is realized for O2, but this is achieved with an open-shell
triplet wavefunction. The half-occupation of the π*
orbitals and the remaining pσ bond makes it a σπ
double bond – in contrast to C2 with a ππ’ one. The
minority- and majority-spin resolved ELI-D diagrams roughly resemble the corresponding ones for
the isoelectronic molecules N2 and F2, respectively.
The topology of triplet-ELI-D is found to be the
same as that for the majority spin component with
a point attractor at the bond midpoint and two
atomic ring attractors.
Molecule F2 formally displays a single bond
which is known to be rather weak. From the analysis of VB wavefunctions characteristically large
ionic contributions have been found which make F2
a prototype example for charge-shift bonding. The
stretched-bond scenario is indicated in the ELI-D
topology by a split bond-attractor scenario which
occurs at all correlated levels of theory. The lonepair region is indicated by an atomic ring attractor
for each atom.
The Ne2 unit with formal bond order of zero represents an example for van der Waals bonding. The
optimized interatomic distance of 295 pm at CI-SD
level is found to be rather close to the experimental
one (291 pm). The ELI-D topology for all types of
calculations employing this interatomic distance
yields no bond attractor but a deep (3, –1) saddle
point instead. This finding is consistent with the
notion that van der Waals bonding does not lead to
localizable single electrons in the “bonding region”.

Fig. 1: O2 (a-d) and Ne2 (e, f): ELI-D for (a, e) majority and
(b) minority spin channel, (c) triplet-pair ; (d, f) ELIA.

The localizability of opposite-spin electron pairs
has also been investigated by the related quantities
ELIA and singlet-ELI-q [1]. It can be sensibly calculated only for explicitly correlated pair densities
because it adopts a constant value of 1 everywhere
in space for monodeterminantal wavefunctions as
used in HF or Kohn-Sham DFT methods. For the
molecules Li2–F2 a region of locally increased
localizability of opposite-spin electron pairs (from
ELIA) between the atoms is found in parallel to the
increased single electron localizability described
by ELI-D (e.g., O2, Fig 1a-d). It is quite striking
that for Ne2 this is not the case. Here the singleelectron localizability is found to decrease along
the internuclear line up to the midpoint, accompanied by an increasing pairing of opposite-spin electrons which leads to a local maximum of oppositespin electron pair localizability (ELIA) at the
“bond midpoint” (Fig. 1e, f), similar to Li2–F2. This
clearly indicates that the low localizability of an αspin electron and a β-spin electron in the same volume element does not automatically lead to low
αβ-pair localizability. Concerning the notion of
van der Waals bonding, even for this case of avoided electron sharing between the atoms a local
opposite-spin pairing is found, similar to typical
chemical bonds.
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Metal–metal bonding involving transition metals is
a fascinating topic for experimentalists and theoreticians alike [4]. Of special interest are those situations in which the metal atoms are not interlinked by a common ligand. Typically, these situations can be found for molecular compounds but
are scarce for collective solids. They represent prototypical situations for studies of metal–metal
bonding which yield important basic information
that can be used to better understand more complex
metal–metal bonding situations in solids.
In 2008 our cooperation partner within the
SPP1166, Prof. Rhett Kempe (Univ. Bayreuth) and
his group, succeeded to synthesize and structurally
characterize a class of compounds displaying the
very rare situation of a short, unsupported TM–RE
contact, Cp2Re–RECp2 (RE=Y, Yb) [5] with
d(Re–Y) = 296 pm. The chemical bonding analysis
of the Y compound (1) [5] on the basis of the topological analysis of the calculated (DFT/BLYP
method) electron density and ELI-D yields three
ELI-D basins in the valence shell of Re. While two
of them can be considered to represent lone-pairtype regions, a disynaptic (i.e., bond-indicating)
basin between Re and RE is found, whose attractor
lies within the QTAIM Re atom, and whose electronic population belongs to 84% to that atom. This
conforms to the picture of a rather polar covalent
bond TM–RE. As a ‘Gedankenexperiment’ the
bond can be heterolytically dissected resulting in
the fragments [Cp2Re]– (isoelectronic to FeCp2,
fulfills the 18e rule) and [RECp2]+. Calculation of
ELI-D for the separate fragments yields for
[Cp2Re]– a Re lone pair pointing in the direction of
the RE atom in the [RECp2]+ fragment, where the
latter one displays a region of low electron localizability. The observation of compatible regions of
electron localizability along with the fact that the
orbital, which is responsible for the Re lone pair
(from pELI-D orbital decomposition [1]), is the
HOMO of the [Cp2Re]– fragment, points toward
the notion of a dative bond (Re1+→)RE3+ involving
a transition metal lone pair at a formal Re1+ species.
[{(CO)2CpRu}2Yb(tBu-py)3]
(2)
and
[{Cp2Re}2Yb(thf)2] (3) are the first molecular
examples containing unsupported TM–RE2+ bonds
[6]. The bonding analysis of 2 reveals one disynaptic ELI-D basin per Ru–Yb contact. For compound
3 two disynaptic ELI-D basins are found for each
Re–Yb contact, which is a consequence of the
edge-on orientation of the Cp ring at each ReCp2
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of 5;
5; (b)
(b)
Fig. 2: ELI-D distribution for (a) the LaRe33 core of
the YRe3 unit of Y2ReB6. The green and red coloured isosurfaces visualize the structure of the penultimate shells of
RE and Re atoms, respectively. The yellow isosurfaces
reveal the maxima of ELI-D reflecting the RE–Re bonds.
The arrows serve as a guide to the eye to emphasize the
ELI-D bond attractor scenario.

fragment with respect to the Re–RE bond axis
direction. For Cp2Re–LaCp*2 (4) the same effect is
found. The two combined basins possess the same
population as the disynaptic one discussed for 1,
and the intersection by the QTAIM atoms again
yields very similar values as in 1 and 2. The effective charge found for each [ReCp2] and
[(CO)2CpRu] fragment in 2 and 3 is 0.7– in all
cases, which is consistently slightly lower in magnitude than the common formal charge of 1–.
Moreover, the different formal charges of the Re1+
and Ru0 species are reflected in a graduation of the
effective charges of the corresponding QTAIM
atoms according to Re0.68+ and Ru0.44+.
The molecular structure of the tetrametallic compounds [RE{ReCp2}3] (RE = La, Sm, Lu) (5)
exhibits a slightly distorted trigonal planar coordination of RE by Re (e.g., d(La–Re) = 305 pm on
average) (Fig. 2a). The RE atom is solely coordinated by three Re metal atoms, a coordination
motif which is without precedence for a stable molecule in RE chemistry. The position-space bonding
analysis revealed two disynaptic ELI-D basins per
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La–Re contact [7] similar to 3 and 4. Thus, the
compounds can be formulated to contain a
[(Re1+→)3RE3+] metallic core. An interaction energy (averaged over three possibilities) of
–527(±5) kJ mol–1 between one [Cp2Re]1– fragment
(unrelaxed)
and
the
remaining
1+
{RE{ReCp2}2} fragment has been calculated
within the framework of the Morokuma-Ziegler
energy decomposition analysis. A dominant electrostatic energy contribution of 68% is found, which is
not surprising taking into account the charged
nature of the fragments. The sizable orbital interaction, which provides the remaining 32% energy
contribution, is fully consistent with the bonding
scenario extracted from the ELI-D and QTAIM
analysis. Moreover, although the fragments are
oppositely charged, the TM and RE atoms are both
positively charged (QTAIM effective charges) such
that an electrostatic attraction is ruled out as an
explanation of the TM–RE bonding.
The occurrence of a purely metallic core in 5 suggests a comparison with the intermetallic compounds. In binary RE-TM phases a triangular
arrangement of the TM atoms around the RE atoms
is often found, however only as a part of the coordination sphere of the RE (e.g., in PrRe2 with
MgZn2 structure type). This is caused by the fact
that there is no structural unit playing the shielding
role of Cp in 5. Allowing for a third component,
which can play this role, one finds a highly related
situation in Y2ReB6. The B atoms form (A, A)
stacks of planar layers of 5-, 6-, and 7-membered
rings between which the metal atoms are sandwiched. The Re atoms are always sandwiched
between 5-membered rings, Y1 atoms between 6and Y2 between 7-membered rings. The sandwiched situation of the Re atoms is very similar to
5, but with the rings now all being coplanar. Similar
as RE in 5, the Y2 atoms display three Re neighbors
within the metal plane, however at slightly larger
distances of 308 pm (2 ×) and 320 pm (1 ×). The
striking observations in the calculated ELI-D distributions are: i) the Re atoms display the same kind
of structuring of the penultimate shell and ii) the
occurrence of the same pattern of ELI-D maxima in
the valence shell for the Re–Y bonding situation.
Together, this indicates a similar type of Re–Lu
bonding. From this point of view the novel compounds 5 represent the missing link in the conceptual evolution from RE–TM organometallic coordination compounds to intermetallic compounds [7].

In summary, the TM–RE bonding in the intermetallic phase Y2ReB6 can be traced back to
[(Cp2Re)3RE], and further to [(Cp2Re)RECp2], with
all of them showing polar, dative (Re→)RE type of
bonding. But the implications of this finding go
much further. In solid state compounds with lowvalent transition metals as nitridometalates, carbometalates [8], cyanidometalates [9], metallogallates [10], and phosphidometalates [11], which are
the subject of various studies in our institute, related chemical bonding situations have been detected.
This establishes the actual relevance behind the
introductory remark that these molecular compounds display prototypical bonding situations for
the more complex metal–metal bonding in solids.
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Metallographic Characterisation of Twinning and Other
Microstructure Defects of Fe4Al13
Ulrich Burkhardt, Wilder Carrillo-Cabrera, Michael Hahne1, Sylvia Kostmann, Karin Reinhardt,
and Yuri Grin
The metallographic characterisation of alloys is a
fundamental technique for the evaluation of the
microstructure with respect to homogeneity or
arrangement of phases to get information on phase
formation and equilibria. The microstructures are
mainly investigated by light- and scanning electron
microscopy. Energy and wavelength dispersive Xray analysis systems are often used to determine
the chemical composition of phases even in multi
phase samples. Furthermore, the metallographic
characterisation is essential because microstructure
properties generally have significant influence on
physical properties and other macroscopic behaviour. Also, grain size effects are important for the
phase formation in the solid state [1].
In case of the complex metallic phase Fe4Al13,
multiple twinning is a characteristic feature of the
microstructure. Here we present an overview of the
results of our extensive metallographic investigations by means of light optical and transmission
electron microscopy. The twins are characterized
on micro and nano scaling.

Metallographic preparation and microstructure characterisation
The crystal structure of Fe4Al13 [2] shows monoclinic symmetry (Pearson code mC102) and is
formed by four atomic layers within one periodic
unit of 0.8078 nm along the monoclinic b axis. The
monoclinic angle β = 107.69° ≈ 3 × 36° and the lattice parameter ratio c/a = 0.805 ≈ τ/2 (with τ =
1.6180 . . . golden mean) indicate the relation to
tenfold symmetry. Indeed, a similar atomic
arrangement within the layers and geometric properties of the unit cell motivate to describe Fe4Al13
as a crystalline approximant to quasi-crystalline
phases with decagonal symmetry. All atomic positions are completely occupied at the nominal composition Fe23.5Al76.5 and the existence of a small
homogeneity range of 2 at. % [3] is related to the
partial occupation of one aluminum position.
Nevertheless, the phase always shows a large number of defects because twinning is almost always
observed as fine lamellae in the microstructure of
Fe4Al13. Three different kinds of twins with reflec-

Fig. 1: Etched microstructures with different crystallographic orientation of the same Fe4Al13 crystals grown by Czochralski
method. The microstructures a) (100) and b) perpendicular to [001] reveal (001) twins with the relief evolved by chemical
etching (bright field image, light optical microscope). c) Microstructure of (010) (polarised light contrast). Lamellae and
c axis enclose an angle of 72° consistent with (001) twinning planes. Here, etching has no significant effect on the surface
topography. d) etched microstructure of (001); (polarized light contrast).
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tion planes (100), (001) and (20 – 1) are known [4].
These planes are strongly related to the tenfold
symmetry because they include angles which are
multiples of 36°. In fact, quasi-crystalline domains
as well as multiple twins of Fe4Al13 with tenfold
symmetry were found in rapidly quenched Fe-Al
alloys by means of high resolution electron
microscopy and electron diffraction [5]. Slow cooling rates suppress the formation of metastable
decagonal phase but slowly pulled crystals of
Fe4Al13 often also contain twins and other defects.
For our investigations, rods were extracted from a
large cone shaped crystal with a height of 15 mm
and a basal diameter of 25 mm which was prepared
by Czochralski method [6]. Crystal growth was initiated by pulling parallel to the a*-direction with a
constant rate of 0.05 mm h–1 – 0.15 mm h–1 from
Rods with dimensions
Al8181).).Rods
the Al rich
rich melt
melt (Fe
(Fe1919Al
3
× 3 × 23mm
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alongcut
crystal
lograph
ic
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× 2 mm
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crystalof 5 mm
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axes
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saw minimizes
that minimizes
surdamage
and avoids
the formation
of twins
by surface
damage
and avoids
the formation
of twins
by
face deformation.
The
surface
deformation.
Thespecimens
specimenswere
were mounted
in epoxy resin for metallographic preparation
which was performed by grinding on SiC paper followed by diamond paste polishing with 9 µm down
to ¼ µm grain size. Final polishing with colloidal
silica (50 nm, pH = 10) significantly improves the
surface quality of the microstructure. All samples
show single phase microstructure in the material
contrast of the scanning electron microscope. The
polarized light contrast showed very fine lamellae
parallel to the crystallographic b axis in the planes
(100) and perpendicular to [001]. Additionally, the
lamellae in the (010) enclose an angle of ca. 72°
with the crystallographic c axis in (010). The orientation of the lamellae in these planes (Fig. 1a – c)
and the absence of lamellae in the microstructure of
(001) (Fig. 1d) are consistent with twins on (001)
planes.
A strong relief develops in the planes (100) and
perpendicular to [001]
[100] during the treatment with
dilute etchant (etchant according to Fuss:
7.5 ml HF, 2.5 ml HCl, 8 ml HNO3 and
980 ml H2O). But the same etchant has no effect
on the microstructures of (010) and (001). It seems
that the twinning enhances the chemical reaction
with the etchant for the planes (100) and perpendicular to [001] because untwinned areas in these
planes are hardly attacked by the etchant. Repeated
metallographic preparations with the complete
removing of upper surface layers confirm these

results. Especially, simultaneous mounting, preparation and etching of different crystallographic
planes clearly shows the anisotropic behavior.
TEM preparation and TEM investigation
The crystallographic orientations of selected twins
have been studied with transmission electron
microscopy (Tecnai 10, 100 kV) by means of bright
field imaging and selected area electron diffraction
(SAED). These investigations have been performed
on slices which were prepared from the Fe4Al13
rods presented in Figure 1a and 1c. The orientations
of the slices are perpendicular to the polished surface of the particular Fe4Al13 plate and also perpendicular to the twinning planes. For TEM preparation
the samples with initial thickness of 300 µm have
been fixed on a Tripod sample holder and manually
thinned down to 30 µm on diamond grinding foils
with grain sizes between 15 µm and ¼ µm. Final
thinning was performed by ion beam polishing
using Argon ions with energies between 5 keV and
1 keV (Precision Ion Polishing System PIPS 691,
Gatan). Typically, a total preparation time of
6 hours is necessary to get electron transparent
areas suitable for TEM investigations (Fig. 2). It
should be mentioned that the material removal
depends on the orientation of the ion beam with
respect to the twin lamellae, thus generating a relief
along the twinning planes in case of parallel orientation.
The crystallographic orientation of the twins in
the (010) plane was determined by means of bright
field TEM images and SAED patterns of both
domains (Fig. 3). The diffraction pattern clearly
shows that both domains are connected via common planes (001). The superposition of both diffraction patterns leads to split reflection spots
observed clearly at larger diffraction angles. In the

Fig. 2: Light optical microscope image (polarized light) of
thin region around a hole in a TEM sample – polished and
finally thinned with argon ion beam polishing technique
(PIPS).
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bright field image of (010), defects are observed
which extend from domain to domain following
the changes in [001]. Similar analysis of the twins
on the plane perpendicular to [100] also confirms
the twinning on (001) (Fig. 4a). Middle resolution
TEM image of one domain shows a 2D modulation
(Fig. 4b). The evaluation of this image by fast
Fourier transformation (FFT) results in a periodicity of 116 Å. This kind of modulation is verified in
several other domains and also in samples prepared
by means of the focus ion beam technique (FIB,
Quanta 3D, FEI). It seems that the modulations
represent a special kind of intrinsic defect of the
Fe4Al13 microstructure.

been identified and characterized by TEM analyses.
Chemical etching of the twinned microstructures
reveal a significant anisotropy and indicate on a twin
enhanced etching effect in planes parallel [010].

Conclusions
The investigation of the Fe4Al13 phase shows that
the microstructure of very slowly grown Fe4Al13
crystals is yet dominated by twins with preferred
twinning on (001). Moreover, 2D modulations have
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Interplay of Structural, Magnetic and Superconducting Properties in
the Compounds CeCoIn5 and CeIrIn5
Steffen Wirth, Andrea D. Bianchi 1, Horst Borrmann, Stefan Ernst, Zachary Fisk 2, Sunil Nair 3,
Michael Nicklas, Oliver Stockert, Yuri Prots, Reiner Ramlau, John L. Sarrao4, Joe D. Thompson4,
Ulrike Witte 5, Yuri Grin, and Frank Steglich
Heavy-fermion metals typically contain 4f or 5f elements (e.g. Ce, Yb or U) and are characterized by a
dramatic increase of the effective mass of the charge
carriers at low temperatures which may reach up to
several hundred times the mass of a free electron.
This is brought about by a magnetic interaction – the
so-called Kondo effect – which couples the free
electrons to the local f magnetic moments (and
hence, to those electrons that are fixed to the crystal
lattice) such that the latter magnetic moments are
effectively screened. The properties of these metals
can often be described, according to Landau, by considering quasi-particles made up of the electrons and
their interactions instead of the mere electrons within the free electron gas. In addition, in many of these
materials an indirect exchange coupling between the
local magnetic moments is found (the so-called
RKKY interaction) which is also mediated – just
like the aforementioned Kondo interaction – via the
conduction electrons. Hence, these two interactions
are in direct competition. The relative strength of
these two competing interactions can be tuned by
experimental parameters such as chemical doping,
pressure and magnetic field. In case of this competition being adequately balanced a quantum phase
transition (QPT) at T = 0 can be brought about by a
well-directed change of these experimental parameters [1].
With the Kondo and RKKY ground states well
balanced additional, smaller energy scales may
play a decisive role. In fact, in many cases superconductivity is observed in close proximity to a
quantum critical point (QCP), i.e. the point in
phase space at which a continuous QPT occurs [2].
Possibly, superconductivity is one way of disposing the huge entropy accumulated in the vicinity of
a QCP. This concept has been generalized [3] such
that possibly even in the copper-oxide materials
superconductivity might be related to a hidden
QCP. In this context it should be noted that superconductivity for which such a scenario is discussed
is commonly considered to be of unconventional
nature, in a sense that the standard BCS theory

employing phonon-mediated Cooper pair formation [4] cannot be applied.
Superconductivity existing near a (putative) QCP
naturally implies its close proximity to magnetic
order within the phase diagram. While in classical
superconductors these two many-body quantum
phenomena are caused by different (itinerant and
localized) species of electrons and are mutually
exclusive, in the heavy fermion metals the
hybridized f electrons, often called composite
fermions, are not only responsible for the magnetic
order, but are also carrying the superconductivity.
Consequently, magnetism and superconductivity
may not only compete but may even coexist in
these systems. Microscopic coexistence of superconductivity and magnetic order both involving the
same charge carriers is an especially striking example for complex behavior of emerging materials
exhibiting intertwined ground states.
In this context the CeMIn5 family of heavyfermion compounds offers an interesting playground [5]. The intricate interplay of superconductivity and magnetism is, e.g., manifested by the
existence of superconductivity found in CeCoIn5
below Tc ≈ 2.3 K and antiferromagnetic order in
CeRhIn5 below TN ≈ 3.7 K. Conversely, superconductivity is observed in the latter compound by the
application of pressure [6] whereas neutron scattering experiments indicate strong antiferromagnetic
quasielastic excitations in the paramagnetic regime
of CeCoIn5 [7]. Moreover, the existence of a fieldinduced QCP has been anticipated [8,9].
Here, we summarize our progress towards deeper
insight into the interplay of unconventional superconductivity and quantum criticality in CeCoIn5,
CeIrIn5 and Cd-substituted CeCo(In1–xCdx)5. High
precision structural investigations indicate the existence of a certain type of point defect in the tetragonal HoCoGa5 structure that might well influence
the material’s physical properties. These defects
are inferred from enhanced resolution X-ray diffraction experiments and can directly be visualized
by Scanning Tunneling Microscopy (STM). Earlier
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Fig. 1: Two closely related structure types HoCoGa5 (bottom
left) and TlAsPd5 (bottom right) and the superposition of
their structural patterns in the crystal structure of CeIrIn5.
The presence of about 1% of Ir in Ir2 positions (TlAsPd5 pattern) at z = 0.5 is indicated (top) by the difference electron
density calculated from enhanced-resolution X-ray diffraction experiments on our single crystals of CeIrIn5 (see text).

findings of a precursor state to superconductivity in
CeCoIn5 [10] and CeIrIn5 [11] (reminiscent of the
pseudogap observed in the cuprates) are confirmed
by our Scanning Tunneling Spectroscopy (STS).
Finally, we report on the duality of the electronic 4f
degrees of freedom which can be more or less localized for different parts of the Fermi surface [12].

Structural investigations
Normal-resolution X-ray diffraction experiments
(MoKα radiation, 2θmax = 52.62°, 131 reflections,
R(F) = 0.052 [13]) indicated that CeIrIn5 crystallizes in the structure type HoCoGa5 [14]. However,
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Fig. 2: (a) STM topography on a CeIrIn5 surface obtained by
in situ cleaving. The image covers an area of 5.0 nm ×
7.7 nm and a height scale of 0.63 nm. Markers A and B indicate two kinds of atomic corrugations whereas the dashed
rectangle and triangle illustrate atoms of type A in different
arrangements. V = 600 mV, Iset = 0.3 nA, T = 330 mK.
(b) Arrangement of the Ir and In atoms in the {332} plane of
the HoCoGa5 (left) and the TlAsPd5 structure (right).
(c) Visualization of the {332} plane and its inclination angle
with respect to the (001) plane.

the results of the STM topography studies discussed below insinuated a more complex structure,
at least at the sample surface. In an effort to possibly relate surface and bulk structural properties, we
performed an enhanced diffraction experiment
(space group P4 / mmm,
a = 4 .6660(3) Å,
c = 7.5161(7) Å, MoKα radiation, 2θmax = 70.35°,
240 reflections, R(F) = 0.020). The distribution of
the difference electron density in the plane at
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z = 0.5 calculated from these diffraction experiments and without iridium atoms (Fig. 1, top)
exhibits maxima at the edges of the unit cell (position Ir1) which are expected for the structural pattern of the HoCoGa5 type (Fig. 1, bottom left). In
addition, however, maxima of the difference electron density were also found in the center of the
unit cell (position Ir2), which is characteristic for
the structure pattern of TlAsPd5 type (Fig. 1, bottom right [15]). Final refinement resulted in
occupancies of occ(Ir1) = 0.988 and occ(Ir2) = 0.012.
Consequently, the crystal structure of the investigated crystals of CeIrIn5 reveals a non-negligible
disorder of the Ir atoms. The presence of Ir atoms
at two different positions is a key observation for
understanding the atomic distribution on the surface as seen in the STM experiments.
In an attempt to directly visualize the crystal
structure as well as the disorder discussed above
we conducted STM. Because STM is a particularly
surface sensitive technique special attention has to
be paid with respect to the sample surface quality.
Therefore, the STM utilized here is operated in
UHV (p ≤ 2 × 10–9 Pa) and equipped for in situ
sample cleaving [16]. Moreover, sample temperatures as low as 0.32 K can be obtained which is of
importance for the investigation of superconductivity in CeCoIn5 by STS (see below) as well as for
providing an adequate energy resolution (≤ 100
μeV, as verified by investigating the superconducting energy gap of Al).
Atomically resolved images of CeMIn5 were
obtained on areas of up to 60 nm × 60 nm, exhibiting terraces of various lattice planes with up to a
few ten nm in extent. Figure 2(a) exemplifies such
a terrace of atomically resolved topography on
CeIrIn5. The sample had been mounted parallel to
the crystallographic ab-plane. A high tilting angle
of the imaged sample area of 37° with respect to
the scanning plane points towards a plane of low
symmetry. This slope has been taken into consideration when calculating the interatomic distances.
We suggest that the terminating surface is a {332}
plane for which an inclination of 37.2° is expected,
cf. Figure 2(c). Moreover, within this plane the
adjacent Ir atoms should be spaced by 6.6 Å,
Figure 2(b). The distances of the A–type atoms
within the lines observed in STM topography, (6.7
± 0.3) Å, are in reasonable agreement with the
shortest distances between the Ir atoms within the
{332} plane of CeIrIn5. Here we should note that

for positive bias voltage as applied in Figure 2(a)
the Ir atoms should appear as the brightest entities
since they accumulate the strongest negative
charge. Therefore, the most prominent corrugations
marked by A in Figure 2(a) are very likely Ir atoms.
The corrugations marked as B could then originate
from the In atoms of the intermediate In layers as
shown in Figures 2(b) and (c). For position B the
assignment to a certain atomic species is somewhat
hindered because, in addition to the actual height,
also a changed density of states (DOS) may affect
the apparent height.
The analysis of the arrangements of Ir atoms in
the {332} plane of the HoCoGa5 and the TlAsPd5
structure type reveals two different possibilities,
see Figure 2(b). If only Ir1 atoms are present in the
structural pattern, the local configuration of Ir
atoms in the {332} plane exhibits a typical triangular network, Figure 2(b) left, an arrangement that is
indeed very often observed in the STM images,
Figure 2(a). If iridium atoms are located also in the
Ir2 positions, Figure 2(b) right, then the atomic
arrangement of Ir in the {332} plane exhibits a rectangular pattern, which is rarely but nonetheless
found in the experiment. In addition, the observed
distances between the lines of corrugations of type
A are (13.7 ± 0.8) Å, which is only slightly larger
than the expected spacing between the Ir lines
measured in [332] direction.
Consequently, our STM topography directly confirms the existence of defects as indicated by the
structural refinement. Unfortunately, our STM
topography does not allow for a statistical analysis
to estimate the amount of Ir occupying such defective positions. In addition, the cleaving might take
place along planes of increased defect density
which may render a quantitative comparison
between the X-ray and STM results difficult.

Spectroscopy of the superconducting state
Our magnetotransport investigations on the system CeIrIn5 indicated the existence of a precursor
state to superconductivity [11]. The analysis that
led to such an inference relied on the so called Hall
angle θH = cot–1(ρxx / ρxy), i.e. on the ratio of magneto- and Hall resistance. In particular, it was
demonstrated that the modified Kohler’s scaling –
relating the magnetoresistance to the Hall angle –
breaks down prior to the onset of superconductivity
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Fig. 4: Gap energy Δ(T) and lifetime broadening parameter
Γ(T) as obtained from fitting the conductance spectra at
each measured temperature. The solid line is a fit to eq. (2).

Fig. 3: Differential conductance obtained by Scanning
Tunneling Spectroscopy on CeCoIn5 (open circles) at several temperatures. The persistence of a gap-like behavior
above Tc ≈ 2.3 K is clearly visible. The lines represent fits
according to BCS theory (see text). For clarity, the curves
are offset vertically.

due to a change in the Hall scattering rate [17].
Moreover, it could be shown that the Hall coefficient
RH and ρxx are governed by two distinct scattering
times [18]. It should be emphasized that both observations – a pseudogap-like precursor state and the
existence of two distinct scattering times – are highly
reminiscent of the behavior found for the cupper
oxide superconductors. All these observations are
also consistent with a scenario in which incipient
antiferromagnetic fluctuations crucially influence the
magnetotransport in both classes of materials, the
fermion systems as well as the cuprates.
In case of the cuprate superconductors, STS has
proven to be a powerful tool for the investigation of
the superconducting gap and, specifically, of the
pseudogap [19]. Therefore, we attempted STS on single crystalline CeMIn5 (M = Co, Ir) compounds. We
emphasize that STS provides direct information
about the electronic DOS of the sample. In order to
prepare clean surfaces a stainless steel post was glued
onto the ab-plane of the samples and torn off in situ.
In addition, we regularly checked on the quality of
the tunnel junctions by measuring the current dependence on tip-sample distance, I(z), from the slope of
which the work function Φ can be determined. Only
junctions with Φ ≥ 2 eV were investigated further.
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In Figure 3, differential conductance (dI dV–1)
spectra are presented as obtained for CeCoIn5 within atomically flat terraces and within a temperature
range 0.32 K ≤ T ≤ 3 K. The curves were acquired
with a bias voltage of V = 14 mV at a set-point current of Iset = 340 pA and are shifted vertically
(except the one obtained at T = 0.32 K) for clarity.
Upon increasing temperature the zero bias conductance increases, indicating a closing of the gap. The
gap, however, does not disappear at Tc ≈ 2.3 K, but
is still clearly visible at T = 3 K.
spectra
[20],we
For an
ananalysis
analysisofofour
ourconductance
conductance
spectra
[20],
assumed
a superconducting
orderorder
parameter
of d x of
we
assumed
a superconducting
parameter
-y
symmetry as suggested in the literature [21,22]. In
this case, the BCS expression for the superconducting excitation spectrum takes the form [23]
2
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where Δ is the maximum value of the angular
dependent gap function. The additional lifetime
broadening parameter Γ accounts for in-gap states
due to inelastic scattering [24]. Fits of eq. (1) to our
conductance spectra are included in Figure 3
(lines) and yielded Δ and Γ for each T measured.
The latter are presented in Figure 4. Expectedly, the
superconducting order parameter Δ(T) decreases
with temperature, whereas Γ(T) slightly increases.
For nodal superconductors it is expected [25] that

1 – (T / T *) 3
Δ(T ) = ⌬0冑苴苴苴苴苴

(2)

(2)
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Fig. 5: Magnetic field – temperature phase diagram for
CeCo(In0.9925Cd0.0075)5 with B applied perpendicular (left)
and parallel (right) to the crystallographic c axis. Data represent results of magnetotransport (○,□), neutron scattering
(Δ,∇) and heat capacity (+,×) measurements indicating the
antiferromagnetic (AF, red) and superconducting (SC, blue)
transition.

where T * denotes the temperature at which Δ(T)
extrapolates to zero. Fitting our values Δ(T) to eq.
(2) yields T * ≈ 3.3 K which is clearly beyond Tc ≈
2.3 K. Yet, given the extreme surface sensitivity of
STS this result should be compared to other, preferably bulk measurements. Indeed, early measurements of the electrical resistivity under pressure
indicated the opening of a pseudogap below 3.3 K
at ambient pressure [10]. We also note that thermal
conductivity [21] and neutron scattering experiments [7] suggested that remnants of the superconducting state prevail beyond Tc. All these results
support our conjecture of the existence of a precursor state to superconductivity in the CeMIn5 compounds.
The interplay between magnetic and superconducting order in the 115 family of compounds
becomes immediately apparent if Cd substituted
CeCo(In1–xCdx)5 is studied. With increasing Cd
content x, Tc is suppressed whereas the antiferromagnetic order is stabilized [26]. In the following
we focus our investigation on the specific composition x = 0.0075 since here, Tc ≈ 1.7 K and the
antiferromagnetic ordering temperature TN ≈ 2.4 K
are closest within this series and hence, the
involved energy scales are expected to be comparable. Measurements of magnetotransport, neutron
scattering and heat capacity were conducted on
samples of the same batch or, where possible, on
the very same sample in an effort to unambiguously identify the signatures of the two ordering phenomena. Indeed, the excellent agreement of the
results (Fig. 5) verifies that bulk properties are

Fig. 6: Temperature dependence of magnetic intensity in
CeCo(In0.9925Cd0.0075)5 obtained by elastic neutron scattering scans along [001] and at (½ ½ ½) for zero magnetic
field. The lines represent mean-field expectations to the
data (see text). For the blue line only the temperature range
Tc < T < TN was considered. Blue arrow indicates Tc.

probed for all three methods. The strikingly equivalent behavior of the superconducting and antiferromagnetic phase boundary, in particular for magnetic field B ⊥ c, is indicative of a mutual influence
of the two phenomena. The steep initial slope of
Tc(B) of approximately −13(−4) T/K for B ⊥(||) c
indicates a large effective quasiparticle mass, i.e.
heavy fermion superconductivity.
To gain further insight into a possible interplay
between superconductivity and antiferromagnetic
order, the magnetic intensity in elastic neutron scattering at (½ ½ ½) was recorded as a function of
temperature for different magnetic fields [12]. In
zero magnetic field, Figure 6, the magnetic intensity increases below TN and displays a kink at Tc
(marked by the blue arrow) with no further change
in intensity at lower temperatures. The assignment
of this kink to Tc is corroborated by the magnetotransport and heat capacity measurements. An
attempt to fit the zero-field magnetic intensity by a
mean-field model for the sublattice magnetization
(using a Brillouin function for an effective spin-½
system) fails to describe the whole temperature
dependence, as indicated by the dashed magenta
line in Figure 6. However, a fit restricted only to
the temperature range Tc < T < TN reproduces these
data reasonably well (solid blue line in Fig. 6). This
fit results in an expected magnetic intensity for
T → 0 of about 40% larger than the experimentally observed saturation value. Obviously, the onset
of superconductivity prevents a further rise of mag-
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netic intensity below Tc without suppressing the
antiferromagnetic order itself. Very similar behavior of the magnetic intensity was observed for
applied magnetic field, with accordingly reduced
values of TN, Tc and overall magnetic intensity.
The almost constant neutron intensity below Tc is
intriguing. Our analysis [12] indicates a second
order phase transition at Tc without spatial phase
separation. Then, the deviation of the neutron
intensity from its expected value below Tc implies
coexistence and, more importantly, mutual influence of antiferromagnetic and superconducting
order which are correlated via identical 4f states.
We speculate that the low-energy magnetic fluctuations are gapped by superconductivity and likely
shifted to higher energies (possibly to a resonance
similar to the one observed at 0.6 meV in undoped
CeCoIn5 [7]), a similar mechanism as discussed for
the cuprates [27]. The delicate, unprecedented balance of the two states may result from the proximity of Tc and TN in the chosen compound.

Summary
The combination of enhanced-resolution X-ray
investigations and STM topography on identical
single crystals of CeIrIn5 provided unprecedented
structural insight: Beside the expected HoCoGa5
structural pattern also the presence of about 1% of
Ir in Ir2 positions (belonging to the TlAsPd5 pattern) at z = 0.5 was indicated by both types of
measurement. Further, Scanning Tunneling
Spectroscopy revealed the superconducting gap to
persist up to about 3.3 K, i.e. beyond Tc ≈ 2.3 K, in
reminiscence of the pseudogap observed in the
cuprate superconductors. An extraordinary coexistence and mutual influence of the superconducting
and antiferromagnetic order in slightly Cd-doped
CeCoIn5 was inferred.
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Enhancing the Catalytic Activity – Taking the Next Step in the
Knowledge-Based Development of Hydrogenation Catalysts
Marc Armbrüster, Gregor Wowsnick, Matthias Friedrich, Kyrill Kovnir1, Malte Behrens2, Antje
Ota2, Marc Heggen3, Robert Schlögl2, and Yuri Grin

Supplementary to the usually applied supported catalysts, unsupported intermetallic compounds were
introduced to the catalytic community. Maximal
reduction of the complexity of the catalytic materials, i.e., the presence of only the catalytically active
active
species, enables a knowledge-based material development. Assigning the observed catalytic properties
to a single intermetallic compound allows understanding of the underlying processes responsible for
the high selectivity. In the next step, the low specific catalytic activity has to be overcome without
loosing the excellent selectivity of the materials.
Achieving this challenging goal in an industrially
applicable way will enhance the use of the materials in large scale.

Introduction
Our knowledge-based approach for a rational catalyst development is based on well characterized and
unsupported single-phase intermetallic compounds
as catalysts for the industrially important semihydrogenation of acetylene [1]. Compared to conventional Al2O3-supported catalysts like elemental
Pd or substitutional Ag-Pd alloys, the model systems facilitate studying the intrinsic catalytic properties and, thus, a correlation with their bulk and
surface characteristics [2 – 4]. The ground intermetallic compounds PdGa and Pd2Ga show excellent catalytic properties for the semi-hydrogenation
of acetylene. The stability of the compounds under
reaction conditions could be shown by various
methods. This allows assigning the long-term stability as well as the high selectivity to the spatial
isolation of the active sites and the strongly
modified electronic structure [4 – 6]. For these
investigations, a low specific surface area and activity was tolerated to avoid additional influences like
particle size effects or metal-support interactions.
To enable the industrial use of catalysts based on
intermetallic compounds, industrially feasible synthesis routes to nanostructured materials have to be
developed. In the following, we summarize our

efforts in this direction, including top-down methods like milling and etching as well as bottom-up
synthesis routes [3,4,7,8]. Applying the latter,
unsupported and deposited particles can be synthesized which enables to study the influence of the
support on the catalytic properties [8]. Finally, an
industrially feasible aqueous preparation route was
successfully developed [2].
This series of materials allows monitoring the
catalytic behavior stepwise from a model catalyst
to a complex high performance catalyst with outstanding catalytic properties.

Top-Down Approaches
To overcome the drawback of the low surface area
of Pd-Ga intermetallic compounds, milling and
chemical etching procedures were applied [7].
Milling experiments showed that the presence of
oxygen during the milling is necessary to prevent
agglomeration of the particles. After milling in air
atmosphere, fine powders with higher surface area
were produced. However, XPS and SEM reveal
that the surface of such particles is covered with
gallium oxide.

Fig. 1: High resolution SEM pictures (5 keV, SE) of the surface
of chemically etched PdGa (top: pH = 9.0; bottom: pH = 9.8).
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Thus, after milling, an etching procedure with
ammonia solution was applied to increase the
active surface area of the catalysts by removing the
inactive gallium oxide overlayer. The chemical
etching led to considerable, but not complete
removal of the oxides as well as to the formation of
nanosized caverns (Fig. 1). This process optimizes
the catalyst’s active surface by a combination of
higher surface area, higher surface Pd concentration and, possibly, by forming more active Pd
ensembles. A partial destruction of the surface of
the intermetallic compound and formation of Pdrich areas was observed. This effect increases with
increasing of the pH of etching ammonia solution.

Unsupported Nanoparticulate Synthesis
Unfortunately, the easy-to-apply etching methods
resulted in a strong disturbance of the intermetallic
surface and thus in a partial loss of the excellent
catalytic properties. To avoid the partial destruction
of the site isolation provided by the crystal structures of the compounds, a two-step bottom-up synthesis of nanoparticulate PdGa and Pd2Ga was
developed. Two pre-conditions have to be fulfilled
for a successful synthesis protocol: i) the samples
must be single-phase, so all byproducts must either
be gaseous or soluble and ii) the necessary accessibility of the surface forbids the use of surface stabilizing agents like surfactants. The synthesis of
unsupported single-phase intermetallic Ga-compounds is not straightforward since the low redoxpotential and the high Lewis acidity of Ga3+ results
in the formation of very stable complexes. Another
challenge is the low melting point of elemental Ga,
easily leading to an uncontrolled coagulation, thus
hindering a successful preparation.
The desired intermetallic nanoparticles could be
obtained by co-reduction of Pd(acac)2 and GaCl3. A
strong reducing agent like Superhydride® (LiHBEt3
in THF), which was already successfully applied for
the synthesis of ordered as well as disordered
Cu60Pd40 by our group [9], is necessary to reduce
Ga3+. After the co-reduction, a subsequent annealing step in dioctylether at elevated temperatures is
needed to form the desired crystal structures [8].
For a successful synthesis, the reaction parameters
are crucial. Ga3+ is not directly reduced but the
reduction is mediated by the elemental Pd particles,
which are formed initially. In this first step, core-
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Fig. 2: Top: High resolution aberration-corrected TEM
after co-reduction of nanoparticles obtained during PdGa
preparation. Bottom: Proposed mechanism for the formation of Ga.

shell bimetallic nanoparticles are formed by Ga
being reduced at the Pd surface exclusively (Fig. 2).
Annealing the samples leads to the complete diffusion of Ga into the Pd particles, which results in
the desired crystal structures. The samples were
characterized by XRD, chemical analyses, TEM,
disk centrifuge as well as Kr BET measurements.
The latter confirmed the disk centrifuge measurements, resulting in specific surface areas of 2 m2g–1
and 12 m2g–1 for PdGa and Pd2Ga, respectively,
with particle sizes around 3 nm – 10 nm. To avoid
the strong agglomeration of the particles during the
annealing step as revealed by TEM investigations,
the particles were also deposited on α-Al2O3 after
the co-reduction.
Figure 3 summarizes the catalytic properties of
the different catalytic materials based on the Ga-Pd
intermetallic compounds in comparison to a commercial 5 wt.-% Pd/Al2O3 and an unsupported
Pd20Ag80 alloy. Nanostructuring the material
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Conclusions

Fig. 3: Selectivity to ethylene in % over rate of acetylene
hydrogenation of model systems and technical catalysts
(dashed line is a guide to the eye).

increases the activity by a factor of 90 and more
than 180 for unsupported Pd2Ga and PdGa, respectively. Deposition of the particles, thus largely preventing agglomeration, results in an activity
increase by a factor of nearly 35,000 for PdGa and
1,300 in the case of Pd2Ga compared to the ground
bulk materials. In summary it could be shown that
neither the decrease of the particle size to a
nanoparticulate state nor the presence of the support dramatically influences the excellent properties of PdGa and Pd2Ga.

Industrial Synthesis - HTLc Precursors
Having shown that the extraordinary catalytic properties of the intermetallic compounds can be transferred to highly active materials, the development
of an industrial feable, environmetally benign syntheses route to suppted intermetallic is desirable.
The wide-spread wet-impregnation techniques
are not suited to obtain supported intermetallic catalysts yet because of the resulting phase mixtures
and the presence of unreacted palladium. Co-precipitation of well-defined Mg-Pd-Ga hydrotalcites
on the other hand opens a synthetic pathway to
intermetallic Pd2Ga. Careful reductive pretreatments result in the absence of elemental Pd due to
the intimate contact of Pd and Ga ions in the material. In contrast to the nanoparticulate synthesis, the
hydrotalcite approach does not rely on air-sensitive
and expensive reactants, thus presenting an industrially feasible synthesis [4].

Having gained a deep understanding of the catalytic
properties of Ga-Pd intermetallic compounds formed
the basis for a knowledge-based transfer of the excellent selectivity and long-term stability to nanostructured intermetallic materials with activities in the
same region as highly active elemental palladium.
Our approach presents a successful strategy for
development ofofa anovel
novelclass
class
of catalysts.
by
the development
of catalysts.
Selecting appropriate
appropriate intermetallic
intermetallic compounds
compounds by
selecting
taking fundamental aspects into account, it was
possible to gradually create high performance catalysts. Contrary to trail-and-error experiments, this
knowledge-based material development is an innovative alternative, which demonstrates the superiority and relevance of intermetallic compounds as
selective hydrogenation catalysts as well as their
potential for industrial applications.
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Structural and Magnetotransport Properties of YbRh2Si2 and its Coand Ir-Substituted Derivatives Yb(Rh1–yIry)2Si2 and Yb(Rh1–xCox)2Si2
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Phase transitions are ubiquitous in nature. In the
cases that are encountered in daily life (like the
melting of ice to water) temperature is the parameter that drives these phase transitions. Recently
however, there is growing interest of the condensed
matter physics community in such phase transitions which are not thermally induced. A phase
transition at absolute zero temperature (T = 0) driven by a non-thermal control parameter is termed a
quantum phase transition. If this phase transition is
continuous it is a so-called quantum critical point
(QCP) which results solely from quantum fluctuations because the thermal fluctuations are cut off
for T → 0.
Heavy fermion metals which typically contain 4f
or 5f elements (e.g. Ce, Yb or U) are so far the only
systems in which signatures of such QCPs have
unambiguously been identified [1,2]. In these
materials, the ground state sensitively depends on
the balance between two competing interactions,
which are both determined by the hybridization
strength J between the spins of the localized 4f or
5f shells and those of the conduction electrons [3].
On the one hand, the Kondo entanglement results
in a screening of these local spins resp. the associated local moments below a Kondo temperature
TK, giving rise to a paramagnetic ground state. On
the other hand, the indirect exchange coupling, the
so-called RKKY interaction, can mediate longrange magnetic ordering. As the involved energy
scales are small, varying an external control parameter like pressure, chemical composition or magnetic field may influence the hybridization J such
that the system’s ground state can be tuned between
the magnetically ordered one and the paramagnetic
Fermi liquid phase resulting in the above-mentioned QCP.
The heavy fermion metal YbRh2Si2 has recently
turned out to be an ideal model system for the study
of the Kondo effect and quantum criticality for several reasons: i) YbRh2Si2 is one of the heaviest
heavy fermion metals. Upon cooling below the
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single-ion Kondo temperature TK ≈ 80 K, a strong
increase of the effective charge-carrier mass is
observed. The latter can reach up to several hundred times the bare electron mass [4] as evidenced
by a Sommerfeld coefficient γ > 1 Jmol−1K−2 at T <
0.1 K. ii) In contrast to many other heavy fermion
systems, YbRh2Si2 does not show any sign of
superconductivity down to 6 mK, consequently
allowing for detailed low-temperature electronic
studies. iii) In YbRh2Si2, the Néel temperature TN =
70 mK is small, i.e., the energy scales given by TN
and TK are well separated. Further, TN can be suppressed by applying a small magnetic field (≈ 60
mT within the magnetically easy ab plane) at
which the QCP is accessed [5]. The QCP in
YbRh2Si2 is discussed [6] to follow the rather
unconventional Kondo-breakdown scenario, i.e.
the heavy quasiparticles disintegrate [7] at around
an additional energy scale T *(B). iv) Single crystals of excellent quality are available, with the latest generation of crystals exhibiting [8] residual
resistivities of ρ0 ≈ 0.5 μΩ cm.
In this report we demonstrate by Scanning
Tunneling Spectroscopy (STS) that the heavy quasiparticles are well defined below TK, and develop
spatial coherence below a characteristic temperature TL ≈ 30 K [9]. For even lower temperatures
approaching T *(B) we present new results of indepth Hall measurements providing further support
for the above-mentioned Kondo-breakdown scenario and an energy-over-temperature scaling. Our
findings are corroborated by renormalized bandstructure calculations [10].
YbRh2Si2 crystallizes in a tetragonal ThCr2Si2
structure [11] (Fig. 1 top). In an effort to probe a
possible correlation of the lattice parameters with
the residual resistance ratio (RRR), samples of very
different RRR were investigated by high-precision
XRD and WDXS measurements. The lattice
parameters were obtained from powdered single
crystals and polycrystalline specimens by fitting
the 2θ values of 20 reflections within a range
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Fig. 1 top: Tetragonal crystal structure of YbRh2Si2. The
magenta plane indicates the cleaving plane. Bottom: Lattice
parameter c in dependence on the Rh content. A narrow
homogeneity range from 40.0 at.% – 40.2 at.% Rh is
inferred.

15° ≤ 2θ ≤ 95°. While the lattice parameter a
remains unchanged within the estimated standard
deviation (e.s.d.) for all samples investigated, the
lattice parameter c shows a non-monotonic
dependence on the Rh content (Fig. 1, bottom). For
Rh contents below 40.0 at.% and above 40.2 at.%,
the value of c stays unchanged within one e.s.d. In
the intermediate range of Rh concentration an
increase of c from 9.858(1) Å to 9.8615(10) Å with
increasing Rh content is observed. Although the
measured values of the lattice parameters and Rh
concentrations are at the experimental limits, the
existence of a very narrow homogeneity range –
most probably YbRh2+zSi2–z – may be established
from these data. This finding emphasizes the sensitivity of the transport properties with respect to the
sample quality in YbRh2Si2 which is at the resolution limits of XRD characterization.

Fig. 2: Topography on a single crystalline YbRh2Si2 sample
cleaved in situ and at low temperature (~20 K) along the
crystallographic ab plane. Shown area: 18 nm × 18 nm
obtained at T = 4.6 K. The distance between the surface
atoms amounts to 4.0 Å, in nice agreement with the lattice
parameter a = 4.007 Å. The line scans in the lower part
(taken along the two lines of similar color in the topography) visualize the excellent atomic resolution as well as the
nature of the two types of defects encountered.

For our STM investigations high quality single
crystals of RRR ≥ 20 were used. The orientation of
the single crystals was obvious from their shape as
the ab plane formed smooth and extended surfaces
of the platelet-like single crystals. So far, six single
crystals were cleaved in situ at low temperatures
( ∼20 K) along the ab plane, i.e. perpendicular to
the [001] direction. The topography (Fig. 2)
obtained at 4.6 K evidences an excellent cleave. A
Fast Fourier Transformation (FFT) of the surface
pattern reveals a perfect fourfold symmetry of the
surface atoms with distances of 4.0 Å, in excellent
agreement with the lattice parameter a = 4.007 Å.
Taking into account the earlier observation of a
cleavage between the Yb and Si bonds [12], we
propose that Figure 1 represents a Si terminated
surface. An extremely low defect density is found
for all our samples, in concert with the high RRR.
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Fig. 3: Differential conductance g(V,T) as measured by STS
on YbRh2Si2. Beside the dominating dip in g(V,T) at around
zero bias, several features can be identified. The peaks
marked by arrows correspond to CEF excitations whereas
the more strongly temperature dependent peak at ≈6 mV is
associated with the formation of the Kondo lattice.

The most common defects in the structure of
YbRh2Si2 should be an occupation of Si-sites by
Rh, occupation of Rh sites by Si and Si voids. The
line scans through the two observed types of defects
clearly indicate that these defects cannot be caused
by missing or additional atoms. Rather, the most
numerous defects observed – the single protrusions
– could originate from a larger Rh ion occupying a
Si site at the surface (blue line in Fig. 2). This again
indicates that the surface shown in Figure 2 is Si terminated. This assignment can also explain the
dumbbell-shaped dents (yellow line in Fig. 2): If a
smaller Si occupies a Rh site within the second-totopmost layer the two adjacent Si in the topmost
layer should be affected. Here we note that the
defect structure as exemplified in Figure 2 has been
observed over very large areas and on different
samples. Only in one case did
we did
surface
we observe a surface
of different type (likely Yb-terminated) characterized by individual dents of about 40 pm height
change. It should be emphasized that specifically
the line scan perpendicular to the fast scan direction
of the STM topography (blue line) underlines the
quality of our data with a noise level of about 2 pm.
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Fig. 4: Temperature evolution of the different features
observed in STS. a) Peak height of the CEF excitations
exemplified by the most prominent peak at –43 mV in comparison to the height of the peak at –6 mV related to the
Kondo lattice formation. b) Relative depth of the zero-bias
gap (“Kondo dip”) from experiment (blue circles) and NCA
calculations (diamonds). The line represents theoretically
predicted logarithmic decay.

excellent agreement with those of the crystalline
electric field (CEF) excitations as observed by
inelastic neutron scattering (INS) [13]. This first
(to the best of our knowledge) observation of CEF
excitations by STS is of utmost importance as, on
the one hand, it indicates that we truly measure
bulk properties of our YbRh2Si2 samples and, on
the other hand, it supports our conjecture of a Si
terminated surface [9]. Finding these peaks so
close to the Fermi level EF points at the Kondo
effect to be at play and shifting the spectral weight.
The temperature dependence of the most prominent peak at –43 mV is presented in Figure 4a.
The hybridization of conduction and 4f electrons,
i.e. the local Kondo entanglement, modifies the
local density of states ρ (DOS) which determines
the measured g(V,T). In general, ρ(E) is to be calculated from the Green function
ϱ(E) =

1
Im Tr r G0+ (r, r´, E ) . . .
ћ

(

)

(1)(1)

We followed two different approaches to evaluate
eq. (1) relying on i) the non-crossing approximation (NCA) [14] generalized to the multi-orbital
case with finite Coulomb repulsion or ii) a renormalized band structure calculation [10].
In the heavy fermion metals tunneling into two
channels, so called co-tunneling, is possible: into
the conduction band as well as into the heavy quasiparticle bands [15,16]. Relying on the observation of a Si terminated surface only tunneling into
the conduction band is considered [9]. Note that
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Fig. 5: Hall coefficient RH as function of field B2 at selected temperatures measured in the crossed-field setup. The
inset shows the derivative of RH(B2) from which the
FWHM was determined. The derivative allows for a clear
distinction between the critical and background component.
The lines are fit results; for details see [19]. Also shown is
a photograph of a YbRh2Si2 single crystal contacted for
magnetotransport measurements (sample size is approximately 0.8 mm × 0.6 mm, thickness ~ 80 μm).

such an approximation still covers the essence of
the Kondo effect due to the afore-mentioned
hybridization. In fact, it is this Kondo entanglement that results in a reduced g(V,T) around zero
bias as part of the conduction electrons probed by
tunneling are “bound” within the quasiparticles.
The zero-bias gap in g(V,T) is nicely reproduced by
the NCA calculations. The relative gap depth
(defined as the difference of actual g(V=0,T) and
the “un-gapped” conductance value extrapolated
from those at |V| > 80 mV, normalized to the latter)
obtained by STS and by NCA calculations agree
very well in their temperature dependences, Figure
4b and follow a logarithmic decay at temperatures
in the order of TK [17].
We now turn to the peak at –6 meV. The temperature dependence of its height is included in Figure
4a. It decays much faster than the CEF peak and
disappears at TL ≈ 27 K. An analysis of the peak
width also yields TL = (30 ± 6) K. This temperature
coincides with the Kondo temperature (29 K) of the
lowest-lying CEF Kramers doublet as determined
from resistivity [11,18] and thermopower [18]
measurements. Moreover, our renormalized band
structure calculations did not provide any other
indication for its origin than the hybridization gap
[10].

These results [9] allow for important insight into
the thermal evolution of the Kondo effect in
YbRh2Si2: The observed zero-bias gap develops
below TK = 80 K −100 K, i.e., a temperature scale
set by the single ion Kondo temperature which,
however, averages over all involved CEF levels
[19]. Upon cooling below TL ≈ 30 K, only the lowest-lying CEF Kramers doublet is occupied. This
allows for the development of a spatially coherent
state which is manifested by an additional peak in
g(V,T) at −6 mV reflecting a “Kondo lattice resonance” related to an incomplete hybridization gap.
In the following we study YbRh2Si2 at even
lower temperatures in an effort to scrutinize the
Kondo-breakdown scenario discussed for this
material. It is speculated that the quasiparticles disintegrate and, consequently, the Fermi-surface volume is expected to undergo a discontinuous change
at the QCP. Based on this, measurements which
probe the volume of the Fermi sea were suggested
[20] as an experimental tool to discriminate
between the local scenario discussed above and the
more conventional quantum generalization of the
Ginzburg-Landau-Wilson theory of finite-temperature phase transitions that assumes magnetic order
to arises via a spin-density-wave of the heavy quasiparticles [21–23]. In view of the experimental
conditions required (see below) we continued earlier Hall effect measurements [6] with improved
precision and on single crystals of improved quality. Special attention was paid to careful temperature, field and alignment control in the so called
crossed-field setup which allows to disentangle the
Hall response and the tuning effect by applying
orthogonal magnetic field. Results of the initialslope (with respect to the field dependence of the
Hall resistivity) Hall coefficient RH in dependence
of the tuning field B2 at several temperatures are
presented in Figure 5. In these measurements [24],
a critical component at small field (below 0.2 T)
can clearly be distinguished from a background linear increase at higher fields due to Zeeman splitting
of the underlying band structure. For further analysis we consider its derivative –∂RH/∂B2 (inset to
Fig. 5) and specifically, the full width at half maximum (FWHM). It is this width that is required to
be zero in the zero-temperature limit if a jump of
the Fermi volume takes place (of course, there has
to remain a finite jump height in RH for T → 0, cf.
[25]). As indeed seen in Figure 6a, our measurements indicate that the FWHM(T) obtained for dif-
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Fig. 7: Zero-temperature phase diagram based on [21]. The
critical field BN of the antiferromagnetically ordered phase
(AFM) and the critical field of the B*(T)-line are presented
as a function of iridium (upper part) and cobalt substitution
(lower part). The Fermi-liquid regime is indicated by LFL.
Also shown is the region with in which a new phase, possibly a spin liquid (SL) phase is formed.

Fig. 6: a) FWHM of the crossover determined from Hall
effect and magnetoresistance measurements. The solid line
represents a linear fit to all data. Within the experimental
accuracy this fit intersects the ordinate at the origin. b)
Position of the Hall crossover in the temperature-field
phase diagram. The red bars reflect the FWHM at selected
temperatures, see a). Results of single-field and magnetoresistance measurements as well as the boundaries of the antiferromagnetic phase (TN) and the Fermi-liquid regime
(TLFL) are shown for comparison.

ferent samples and quantities extrapolates to zero
for T → 0. In line with our renormalized band
structure calculations, the “small” (4f-core) and
“large” (4f-itinerant) Fermi surfaces at fields below
and above the critical B2 in YbRh2Si2 are respectively dominated by two hole and one hole/one
electron Fermi-surface
sheets [10].
Correspond
electron
Fermi-surface
sheets
[10].is
expected
to
benegative
once
ingly,
the
step
of
R
Correspondingly, the
step of RH is expected to
be
H
through
its critical
value
the QCP,
as
B2 increases
negative
once
B2 increases
through
itsatcritical
value
is indeed
seen
at
the QCP,
as here.
is indeed seen here.
The resulting B–T phase diagram is presented in
Figure 6b. The markers indicate the position of the
midpoint of the crossover obtained from the
crossed-field experiment as well as from ordinary
(single-field) Hall and longitudinal magnetoresistance measurements (for details of the analysis
see [10]). The horizontal bars visualize the width of
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the crossover which rapidly increases with T. This
phase diagram can favorably be compared to
results of numerous other measurements [7], an
agreement that corroborates our findings.
An intriguing observation is the linear dependence of the FWHM on temperature, Figure 6a, with
essentially no sample dependence. This finding is
compatible with a quantum-dynamical scaling of
the critical single-electron excitations. A reconstruction of the Fermi surface across the QCP
implies that the single-electron Green’s function
contains a singularity at the QCP. Because the single-electron Green’s function characterizes each of
the two Fermi liquids on either side of the QCP,
this is related to the critical relaxation rate, Γ(kF,T),
of the single-electron states. While at T = 0 the
change from one Fermi surface to the other is
sharp, the continuous crossover between the Fermi
surfaces at finite temperature is controlled by the
single-electron relaxation rate Γ(kF,T). This is consistent with the E/T form in the dynamical critical
scaling and points to the microscopic many-body
excitations of a collapsing Fermi surface as the
underlying mechanism of the macroscopic critical
fluctuations.
Further insight into quantum criticality can be
gained by substitution studies. Small isoelectronic
substitutions on the Rh site in YbRh2Si2 can be
considered as chemical pressure [26,27]: smaller
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Co induces a volume decrease and therefore, acts
as positive pressure whereas bigger Ir corresponds
to negative pressure due to a larger unit cell volume. Such a picture is confirmed by magnetization
measurements on YbRh2Si2 under hydrostatic pressure [28]. The volume effect shifts the magnetic
transition temperature TN and the critical field BN
(at which TN → 0) as expected for Yb systems. By
contrast, the position of the Kondo-breakdown
energy scale T* and its critical field B* at which
T* → 0 is almost not altered. As a consequence,
the coincidence of the Fermi-surface reconstruction and the antiferromagnetic instability (as
observed in the stoichiometric compound) appears
to be lifted for most of the substituted samples,
Figure 7. This detachment specifically for Ir
substitution y ≥ 0.06 raises the pressing question
about the fate of the magnetic moments: On the one
hand, they appear not to order and, on the other
hand, they cannot be fully screened, as this only
takes place at fields larger than B*. Consequently,
one may speculate that they form a new type of
metallic spin-liquid phase hitherto not known in
Kondo lattice systems. This could arise, for
instance, from frustration between different magnetic interactions [29].
An intriguinging part of the phase diagram is
located close to the stoichiometric YbRh2Si2:
Remarkably, B* and BN seem to coincide in a finite
range, in agreement with theoretical predictions
within the locally critical scenario [30,31]. Here,
we suggest that magnetotransport measurements
on pure YbRh2Si2 under hydrostatic pressure will
help to clarify this central point about the understanding of quantum criticality in this heavy fermion metal.
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Most of the binary metallic systems are widely
investigated and the information about the composition of the compounds, their crystal structure and
formation conditions are represented by the respective phase diagrams (commonly in the composition − temperature coordinates) which are collected
in the reference books and data bases [1].
Nevertheless, a careful re-examination of these data
shows that some of the reported phases are not completely investigated. An application of the different
preparation techniques, e.g., synthesis by using selfflux of one of the constituent component such as Al,
Ga, or Bi, allowed us recently to shed new light on
the phase equilibria in some binary systems and to
synthesize a series of new binary compounds, most
of them with unique crystal structures. For instance,
the phase equilibria and phase formation in the
binary system Bi−Rh depends on the cooling rate
of the melt. Different phases can be obtained as single crystals in the Bi-rich region, e.g., by slow cooling of the melt below the liquidus, Bi14Rh3 crystallizes, while Bi4Rh forms if the melt is rapidly
cooled to below liquidus and then annealed [2].
Typically, the crystal structure determination of
the so-obtained phases is hampered by the systematic twinning in the investigated specimens.
Nevertheless, the structure solution and refinement
can be significantly facilitated and accelerated by

utilizing state-of-the-art single crystal instruments,
e.g., area detectors, in combination with the modern data reduction software which includes very
useful graphical tools and allows a better analysis
of the collected data [3]. Here we report on the synthesis and the crystal structure of binary phases
which were initially reported as „PtGa6“ [4] and
„MnGa6“ [5] about fifty years ago.
These new platinum and manganese gallium-rich
compounds were synthesized by reaction of the
respective precursors „PtGa3“ and „MnGa6“ with
an excess of Ga at different temperatures
(160 °C − 360 °C) and subsequent removing of the
flux by high-temperature centrifugation-aided filtration (HTCAF) [6−8].
The crystal structure investigation of „PtGa6“
revealed PtGa5 as the correct composition for this
phase. According to the results of differential thermal analysis and in situ X-ray powder diffraction
the platinum pentagallide decomposes peritectically
at 294 °C: PtGa5 → Pt3Ga7 + L. The collected X-ray
single crystal diffraction data can be described on
the basis of two reticularly twinned domains that
possess a primitive monoclinic unit cell (space
group P21/m, a = 6.3951(7) Å, b = 15.882(2) Å,
c = 8.839(2) Å, β = 110.26(1)°)
and which are
_
_
related by the matrix 10 ½ 0 10 0 0 1 (Fig. 1) .

Fig. 1: (left) Schematic arrangement of the twinned components in the PtGa5 crystal sketched in the projection of the reciprocal space along b*. Single-coloured dots correspond to individual reflections of each domain. Circles of two colours symbolize overlapping reflections. (right) Projection of the structure of PtGa5 along [010] with the pronounced densely packed
slabs of atoms located within (104) planes.
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The structure solution performed by decomposition of the collected data set into the constituting
parts and the subsequent refinement of the crystal
structure resulted in residuals of RF = 0.039 and
Rw = 0.103 with a twin component ratio of
0.596(2) : 0.404. The dominant part (5/6) of atoms
in the crystal structure of PtGa5 is located on the
pronounced planes perpendicular to the [001]
direction (Fig. 1). The presence of such densely
packed layers of atoms in the structure may be
regarded as a reason for the twinning which obviously occurs during the crystal growth.
The investigation of the gallium-rich part of the
binary Mn−Ga system clearly indicated that the
composition designated in the literature as „MnGa6“
is actually Mn6Ga29 (MnGa4.83). Combining differential thermal analysis, X-ray single-crystal diffraction techniques and in situ high-temperature powder
diffraction performed at beamline ID31 of ESRF we
have established the existence of three modifications
of the compound Mn6Ga29. The corresponding a−β
and β − γ phase transitions occur at ~ 145 °C and
~210 °C (Fig. 2). Whereas the α and β modifications
were examined at ambient conditions, γ-Mn6Ga29
(tetragonal, space group P4/m, a = 6.3464(1) Å,
c = 10.0235(4) Å) is not accessible by quenching
the sample to room temperature. Rather, it is only
detected in the powder diagrams collected at high
temperatures. The upper limit of the existence of γMn6Ga29 is ~ 390 °C, where this phase undergoes a
peritectic decomposition: γ-Mn6Ga29 → MnGa4 + L.

The crystal structure models of the a and β phases were determined from systematically twinned
specimens: triclinic, space group P 1,
a = 6.3020(5) Å, b = 9.9388(7) Å, c = 18.911(2) Å,
α = 90.52(1)°, β = 90.79(1)°, γ = 90.43(1)° for the
phaseand
andmonoclinic,
monoclinic,
space
group
=
αα phase
space
group
P2, aP2,
9(3)a Å,
=
Å, bÅ,= c9.9685(5)
Å, cÅ,= β31.431(2)
Å, βfor
bb.2909(3)
= 9.9685(5)
= 31.431(2)
= 90.79(1)°
relationtwo
between
two
90.79(1)°
for the
the
β phase.
Theβ phase.
relationThe
between
domains
domains by
twinned
by reticular
merohedry
is defined
twinned
reticular
merohedry
is defined
by the
00
0010 5500,
by the matrixes
matrixes
0 0 ⅓ 00
0 1¹/03 03100 0300
andand
0 0 ¹/
5 ¹/05 1
0 0,
for the α and the β modification, respectively. The
formation of the twinned agglomerates could be
easily explained taking into account the fact that
low-temperature modifications are formed by displacive phase transitions accompanied by the stepwise deformation of the structural motif of the
high-temperature tetragonal γ-Mn6Ga29 phase.
The characteristic building element of the investigated crystal structures is a distorted monocapped
tetragonal antiprism formed by Ga species around
the transition metal atom (Pt or Mn). In the atomic
motif of PtGa5 each antiprism shares atoms with
five neighboring polyhedra interconnected via four
edges and one vertex resulting in a 3D network
(Fig. 3). In the pattern of Mn6Ga29 each tetragonal
antiprism [MnGa8] has again five neighbors, but
their linkage is different. The tetragonal antiprisms
are condensed in pairs by their pseudo-tetragonal
faces and connected with four more antiprisms by
the remaining four vertices (Fig. 3).

Fig. 2: Selected powder patterns collected upon heating from room temperature to 250 °C and subsequent cooling for the
Mn6Ga29 phases. Green, red and violet patterns correspond to the α, β and γ modifications, respectively. Regions of α−β and
β−γ transitions are indicated in yellow.
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Fig. 3: Crystal structures of PtGa5, α-, β-, and γ-Mn6Ga29 represented as condensed tetragonal antiprisms of gallium atoms
formed around transition metal atoms.

The building unit just described (tetragonal
antiprism around transition metal atoms) is typical
for a series of the binary compounds, e.g., CuAl2
[9,10], α- and β-CoSn3 [11], PtSn4 [12], Co2Al9,
Rh2Ga9 [13], PdGa5 [14], Rh4Ga21 and Rh3Ga16
[15]. As expected, most of these structures are
either tetragonal (CuAl2, PdGa5, β-CoSn3) or some
parts of the structures adopt a pseudo-tetragonal
symmetry (α-CoSn3, PtSn4, Rh4Ga21, Rh3Ga16,
a- and β-Mn6Ga29). From this point of view the
atomic arrangements of Co2Al9, Rh2Ga9 and PtGa5
are unique in this series, because the pseudo-fourfold axes of their tetragonal antiprisms are restricted to the building unit only and does not extend
throughout the whole structure (e.g., layers,
columns).
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Angular Dependent Magnetostriction Measurements of Bismuth
Close to the Quantum Limit
Robert Küchler, Ramzy Daou, Stefan Lausberg, Manuel Brando, and Frank Steglich
The magnetostriction Δl(B), i.e. the length change
of a sample induced by an applied magnetic field,
is a thermodynamic quantity that provides important information on ground state properties and is
ideally suited to investigate horizontal lines in T-B
phase diagrams. By using a newly developed lowtemperature capacitance dilatometer designed for
high-resolution measurements of the thermal
expansion and magnetostriction, we show here that
Δl(B) can additionally be used to study the quantum oscillations associated with Landau quantization. An angular dependent study has been carried
out on bismuth single crystals showing that the
magnetostriction is a unique tool for direct measurements of carrier density close to the quantum
limit, where only one Landau level remains occupied. This is on account of the magnetostrictive
strain being a linear function of the field-induced
changes ΔN of the carrier densities in each band.
Each time a Landau level crosses the Fermi energy, the magnetostriction is sharply peaked due to
discontinuities in ΔN. All the experimentally
resolved peaks and their complex angular dependence are in very good agreement with the one-particle theory.
The outstanding feature of the capacitance
method is the sensitivity (Δl/l = 10–9 – 10–10), which
is orders of magnitude better than the sensitivity of
all other methods (X-ray diffraction: Δl/l = 10–5,
optical interferometry: Δl/l = 10–7 – 10–8)[1]. In the
first part of this paper, we describe the design of the
new cell and the experimental setup. In the second
part we present the first study of angular-resolved
magnetostriction measurements in bismuth and
map the angular variation of the Landau level
crossings close to the quantum limit. The last section compares the measured and the calculated
angular dependences of the magnetic fields, at
which the electron and hole Landau levels cross the
Fermi energy.
The construction of the cell is based on the
design of Ref. [2] and is shown in Figure 1. This
compact cell has overall dimensions of 33 mm
length and 26 mm diameter. Samples from 1 mm to
10 mm length can be measured. All parts except

Fig. 1: Drawing of the cell. 1: cell frame, 2: moveable part,
3: CuBe flat springs, 4: sample, 5: adjustment screw, 6:
upper capacitor plate, 7: lower capacitor plate.

some isolating spacers are machined out of highpurity beryllium-copper that ensures good thermal
conductivity while minimizing the “dynamical cell
effect”, whereby eddy currents in the cell material
are induced by the change of the magnetic field.
The induced moment interacts with the applied
field and produces a torque on the moveable part of
the cell resulting in an unwanted displacement of
the capacitor plates. The two capacitor plates are
electrically isolated and surrounded by guard rings
to avoid stray electric fields. While the lower plate
is mounted to the frame, the upper plate is fixed to
the moveable part, which is held in the frame by
two springs. In this parallelogram suspension the
upper plate can only move vertically. The sample is
fixed by means of an adjustment screw between the
outer frame and the moveable part. In this construction, a length change of the sample causes an
equivalent displacement of the upper plate with

155

RESEARCH REPORTS
RESEARCH
REPORTS

Fig. 3: The Fermi surface of bismuth consists of a hole
pocket (red) and three electron pockets (green). θ1 (θ2)
show angles between the magnetic field and the trigonal
axis in the trigonal-binary (trigonal-bisectrix) rotating plane
(taken from [12]).

Fig. 2: Photograph of the cell mounted on a rotator.

respect to the lower, and therefore a change in
capacitance. Before mounting the dilatometer, the
capacitor plates were polished within their frames.
A uniform surface of the plates within their frames
is necessary to achieve best parallel orientation of
the plates. In its rest position the capacitance of the
dilatometer is 5.4 pF, corresponding to a distance
of 0.25 mm between the capacitor plates. After
mounting the sample the adjustment screw is used
to reduce this distance to 0.067 mm which corresponds to a capacitance of about 20 pF. Utilizing
an ultrahigh-resolution Andeen-Hagerling capacitance bridge, the absolute value of the capacitance
is measured within the resolution of 10–6 pF and
accordingly a length change of 0.02 Å can be
resolved. The cell has been designed for the use at
low temperatures (down to 10 mK) and in magnetic fields as high as 20 T. It has also been miniaturized so that it can be mounted on a rotator and fit
inside the inner vacuum chamber (40 mm diameter) of a dilution refrigerator. Figure 2 shows a photograph of the apparatus. The dilatometer can be
rotated using a piezoelectric rotator provided by
Attocube. The rotator is equipped with a vertical
mounting plate to rotate the cell around a horizontal rotation axis. The one-axis rotation setup allows
a rotation window of 25 degrees. The rotator is
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made from non-magnetic materials enabling usage
in very strong magnetic fields (current max. tested
field: 31 T). The angle between the magnetic field
and the sample can be determined using a variable
resistor. The relative accuracy of angular determination is about 0.05 degrees.
During the first decades of the 20th century, the
bulk semi-metal bismuth has been extensively
studied. As early as 1930, studies of bismuth led to
the discovery of quantum oscillations in both magnetization (de Haas-van Alphen effect) [3] and
resistivity (Shubnikov-de Haas effect) [4]. Bismuth
was also the first metal whose Fermi surface was
experimentally identified [5]. This remarkable historical role owes much to the peculiar Fermi surface of bismuth. The tiny size of the Fermi surface
is itself a direct consequence of the extremly low
electron concentration. This tiny Fermi surface in
bismuth consists of a hole ellipsoid with its long
axis along the trigonal, and three electron ellipsoids
slightly tilted out of the equatorial plane (see Fig.
3). The volume of the hole ellipsoid (which equals
the total volume of the three electron ellipsoids) is
only 10 − 5 of the Brillouin zone [6]. Because of
the low carrier density, the cyclotron energy
becomes comparable to the Fermi energy, and as a
conseqence confines the electrons as well as the
holes to their lowest Landau levels in easily accessible magnetic fields. As the magnetic field
increases, these orbits one after the other cross the
Fermi surface and generate quantum oscillations in
various physical properties. The so-called quantum
limit is reached when all but the lowest Landau
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level have already crossed the Fermi level. For a
typical metal, several hundred Tesla would be necessary to reach such a limit, which current technology cannot deliver [6]. In contrast, when the magnetic field in bismuth is aligned along the highsymmetry crystalline axis, known as the trigonal,
an accessible field of 9 T allows to reach the quantum limit. This means that if the field is applied
exactly along the trigonal axis and exceeds 9 T [7],
no more crossing of the Fermi energy by any
known Landau level is expected. However, recent
experimental studies of bismuth [6,8,9] have
detected a number of unknown field scales beyond
this quantum limit, which cannot be understood
within the single particle picture [11].
Two independent groups [10,11] have both calculated that the angle-dependent one-particle spectrum of bismuth is remarkably complex due to the
implications of the charge neutrality in a compensated system, the particular Fermi surface topology
and the relatively large Zeeman energy. According
to these calculations, the field scales of the three
electron ellipsoids are expected to present a very
sharp angular dependence when the field is slightly tilted off the trigonal axis [10,11] as found by
torque magnetometry experiments [8]. On the other
hand, no other field scale above 11 T is expected in
the one-particle picture, if the field is strictly oriented along the trigonal axis. In this context, the
three new resolved anomalies in the field dependence of the Nernst coefficient beyond the quantum
limit [6], which are still present in a misalignment
of a few degrees [12], cannot be explained [10,11].
In the next section, we report the results of angledependent magnetostriction measurements performed on a bismuth single crystal for a field
applied in the trigonal-bisectrix plane. Figure 4
presents the oscillatory behaviour of the magnetostriction measured
and 4.2
4.2 K
K along
measured atatTT==0.03
0.03Kand
the high-symmetry crystalline axis for fields up to
Å)
10
·10 –12 m (0.02
10 T.
T. Displacements
Displacementsasassmall
smallasas2 210-12
m (0.02
have
been
resolved,
sensitiv
Ǻ) have
been
resolved,owing
owingtoto the
the great sensitivity of the new dilatometer. As one can see, the
oscillations grow in amplitude as the temperature is
lowered. This occurs because finite temperatures
‘smear out’ the edge of the Fermi-Dirac distribution
function, which separates filled and empty states
[13]. At T = 0.03 K, the Landau tubes pop out of a
very sharp Fermi surface. In contrast at T = 4.2 K
the surface is ‘fuzzy’. As a consequence, the modulation of the density of states around the Fermi

Fig. 4: Quantum oscillations of the magnetostriction for a
field along trigonal at T = 0.03 and 4.2 K. Inset: Low-field
oscillatory magnetostriction at 0.03 K, up to 2 T.

energy caused by the Landau tubes is less significant at higher temperature. The thermal smearing
cyclotron energy
energy ħωc
hωc ~ B has to be
implies that the cyclotron
oscillations
greater than
than ~~ kBT
kBT for
for oscillations to be observed,
i.e. low temperatures are needed [13]. Therefore all
further measurements were performed at the lowest
accessible temperature of 30 mK. At low temperature, quantum oscillations become visible in presence of a magnetic field as small as 0.2 T. In the
smaller field range ≤ 2 T, more than twenty full
periods were identified (see inset of Fig. 4). The de
Haas-van Alphen period was found to
to be
be 0.15
0.15 T-1,
T –1,
in good agreement with the results obtained from
other oscillatory phenomena [6,8]. This period corresponds to the maximum cross section of the hole
ellipsoid. This group of carriers is well known primarily to be responsible for the oscillatory behavior, when the field is applied along the trigonal axis
[6]. As the field is swept and the number of the
filled Landau levels decreases, the amplitude of the
oscillations increases and dominates by far the
non-oscillatory background (see Fig. 4). This
occurs because scattering causes the Landau levels
to have a finite energy width ~ ħ τ–1. As B
hωc will
broadened
increases, ħωC
will increase,
increase, so
so that the broadened
Landau level will become better resolved [13]. The
last and most prominent peak at 9 T is associated
with the quantum limit of the hole ellipsoid.
Next, we analyze the dependence of the peaks on
the tilt angle of the magnetic field with respect to
the trigonal
trigonal direction.
direction.These
Theseangular
angulardependences
dependencesl
enable to distinguish between the peaks that appear
even in the one-electron approximation and the

157

RESEARCH REPORTS
RESEARCH
REPORTS

Fig. 5: Quantum oscillations observed in the 2nd derivative
of the magnetostriction data, divided by B2, with a tilted
magnetic field (trigonal to bisectrix) up to 10 T at
T = 30 mK.

peaks that are actually due to collective effects. To
analyze the data, we plotted the magnetostriction
data at all measured angles divided by B2 and calculated the second derivative. By calculating the
second derivative, the peaks keep their positions
but become more pronounced. One part of our
comprehensive study is shown in Figure 5. Here,
the field is rotated in the trigonal-bisectrix plane.
One can easily associate the detected peaks with
the Landau level crossings following previous theoretical studies on bismuth [11]. As one can see,
the main peaks scarcely move when the field is tilted in the trigonal-bisectrix plane of the crystal.
These peaks with large amplitudes are caused by
the hole ellipsoid, and their positions are in good
agreement with the theoretical calculation [11]. In
contrast, the smaller ripples visible between the
large peaks rapidly change their field position with
tilt angle. For the first time, these small peaks have
been detected by high-resolution magnetostriction
measurements and can be clearly identified thanks
to their sharp angular variation, caused by the very
anisotropic electron ellipsoids. Figure 6 again presents the experimentally detected but also the calculated angular dependences of the magnetic fields,
at which the electron and hole Landau levels cross
the Fermi energy. It clearly shows that by controlling the orientation of the magnetic field with subdegree accuracy we can confirm the complex theoretical one-particle picture of bismuth in its basic
form. We observe the expected two different field
scales. The first are more or less horizontal field
scales, caused by the hole Landau levels. The second
are less pronounced in the data and show a very
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sharp angular variation. Nevertheless, the observed
electron spectrum also appears to be in quantitative agreement with the theoretical calculation. It is
already known from other experiments that the
positions, especially of the small maxima, vary
from experiment to experiment and even from
sample to sample [6–8,11]. One should also keep in
mind that the theoretically used formulas are not
exact [11].
In conclusion, it could be demonstrated by means
of our angular-dependent magnetostriction measurements, that the band picture is quite successful
in explaining the complex electronic spectrum of
bismuth up to 10 T. But it is known from numerous
Nernst effect studies that it becomes inadequate as
the quantum limit is crossed. Beyond the quantum
limit, when all carriers are confined to the first

Fig. 6: The calculated (a) and experimentally detected (b)
angular dependences of the magnetic fields, B(θ2), at which
the electron and hole Landau levels cross the Fermi energy;
θ2 is the angle between the magnetic field and the trigonal
axis. The magnetic field tilts towards the bisectrix axis. The
positions of the hole peaks are shown by red lines, while
positions of the electron peaks are marked by other colours.
The numbers indicate the Landau level numbers and – or +
stands for the direction of the spin projection on the magnetic field.
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Landau level, the Nernst effect in bismuth detects
field scales which are not expected in the one-particle picture. The open question remains: Are the
profiles of these anomalies of bulk origin? We hope
to answer this question soon using magnetostriction measurements in magnetic fields up to 20 T for
fields tilted in the trigonal-binary plane. If this field
scale, manifested in horizontal lines by angular
Nernst Effect studies (for instance at about 14 T), is
of thermodynamic nature, it should also be detected by means of our high-resolution magnetostriction measurements.
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Thermodynamic Measurements in Pulsed Magnetic Fields
Ramzy Daou, Franziska Weickert1, Michael Nicklas, and Frank Steglich

Pulsed magnets provide the highest available magnetic fields for research. Non-destructive pulsed
magnets that discharge a capacitor through an inductive load are routinely used to reach fields above
60 Teslas, and ever-higher fields are being targeted
by a handful of laboratories around the world. The
Dresden High Magnetic Field Laboratory (HLD) is
one such cutting edge research facility [1]. Founded
in 2003 [2], the HLD opened to users in 2007 and
forms part of the Euromagnet network of high field
laboratories. The Max Planck Society is integrated
with the HLD at the ground level through the
research program “Materials Science and Condensed
Matter Research at the Hochfeld-Magnetlabor
Dresden”, based at the MPI-CPfS [3].
Measurements in pulsed magnetic fields are subject to strong constraints that arise both from the
short timescale of the experiments (some milliseconds) and the mechanical and electrical noise
induced by the rapid discharge of the capacitors. It
has therefore been difficult to explore thermodynamic properties of materials with high resolution;
even measurements of basic transport properties
are challenging.
We have developed two thermodynamic probes
for use in the pulsed magnetic fields which boast
world-leading resolution. The specific heat experiment utilizes the adiabatic method with specific
adaptations for pulsed-field work and the option
for carrying out magnetocaloric effect measurements. The magnetostriction experiment sidesteps
many of the limitations of the noisy environment
by utilizing a novel optical method borrowed from
the telecommunications industry. In the following
we will present each method and some preliminary
results on materials of interest.

Specific heat measurements in pulsed fields
The specific heat is a fundamental thermodynamic
quantity in condensed matter physics and probes
the change of entropy as a function of temperature.
It has a sensitive and characteristic response to
changes of the internal free energy, which occur
e.g. at phase transitions or when energy levels of
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the system are thermally or quantum-mechanically
excited. In materials where the entropy shows a
sharp discontinuity as a function of the magnetic
field, a rapid change in the temperature can be
observed while sweeping the field. This effect is
called magnetocaloric effect (MCE) and it is a particular useful tool to track phase boundaries in an
easy and reliable way. Both techniques the specific
heat and the MCE measurements can be realized
with essentially the same experimental set-up
based on the semi-adiabatic method, where the
heater, sample and thermometer are as much as
possible thermally decoupled from the environment.
Figure 1 shows the physical arrangement of our
experiment including a sample of the isolated spin1/2 compound AgVOAsO4 [4]. Unlike a more conventional experiment, there is no sample platform
involved. Instead the heater, sample and thermometer are glued together with a tiny amount of GE-varnish in a “sandwich” configuration. The dimensions
of this set-up need to be extremely small that the

Fig. 1: Experimental set-up for specific heat and MCE
measurements. In the centre of the image, the sandwich
made of heater, sample and thermometer can be seen (1).
Two sets of 6 (15 cm long) thermally resistive constantan
wires (2) are used to measure the ruthenium oxide thick
film thermometer and to drive the current of the thin film
heater without causing a heat leak. Mechanical support and
stability is provided by the network of platinum-tungsten
wires (silver colored), which also have a low thermal conductivity. The whole sample holder is made of G10 to avoid
eddy current heating in pulsed magnetic fields.
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time constant of the measurement is shorter than the
pulsed field scale. However, the specific heat of the
sample should be the dominant contribution compared to the total specific heat including addenda. In
the set-up in Figure 1, the thermometer and heater
had a mass of 0.1 mg each, while the sample mass
was 1.5 mg. The challenge for calorimetric measurements in particular is the implementation of reliable, reproducible thermometry. Resistive thermometers are at present the only viable option as
they satisfy the constraints of size, speed and ease
of measurement. We were using RuO2 thick film
thermometers with a susceptible temperature
response between 20 K and 1.4 K and a small positive magnetoresistance of 7% up to 60 T. However,
a careful calibration of the RuO2-sensor in field is
essential before starting the experiment.
Figure 2 shows a characteristic time profile of an
experiment carried out at 31 T in the long-pulse
magnet. This magnet produces a field profile with a
rise time of 150 ms, a period of around 100 ms at
maximum field ± 1 T and a fall time of 1.5 s. The
maximum field currently available at HLD is
around 47 T. In the 100 ms time window at the maximum field it is possible to apply several heat pulses of a few ms length and to track simultaneously
the adiabatic temperature response of the sample.
Hereby the “sandwich” configuration ensures that
the heat flow goes through the sample and increases the temperature by about ΔT = 0.15 K. The heater
as well as the thermometer are wired with a loopfree 6 wire tape, which enables conventional 4probe AC (5 kHz) resistivity measurements of the
thermometer and a precise monitoring of the
applied heat ΔQ = Δt × U × I = 1.7 μJ in the heater.
Quantum magnets are a family of materials
which display phase transitions in high fields as a
result of induced spin-reorientations. One particular phase transition of interest is the so-called BoseEinstein condensation (BEC) of magnons. In the
newly discovered quantum spin system
AgVOAsO4 [4] field-induced ordering is observed
between 10.5 T and 48 T. We were able to explore
the phase diagram of this material via MCE measurements in pulsed magnetic fields. Specific heat
data taken in a couple of magnet pulses agree within the error bars (10%) with data taken on the same
compound in high DC-magnets (up to 30 T) at the
Grenoble High Magnetic Field Laboratory [5].

Fig. 2: Typical time scale of a specific heat experiment in
the long-pulse magnet. The lower panel shows the field
profile around the magnetic pulse maximum. In the upper
panel the temperature of the sample thermometer is displayed. As short heat pulses are applied (the red curve
shows the heater voltage), clear steps in the temperature are
observed. The temperature as a function of time between 2
heat pulses shows clearly that i) the time constant of the
experiment is well below 10 ms, because the temperature
saturates and that ii) the “sandwich” configuration is (on
this ms time scale) thermally decoupled from the bath,
because the temperature stays stable after reaching its saturation value.

Magnetostriction measurements using Fibre
Bragg Gratings
The magnetostriction of a material gives us information about the coupling between magnetism and
the lattice. There are many microscopic sources of
magnetostrictive effects, foremost among which
are exchange interactions between local moments
and itinerant electron magnetism. By a convenient
Maxwell relation, we know that magnetostriction is
equivalent to the pressure dependence of the magnetization. It is also a directional probe that can be
used to explore anisotropic magnetic interactions.
Integrating a sensitive magnetostriction measurement with pulsed magnetic fields allows us to
access magnetic interactions at higher energy
scales than is possible in conventional laboratory
magnets.
We have developed a technique to measure magnetostriction in pulsed fields [6] that provides an
improvement in resolution of two orders of magnitude over previous methods [7]. We utilize a technology from the telecommunications industry
known as a Fiber Bragg Grating (FBG). A periodic
modulation of the refractive index in the core of an
optical fiber over some short length introduces a
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peak in the reflectivity spectrum of the fiber at a
wavelength dependent on the period of the modulation. This structure can then be used as a sensitive
strain gauge, as the wavelength of reflection shifts
linearly with the strain applied to the fiber. Such an
FBG is attached to the side of the sample of interest with cyanoacrylate glue. The fiber is then illuminated with broadband light and the reflection is
collected by a spectrometer with a very fast camera
capable of acquiring complete spectra at 47 kHz. It
is this camera that allows us to obtain both the
required sensitivity and sufficient time resolution
to make pulsed field experiments feasible.
The main advantage of this technique is that it is
optically based and is therefore immune to electromagnetic noise which can be a severe problem in
pulsed magnets. Since the FBG is used as a strain
gauge and is fixed directly to the sample (which is
itself glued to the measurement probe), it also confers some immunity from mechanical vibrations.
The magnetic field dependence of the FBG
response is also well understood and independent
of temperature, unlike for example a resistive foil
strain gauge whose magnetoresistance must be
carefully calibrated in the pulsed field before use
[8]. Finally, it is simply attached and detached from
the sample with an everyday glue.

Fig. 3: Longitudinal magnetostriction of a single crystal of
GdSb measured by FBG method in pulsed fields up to 54 T
(ΔL || B || a) [4]. The curves are offset by the relative thermal expansion of the sample. At high fields and low temperatures, quantum oscillations of the magnetostriction can
be observed. The sample length decreases as antiferromagnetism is suppressed, and then saturates when the saturation
magnetisation is reached. Inset: the magnetic phase diagram extracted from the main panel. The red dots mark the
antiferromagnetic/paramagnetic phase boundary corresponding to the shoulder in the magnetostriction.
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The success of this technique is illustrated by
Figure 3 and 4. In Figure 3 we see the longitudinal
magnetostriction of GdSb, an antiferromagnetic
semimetal. The Gd lattice orders below 23 K and a
field of 33 T is required to suppress this and fully
polarize the lattice. Meanwhile, at high fields the
itinerant quasiparticles cause quantum oscillations
in the magnetostriction [9]. To our knowledge, this
is the first observation of quantum oscillations in
the magnetostriction in fields above 33 T. The resolution of the measurement is ΔL/L ≈ 3 × 10–7 at
47 kHz, which represents an improvement of
around two orders of magnitude over the plastic
capacitance dilatometer of Ref. [7] which achieved
a resolution of 10–5 at 10 kHz.
Figure 4 shows the longitudinal magnetostriction
of the quantum magnet SrCu2(BO3)2. This compound consists of orthogonally oriented spindimers on a square lattice. This arrangement is a
near-perfect realization of the theoretical
Hamiltonian written down by Shastry and Sutherland [10], whereby two orthogonal exchange interactions of similar magnitude cause strong geometrical frustration. The ground state consists of spin-

Fig. 4: Magnetostriction of SrCu2(BO3)2 measured in pulsed
fields up to 60 T at the HLD for fields applied in both in and
perperndicular to the dimer planes. The data have been
scaled by the electronic g-factor appropriate to the field
direction. The length change of the sample shows different
steps and plateaux corresponding to long-range ordered
states when the number of triplet excitations that form on the
dimers is a rational fraction of the total number. Unlike the
magnetization, which is positive and always increases with
field for both directions, the magnetostriction has varying
sign for each step, corresponding to the different uniaxial
pressure dependencies of each magnetic phase.
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singlets states on each dimer, but as the spin-gap is
closed with strong fields of around 20 T, triplet
excitations are formed. It is thought that at integer
fractions of the saturation magnetization, long
range order of these triplet excitations is stabilized
in structures that are commensurate with the lattice.
This is manifested in steps and plateaux in the magnetization which have been much studied [11,12].
As Figure 4 shows, these steps are also present in
the magnetostriction. What is qualitatively new,
however, is that while the magnetization is nearly
identical for magnetic fields applied within the
plane of the dimers and perpendicular to it, the
magnetostriction is dramatically different. Since
the magnetostriction is equivalent to the uniaxial
pressure derivative of the magnetization, it suggests a qualitatively different response of the
exchange parameters to pressure applied in the
plane and perpendicular to it, and of the different
compressibilities of the long range ordered phases,
some of which appear much stiffer than others.
This behavior must be accounted for by numerical
and theoretical models that attempt to describe the
interplay between dimers quantitatively.

used in the challenging, but uniquely capable environment of pulsed magnetic fields and are now
open to users of the facility.
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Complex Metallic Alloy Phases in the Al-Mg-Zn System
Rico Berthold, Gudrun Auffermann, Horst Borrmann, Ulrich Burkhardt, Enkhtsetseg Dashjav,
Stefan Hoffmann, Marek Mihalkovic1, Yurii Prots, and Guido Kreiner

Complex metallic alloys (CMA’s) are a fascinating
class of materials. They comprise intermetallic
compounds with giant unit cells, incommensurate
modulated structures and quasicrystalline phases.
A famous example is the Al-Mg-Zn system [1–3],
which contains four ternary complex intermetallic
phases, called τ1 [4], τ2 [5–12], q [7] and Φ [13,
14]. The τ1 and τ2 phases are crystalline approximants of the quasicrystalline q phase. Their crystal
structures can be described as packings of Bergman
Clusters, which decorate nodes of canonical cell
tilings [15]. The τ2 phase (cP676, Pa 3 ) has been
investigated several times in the past 20 years,

however, the results concerning composition and
disorder are inconsistent with one another. The
crystal structures of the q and the Φ phase are still
unknown. Bourgeois et al. [14] have determined
the unit cell parameters and the space group
symmetry (oP152, Pbcm) of the Φ phase by electron diffraction and they proposed a structural
model based on HRTEM images. The main objective of this work is a redetermination of the Al-MgZn system by coupling Calphad modelling with
new experimental data and to resolve the ambiguities. Due to the complexity of the ternary phase
diagram, we extensively used equilibrated alloy
methods like metallography, X-ray diffraction and
thermal analysis, with special focus on the simulation of the DTA response [16].
The Al-Mg-Zn Phase Diagram
An isothermal section at 330 °C with liquidus
curve projection and a 3D view of the liquidus surface of the Al-Mg-Zn system is shown in Figure 1.
Both were calculated based on data from the thermodynamic assessment of Petrov et al. [3] by
means of the Pandat 8.1 engine [17]. Here, the
compositions Al15Mg43Zn42 for the τ2 phase and
Al15Mg44Zn41 for the q phase were chosen as
reported by Takeuchi [7]. The Φ phase crystallizes
according to this assessment at 55 at.% Mg with a
homogeneity range from Al18Mg55Zn26 to
Al28Mg55Zn17. The Φ phase forms in a peritectic
(L + γ + τ1 = Φ) and the τ2 phase in a quasiperitectoide reaction (q + τ1 = Mg4Zn7 + τ2).

Fig. 1: Isothermal section of the Al-Mg-Zn system at
330 °C with liquidus curve projection (a); 3D view of the
liquidus surface (b).
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The Φ Phase
The phase diagram in close vicinity to the Φ phase
was redetermined using equilibrated alloys by metallographic examination, EDX, WDX, thermal
analysis and X-ray diffraction methods. Some
results of the phase analysis for alloys, heat-treated
at 330 °C, are shown in Figure 2. In addition to the
broad homogeneity range in Al and Zn, it has been
observed that the Φ phase exhibits a small phase
width in Mg ranging from 55 at.% to 57 at.% at
high Al content. For most samples we have also
compared the DTA curves with calculated DTA
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Fig. 2: The Mg-rich part of the isothermal section of the AlMg-Zn system at 330 °C and micrographs (BSE) for various alloys are shown; the composition of the Φ phase
(EDX) is as follows: 1) Al28Mg55Zn17, 2) Al23Mg55Zn22, 3)
Al18Mg55Zn27, 4) Al20Mg55Zn25, 5) Al22Mg57Zn21, 6)
Al16Mg54Zn30, 7) Al25Mg57Zn18, 8) Al23Mg55Zn22, 9)
Al25Mg57Zn18.

curves. Here, the enthalpy versus temperature for
full equilibrium melting and freezing and for
Scheil freezing was used as input. In summary, it
can be said that the phase diagram in the vicinity of
the Φ phase is in good agreement with the experimental results of this work. The crystal structure of
the Φ phase was determined by X-ray single crystal
structure analysis (R1 = 6.1%, wR2(all) = 14.6%).
The Φ phase crystallizes with a = 8.937(3) Å, b
= 16.812(2) Å, c = 19.586(4) Å in space group
Pbcm with 152 atoms per unit cell. 12 crystallographic sites with coordination numbers 14 and 16
and large Voronoi cell volumina are fully occupied
by Mg atoms. These sites correspond to 50 at.%
Mg. The remaining 11 crystallographic sites have
coordination numbers CN = 11 and 12 and occupancy factors for Zn from 8% to 87%. Assuming
full occupation for each crystallographic site and
using information from the chemical analysis these
sites must be randomly mixed occupied with Al,
Mg and Zn leading to the composition
Al21Mg55Zn24 and the crystallographic formula
(Al0.42Mg0.1Zn0.48)Mg with Z = 76.
The crystal structure can be described as a
sequence of 12 nearly flat atom layers per unit cell
along the c axis. The four different layer types are
shown in Figure 3 as tilings. Similar tilings have
been used to describe the layer types of decagonal
quasicrystals and their approximants [18], thus the
Φ phase can be thought of as an approximant struc-
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The τ2 Phase
The phase formation of the τ2 phase was first
reported by Takeuchi [5]. According to his results,
the τ2 phase forms at Al15Mg43Zn42 close to the q
phase at Al15Mg44Zn41. The crystal structure was
first described by Sugiyama [10,11], later again by
Spiekermann [8] and then by Lin [12]. The composition reported by Spiekermann agrees well with
that of Takeuchi.
However, for the composition of the τ2 phase
Sugiyama reports Al17Mg46Zn37 and Lin
Al13Mg32Zn55. The latter two compositions are
points in the three phase fields Φ + τ1 + q and τ1 +
η + Al, respectively. None of the authors has
observed a perceptible homogeneity range and they
report nearly equal lattice parameters (a = 23.04 Å).
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WDX, XRD and PXRD is in good agreement with
the target composition. The sample at the composition Al17Mg46Zn37 contains two phases (Φ + τ2), as
well as the sample at the composition Al13Mg32Zn55
(Al + η). At Al15Mg43Zn42 there is only the phase τ2
(Fig. 4 and Fig. 5). This strongly supports that the
composition of the τ2 phase reported by Sugiyama
and also by Lin are wrong. While investigating a
large number of samples in the region
x(Al) < 18 at.%, we have found that most relationships as proposed by the currently accepted
phase diagram are not in agreement with the experimental data because a number of ternary complex
metallic alloy phases in the vicinity of the Mg-Zn
subsystem have been overlooked.
Fig. 4: Part of the isothermal section of the Al-Mg-Zn system at 330 °C in the vicinity of the τ2 phase and micrographs (BSE) for alloys at various compositions proposed
for single-phase τ2: 1) Al15Mg 43Zn42, 2) Al17Mg 46Zn37,
3) Al 13Mg 32Zn55.
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Spin Fluctuations in the Normal and Superconducting States
of the Prototypical Heavy-Fermion Compound CeCu2Si2
Oliver Stockert, Julia Arndt, Enrico Faulhaber1,2, Christoph Geibel, Hirale S. Jeevan3,
Stefan Kirchner4, Michael Loewenhaupt1, Karin Schmalzl 5, Wolfgang Schmidt 5, Qimiao Si 6,
and Frank Steglich

The origin of unconventional superconductivity, as
observed in the cuprate high-temperature superconductors or in the heavy-fermion superconductors, is still one of the open issues in condensed
matter physics. While conventional, phonon-mediated superconductivity is quite incompatible with
magnetism, magnetic excitations are thought to be
at the heart of unconventional superconductivity.
Spin excitations seem to be at the origin of Cooper
pair formation in these compounds. The occurrence
of unconventional superconductivity is often associated with the vicinity to a T = 0 magnetic instability, i.e., a magnetic quantum critical point
(QCP). Soon after the discovery of heavy-fermion
superconductivity spin fluctuations which become
critical at a 3D spin-density-wave QCP, have been
proposed for the coupling mechanism in these
unconventional superconductors [1,2]. As a signature of a magnetic pairing mechanism spin resonances have been observed in several cuprate
superconductors [3,4], in recently discovered ironbased superconductors [5,6], but also a few heavyfermion superconductors [7–9]. However, so far no
direct evidence has been given that these systems
indeed are located close to a magnetic instability
with strongly enhanced magnetic fluctuations
which can enable magnetic pairing. For such a
study the prototypical heavy-fermion compound
CeCu2Si2 is ideally suited since this tetragonal
compound is located very close to a magnetic QCP
already at ambient conditions (cf. Fig. 1) [10].
Incommensurate antiferromagnetic order of spindensity-wave type (with a TN ≈ 800 mK) is easily
suppressed by a tiny pressure or the appropriate
stoichiometry giving rise to a superconducting
ground state with Tc ≈ 600 mK. Here, the magnetic order is characterized by a wave vector QAF ≈
(0.215 0.215 0.53), which is determined by the
nesting properties of the Fermi surface [11].
Using high-resolution inelastic neutron scattering we studied in detail the magnetic response in
CeCu2Si2. For the first time the spin excitations in
the normal and superconducting states of a heavy-
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Fig. 1: Schematic T-g phase diagram of CeCu2Si2 near the
magnetic quantum critical point (QCP) where antiferromagnetism (AF) vanishes and superconductivity (SC)
appears as function of the effective coupling constant g.
Here, g can be changed by hydrostatic pressure or composition (stoichiometry). Superconducting S-type CeCu2Si2 is
loacted on the paramagnetic side of the QCP. The inset displays the tetragonal crystal structure (space group:
I 4/mmm) of CeCu2Si2 indicating the relevant nearest and
next-nearest neighbor cerium interactions I1 and I2.

fermion superconductor were measured in dependence of momentum and energy transfer throughout
the relevant part of the Brillouin zone around the
antiferromagnetic wave vector QAF [12]. The aim
of the measurements were twofold: first, to characterize the magnetic excitation spectrum and to calculate the magnetic exchange energies and compare the results to the condensation energy, and
second, to verify the vicinity of the compound to a
QCP. For the experiments we used a CeCu2Si2 single crystal (m ≈ 2 g) with a superconducting Tc ≈
600 mK and an upper critical magnetic field Bc2 ≈
1.7 T to fully suppress superconductivity. The sample exhibits only a superconducting ground state
and does not show any long-range antiferromagnetic order (so-called S-type crystal). Neutron scattering measurements were performed on the tripleaxis spectrometer IN12 located at the high-flux
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Fig. 2: Magnetic response Smag of S-type CeCu2Si2 at the
antiferromagnetic wave vector QAF and T = 0.07 K in the
superconducting (B = 0) and normal (B = 2 T) state. While
the response in the normal state is quasielastic, it clearly
displays a spin excitation gap ħωgap ≈ 0.2 meV in the superconducting state. Solid lines indicate fits to the data.

neutron reactor of the Institut Laue-Langevin in
Grenoble. Data were taken with the CeCu2Si2 crystal aligned in a [110][001] horizontal scattering
plane at temperatures between T = 50 mK and 10 K
and in magnetic fields up to B = 2 T applied along
–
[110].
Energy scans in S-type CeCu2Si2 have been
recorded at the antiferromagnetic wave vector QAF
in the normal and superconducting states as displayed in Figures 2 and 3. Here, measurements in
the superconducting state were performed in zero
magnetic field at T = 0.07 K, i.e. well below Tc,
while the normal state has been generated by
applying an overcritical magnetic field at lowest
temperatures. In Figure 2 the elastic incoherent part
has already been subtracted from the raw data leaving only the magnetic response. The magnetic fluctuations in the normal state are quasielastic and can
be well described by a simple Lorentzian line multiplied by the Bose factor (solid lines). It should be
noted that irrespective on how the normal state was
approached, i.e., either by application of magnetic
field or by increasing the temperature above Tc, the
magnetic response appears quasielastic. In contrast, the response in the superconducting state
appears to be gapped, and spectral weight is transferred from low energies to energies above the spin
excitation gap [12]. This gap attains a value of
ħωgap ≈ 0.2 meV at T = 0.07 K which results in
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Fig. 3: Energy scans in the normal state of S-type CeCu2Si2
at several temperatures and at a magnetic field of B = 1.7 T
performed at the antiferromagnetic wave vector QAF.
Dashed lines indicate the elastic incoherent scattering and
solid lines denote the quasielastic magnetic response.

ħωgap ≈ 3.9 kBTc being roughly 10% smaller than
the value predicted for a weak-coupling d-wave
superconductor [12]. With increasing temperature
the spin gap becomes smaller and closes at Tc.
Our measurements were not restricted to QAF, we
carefully investigated the momentum dependence
of the magnetic response. The main finding is that
the spin excitation at QAF is part of an overdamped
dispersive mode with a mode velocity being more
than an order of magnitude smaller than the renormalized Fermi velocity. This indicates a clear retardation in the interactions between the spin excitations and the heavy quasiparticles. With this
detailed knowledge of the energy and momentum
dependence of the spin excitations in S-type
CeCu2Si2, we were able to calculate the difference
in magnetic exchange energy between the superconducting and the normal state [12]. For the calculation the normal and superconducting states
magnetic susceptibilities (as derived from the neutron scattering) were used and the nearest and nextnearest neighbor exchange interactions (cf. Fig. 1)
taken into account. In addition, the superconducting condensation energy was obtained from heat
capacity measurements performed on the same
sample. As a result we find that the gain in
exchange energy is larger, roughly by a factor of
20, than the condensation energy [12]. This implies
that the spin excitations are the driving force for
superconductivity in CeCu2Si2.

qe(QAF)-1
qe(QAF)

(Q)
(Q) (meV)
(meV)

(Q)
(Q)-1-1 (a.u.)
(a.u.)
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T
Fig. 4: Inverse spin susceptibility χ(QAF)–1 and energy
width Γ(QAF) of the quasielastic (qe) normal-state magnetic response in S-type CeCu2Si2 at B = 1.7 T plotted against
T 3/2. Solid lines indicate fits to the data.

To be able to study the spin fluctuations in the
normal state of CeCu2Si2 when tuning the system
towards the QCP, superconductivity was suppressed in a magnetic field B = 1.7 T (≈ Bc2). As
seen in Figure 3 the quasielastic magnetic response
at the ordering wave vector QAF broadens notably
and decreases in intensity at higher temperatures.
Fitting the data by quasielastic Lorentzian lines
yields the spin susceptibility χ(QAF) and the line
width in energy (FWHM), Γ(QAF), of the magnetic
fluctuations, Γ(QAF) being a measure of the fluctuation rate and hence inversely proportional to the
lifetime of the spin fluctuations. In Fig. 4 χ(QAF)–1
and Γ(QAF) are plotted against T 3/2. The line width
Γ displays a strong temperature dependence and
decreases substantially towards lower temperature
with only a small residual Γ for T → 0.
Concomitantly, the lifetime of the magnetic fluctuations almost diverges indicating an almost critical
slowing down of the normal state magnetic
response. The finite intercept in Γ for T → 0 puts
S-type CeCu2Si2 slightly on the paramagnetic side
of the QCP. As expected, the spin susceptibility
χ(QAF) increases strongly for decreasing temperatures. χ(QAF)–1 and Γ(QAF) vary as T 3/2 at temperatures well below the Kondo temperature
TK ≈ 15 K (solid lines in Figure 4). Such a T 3/2
dependence of the spin susceptibility and of the
fluctuation rate is indeed predicted for a 3D spindensity-wave QCP [13–15].
In summary, we observed for the first time an
almost critical slowing down of the normal-state
quasielastic magnetic response in the heavy-fermion

superconductor CeCu2Si2, with temperature dependences expected for a 3D spin-density-wave QCP.
In contrast, the spin excitations in the superconducting state are gapped with a gap value close to
the one predicted for a d-wave BCS superconductor. Based on the measured energy and momentum
dependence of the spin excitations the magnetic
exchange energies have been calculated. As a
result, the gain in magnetic exchange energy from
the normal into the superconducting state of
CeCu2Si2 is substantially larger than the superconducting condensation energy. Hence, these spin
fluctuations can be regarded as the driving force for
the superconducting pairing in this prototypical
heavy-fermion system located close to an antiferromagnetic QCP.
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Evolution and Complexity of Dental (Apatite-Based) Biominerals:
Mimicking the Very Beginning in the Laboratory
Elena Rosseeva, Horst Borrmann, Raul Cardoso-Gil, Wilder Carrillo-Cabrera,
Olga V. Frank-Kamenetskaya1, Yigit Öztan, Yurii Prots, Ulrich Schwarz, Paul Simon,
Andrey V. Zhuravlev 2, and Rüdiger Kniep
It is assumed that the major living organisms began
to create mineralized hard tissues acting as functional materials around 525 Ma ago [1]. From this
time up to now significant geological and biological changes have occurred, resulting in the development and evolution of different types of living
organisms. Simultaneously, also the biological
processes by which organisms create hard tissues
in form of inorganic-organic nanocomposites have
been optimized by natural selection through continuous evolution of animal phyla. As a result, mineralized hard tissues emerged which display fascinating hierarchical structures at different length
scales and which are characterized by unique combinations of physical and mechanical properties.
There are three basic inorganic components forming skeletal biomaterials: calcium carbonates, calcium phosphates (mainly in form of apatite) and
silica. Besides this, in order to modify and develop
biomaterials with specific properties, living organisms from different phyla developed the ability to
involve other mineral types in biomineralization
processes as well (already more than 64 different
mineral phases have been reported) [1c]. In the
present contribution, we focus on apatite-based
biominerals which play a decisive role in the formation of endoskeletons (bone and teeth) of most
vertebrates.
Paleobiologists suggest that phosphate biomineralization is quite unique in living systems. In contrast to calcium carbonate and silica biomineralization, which is widely spread in organisms from different phyla, calcium phosphate (apatite) skeletons
are predominantly present only in vertebrates and
some brachiopods [1]. Vertebrates, especially chordates, represent the most highly advanced and
complex group of animals including fishes,
amphibians, birds, mammals, etc. The development of hierarchical nanocomposite structures of
hard tissues of bone and teeth is highly complex,
involving processes of metabolism and cell activities. Bone hard tissue is a hybrid material composed of collagen and hydroxyapatite, where a

close orientational relation between the triple-helical collagen macromolecules and the apatite
nanoparticles is present. It is known that the c axis
of apatite runs nearly parallel to the long axis of the
protein macromolecules [2]. The mineralization of
bone and dentine occurs under control of an organic matrix, which mostly contains collagenic proteins (about 90 wt.% of the complete organic part).
In contrast, the main components of the enamel
extracellular matrix are non-collagenic proteins
(amelogenins and enamelins) [3]. In addition,
besides the insoluble organic matrix which provides a scaffold for mineralization, the functional
soluble organic molecules (such as amino acids,
lipids, glycoproteins, etc.) also play an important
role during the crystallization processes acting as
crystal modifiers and controlling the shape and
architecture of the growing composite materials.
The main inorganic component of the hard tissues
(skeletons) of the most recent vertebrates (including
humans) consists of carbonated hydroxyapatite,
which contains only low concentrations of fluoride
(less than 0.3 wt.%) [3a]. Fluorapatite, however, is
present in dental enameloids of some fishes (e.g.
shark) [4] and also in hard tissues of the feeding
apparatus of conodonts – one of the earliest vertebrates [5]. The role of fluoride ions during biological mineralization of dental or dental-like hard tissues is not yet clearly understood. It is well known,
however, that the presence of fluoride in the apatite
component decreases its reactivity and its dissolubehavior (thus
(thus retarding
retardingthe
theprocesses
processesofofdemdetion behavior
mineralization)and
andatatthe
thesame
same time
time increases
increases the
ineralization)
hardness of the materials [3a, 4b]. It is also assumed
that the presence of fluoride “simplifies” the apatite
crystal habit [6g]. On the other hand, it is not yet
clear whether the decreasing fluoride content in the
apatite component of dental hard tissues of higher
vertebrates is due to evolutionary selection scenarios. In order to mimic apatite-based biomineralization processes we reduced the level of complexity
by restricting the investigations on the formation of
fluorapatite-gelatine nanocomposites grown by
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Fig. 1: (a) Reconstructions of conodont bodies ( ~ 4 cm in
length), based on the imprint shapes of the soft-tissue conodont remains in limestone [5b]; (b) Reconstructed 3D
model of the conodont feeding apparatus (genus
Youngquistognathus) [5d, f]; (c) S-element of the feeding
apparatus of Polygnathus conodonts (denticles are broken).

double diffusion in gelatine-gel matrices (excluding
cell activities) [6]. By this, it was shown that the
chemical composition of the as-grown materials is
closely related to dental enameloid of sharks and
even human enamel, although the latter contains
hydroxyapatite instead of fluorapatite as inorganic
component.
In the present contribution, we report on the
results of our comparative investigations on the
inner structure of conodont denticles and biomimetically grown fluorapatite-gelatine nanocomposite aggregates.
What are conodonts? Conodonts are small extinct
marine animals (Fig. 1a) which inhabited a variety
of environments in Paleozoic and Triassic seas [5].
Microscopic remains of conodonts can be found as
so-called conodont elements representing fossilized
tooth-like units of their feeding apparatus. The conodonts assignment has been the subject of various
debates since their first discovery by C.H. Pander in
1859, because the hard tissues of their fossilized
skeletal remains are very special and not typical for
the known animal phyla [5c, e, i, k].
Most paleobiologists refer this group of animals
to the chordates and even earliest vertebrates [5c,
e–i]. Previous investigations demonstrated that the
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feeding apparatus of conodonts is composed of 15
to 19 discrete elements which are structurally
divided into three parts, the so-called P-, S- and Mregions (Fig. 1b). The S-elements in the rear of the
feeding apparatus are assumed to be least affected
during conodonts life [5f]. The structure of conodont elements consists of two basic units: the
crown and the underlying basal body. The crown
typically comprises a combination of hyaline (or
lamellar) tissue and albid (or white matter) tissue
[5a, d, h] (Fig. 1c). Recent results also showed that
the conodont hard tissues contain trace amounts of
organic matter, and may represent remnant proteinaceous material [7c]. However, the exact architecture of conodont elements, their arrangement
and function are still a matter of controversy.
Samples of S-elements of Polygnathus conodonts (used for our investigation) were obtained
from Late Devonian deposits (Middle Frasnian ~
380 millions years) at the south coast of the Ilmen
Lake (Novgorod region, Russia). Specimens were
extracted from limestone (bioclastic lenses) by use
of the conventional buffered acetic acid technique.
The Color Alteration Indexes (CAI) of the investigated conodont elements (Fig. 1c) ranged from 1 to
1.5 indicating mild fossilization conditions favoring the preservation of the organic components [7].
These findings are supported by the absence of specific bands in the Raman spectra [7b] corresponding to carbonized remains possibly produced by
pyrolysis of the organic components.
Structural relations: paleobiogenic/biomimetic.
As summarized in Figure 2 (left column) the whole
denticle of a conodont S-element exhibits X-ray
(electron) scattering properties representative for a
single crystal, and even the
the crystal
crystal structure
structure(fluor
(fluo-apatite) could
rapatite)
could be
be solved
solved from
from the diffraction data.
The lattice parameters of albid crown tissue apatite
close to
to that
that of
ofstoichiometric
stoichiometricsynthetic
syntheticfluorafluorare close
apatite[8].
[8].The
Theresults
resultsof
of the
the structure refinements
patite
also demonstrate that there is no evidence for the
presence of vacancies at the Ca-site. The observed
splitting of the F-site can be caused by partial
substitution of F‒ by larger OH‒ (or Cl‒) ions within
the channels of the apatite crystal structure.
Furthermore, by means of Raman spectroscopy it
was shown that phosphate ions are only partially
substituted by carbonate ions (B-type substitution,
less than 2 wt.%). The same scattering properties
have already been reported for the biomimetic
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Fig. 3: (a,b) SEM images of the fracture area of a conodont
S-element denticle, illustrating the porous inner structure of
the albid crown tissue (white matter); (c) SEM image of a
broken fluorapatite-gelatine composite aggregate after
long-time heat treatment (800 °C, 24 h, Ar-atmosphere); (d)
Zoomed image of (c) showing the presence of pores.

Fig. 2: Inner structure and scattering properties of a conodont S-element denticle (left column) and a hexagonal
prismatic individual of biomimetic fluorapatite-gelatine
nanocomposites (right column) [6g, i]. For further details
see text.

hexagonal prismatic seeds of fluorapatite-gelatine
nanocomposites (Fig. 2, right column). By means
of SEM (Figs. 3a, b) and TEM (Fig. 2, left column,
bottom) it was demonstrated that the denticle hard
tissue is highly porous. The pores are varying in
shape and size (from several nm to several μm). As
can be seen from Figure 3 (c and d) a similar
porous inner structure can also be obtained from the
biomimetic fluorapatite-gelatine nanocomposites

applying long-time heat treatment. In this case, the
pores are formed at the former positions of integrated gelatine microfibrils, and/or are caused by
recrystallization effects of the former nanocomposite building blocks (as a result of surface minimization [9b]).
The HRTEM images of FIB cuts of both the biomimetic and biogenic samples (Fig. 2, bottom)
exhibit the crystal lattice of apatite as demonstrated by the FFT insets. By taking into account our
with biomimetically
biomimetically grown
grownfluorapfluorexperience with
apatite-gelatinenanocomposites,
nanocomposites,we
wecan
can conclude,
conclude,
atite-gelatine
that the materials under consideration represent
highly mosaic-controlled nanocomposite superstructures [6]. This kind of materials is also classified as so-called “mesocrystals” [9]. For apatitebased biological hard tissues, the conodont denticle
is the first remarkable example of such highly
ordered mesocrystalline material. In addition, earlier TEM investigations of J. A. Trotter et al. [5h]
demonstrated that in case of Plectodina conodonts,
the tissue within the boundary area between the
basal body and the hyaline crown consists of elongated nanocrystalline carbonated fluorapatite
building blocks in more or less parallel alignment
with respect to each other (Fig. 4a). Biomimetically
grown carbonated fluorapatite-gelatine composite
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Fig. 4: (a) TEM image of an argon ion-milled thin section
of the boundary area between the basal body and the hyaline crown
crown tissue of Plectodina conodont [5h], showing
line
nearly parallel alignment of elongated nano-sized building
blocks; (b) TEM image of an ultra thin slice of a biomimetic carbonated fluorapatite-gelatine composite (carbonate content: ~ 4 wt.%) [6h] indicating the close structural relationship to (a).

aggregates are characterized by a similar inner
structure [6h] shown in the TEM image (Fig. 4b) of
an ultra thin slice (carbonate content: ~ 4 wt.%),
indicating the presence of small elongated subunits
with preferred orientation along crystallographic
[001] direction. The length of the subunits is in the
range between 60 nm and 100 nm.
As shown in Figure 5 (left column, a, b) the conodont elements can be decalcified by treatment with
HCl (0.1 M). The gelatineous residue keeps the
shape of the former individual, an observation which
was also made for decalcified fluorapatite-gelatine
nanocomposite individuals (Fig. 5, right column, a,
b) [6a, g, h]. In analogy to the biomimetic nanocomposite aggregates (Fig. 5 right column, c, d) [6e–i],
the existence of mineralized organic fibrils within a
conodont denticle (FIB cut) can be shown by TEM
(regions of lower density with varying diameters
between 1.5 nm and 7 nm in Figure 5, left column,
c). Furthermore, bundling of organic fibrils is visible
in TEM images of partly decalcified conodont elements (Fig. 5, left column, d).
Preliminary investigations were already focused
on the characterization of the organic component of
conodont elements by means of gel electrophoresis
(SDS PAGE). As a first result, it can be assumed,
that the organic component is closely related to collagen-like proteins. Collagen is the main organic
component of bone, dentine and enameloid of most
recent vertebrates [1–3, 7c]. Further investigations
are needed in order to prove these findings and to
get more detailed information on the nature of the
organic component within the conodont elements.
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Fig. 5: Overview of the distribution of organic components
within conodont elements and biomimetic fluorapatitegelatine nanocomposite aggregates. (a) (left) S-element of
a Polygnathus conodont feeding apparatus; (right) SEM
image of a typical fluorapatite-gelatine nanocomposite
sphere aggregate; (b) Completely decalcified gelatineous
residue of a conodont element (HCl, 0.1 M) (left) and a biomimetic spherical aggregate (EDTA, 0.25M) (right); (c)
TEM image of the FIB cut of a conodont denticle (left) and
of a biomimetic aggregate (right) illustrating the presence
of mineralized organic fibrils; (d) TEM images of the partly decalcified surface area of a conodont denticle (left) and
decalcified gelatine residue of biomimetic aggregate (right)
showing bundles of organic fibrils.
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Fig. 6: Schematic illustration of evolutionary dentition developments. From fluorapatite- to hydroxyapatite- nanocomposites.
Here, conodont elements and biomimetic fluorapatite-gelatine composites represent the lowest level of complexity. For further details see text.

Summary
During evolution of vertebrate dentition, natural
selection processes probably started from the
development of denticles (lower vertebrates) composed of fluorapatite-organic composites closely
related to single crystals (highly oriented nanocomposite building blocks). This situation was followed by formation of enameloid hard tissues with
less ordered and smaller fluorapatite-organic composite nanoblocks (teeth of some fishes, e.g. sharks
to development
of dental
enam[4]) and
andfinally
finallyledled
to development
of dental
el (higher
vertebrates)
composed
enamel
(higher
vertebrates)
composedofofeven
even less
ordered hydroxyapatite-organic nanocomposite
building blocks [3]. This evolutionary process
caused the formation of dental hard tissues (e.g.
enamel) which are characterized by lower hardness,
but by a significantly increased elasticity and toughness (recently also proven by atomistic simulations
of pseudo-elastic deformation and self-healing
processes of apatite-collagen composites [10,11]).
[10,11].

Figure 6 shows a schematic illustration of evolutionary dentition developments. Conodont elements belong to the fluorapatite group and take the
position of the lowest level of complexity in this
representation. The most interesting result of our
investigations on conodont elements and biomimetic fluorapatite-gelatine nanocomposites
refers to the close relationships between the biogenic and biomimetic composite structures on various length-scales (from nm up to μm), and to the
fact that the biomimetic nanocomposite is grown
without cell activities, just by interaction and selforganization of the basic chemical components.
This observation builds the bridge between paleobiology (early development of vertebrates) and
today’s experiments in the laboratory, and holds the
chance to get deeper insight into general principles
of very early scenarios in biomineralization.
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Bottom-to-Top: Understanding Ion Association, Crystal Nucleation
and Growth, the Formation of Hierarchical Composites and
Materials Properties from Atomistic Simulations
Dirk Zahn1, Patrick Duchstein1, Theodor Milek 2, and Gotthard Seifert 2
Recently, the field of crystal nucleation and growth
has received a dramatic increase in researcher’s
attention as new classes of materials are accessible
from nanocrystal fabrication and the production of
composite materials by combination of nanocrystals with additional molecules. The abundant studies dedicated to the formation of nanocrystalline
matter surely improved our knowledge of crystal
nucleation in general. However, as far as the mechanisms of ion aggregation from solution and the
self-organization of motifs are concerned, the key
questions (that is the exploration of atomistic
mechanisms) did not
not only
only remain
remainlargely
largelyunanunanswered,
became
evenmore
moremomentous.
momentous.
swered, butbut
became
even
This situation is particularly challenging as the
synthesis of nanocrystalline matter includes ‘bottom-to-top’ approaches which make use of atomic/molecular self-organization from solution to
produce novel kinds of materials. While the age of
man-made nanomaterials is still in its infancy, hierarchical biocomposites such as teeth, bone and
exoskeletons already demonstrate the peculiar
materials properties that are at reach.
At the macroscopic and mesoscopic scale both,
crystal solidification from the melt and nucleation
from solution, have been subjected to a vast number of experimental studies. However, this does not
apply for the microscopic scale, which is much
more difficult to access from experiment. Here,
computer simulations have evolved to an increasingly attractive tool of investigation. However,
whilst the potential for investigating crystal nucleation and growth by means of atomistic simulations is immense, there are technical challenges
that need to be addressed carefully. Tackling the
time- and length-scale problem inherent to both,
crystal aggregation and growth, remains an ongoing challenge to molecular simulation algorithms.
Within a series of studies, we established the
Kawska-Zahn method as a versatile simulation
approach for the analysis of atom/molecule association, ripening reactions and the self-organization
of aggregates [1,2]. Within an iterative procedure,
aggregate formation is explored as a series of ion

association and aggregate relaxation events. Thus,
our studies start with the association of only a pair
of solutes and typically follow the evolution of
forming aggregates up to several hundreds of
atoms / molecules.
To cope with nucleation processes in dilute solutions we mimic diffusion processes in an approximate manner. While the uptake of solutes is modeled by a simple docking-type approach, incorporation into the aggregate is explored by detailed
atomistic simulation. As an important feature, the
applied relaxation procedure does not necessarily
involve global energy minimization after each
growth event, but instead describes crystal growth
as a series of structurally related configurations
which may also include local energy minima. In
the spirit of Ostwald’s step rule, a continuous evolution of the aggregate structure is observed during
crystal growth [1,2].
From this, the infancy of a crystal may be investigated from continuous pathways starting from a
pair of atoms/ions. By iterative modeling of subsequent growth steps, the evolution of aggregates
may be analyzed as a function of size. Apart from
the self-organization of a crystal structure, our simulations may also provide insights into the competition of different structural motifs (i.e. the foundations of non-classical nucleation and the Oswald
step rule). This feature is demonstrated in Figure 1
for the experimentally well-characterized example
of the development of copper clusters. In analogy
to this case study, also the aggregation of calcium
carbonate and calcium phosphate mesocrystals
and their subsequent reorganization is accessible to
our simulation approach [1,2].
Our studies of ion association and aggregate
growth from solution comprise detailed analyses of
the interplay of the solvent molecules with the
forming aggregate. Moreover, a combined quantum/classical molecular dynamics scheme was
developed to explore ripening reactions during
crystal growth. A prominent example for such
processes is given by the nucleation of ZnO from
ethanolic Zn2+ / OH– solutions. In the embryonic
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Fig. 1: Aggregation of Cu clusters from the vapor. Left: potential energy per particle as a function of aggregate size (red
curve), and a fitted curve (green) based on classical nucleation theory. Right: structural evolution of an aggregate (from
N = 75 to 147) exhibiting a competition of fcc-type motifs with icosahedral arrangements. The latter account for deviations
from the classical nucleation pathway and are confirmed from experiments as particularly stable ‘magic number’ clusters.

stage of aggregate formation a metastable agglomerate of Zn2+ and OH– ions is formed. However,
instead of forming a Zn(OH)2 crystal, proton transfer reactions lead to the formation of O2– ions
(Fig. 2, left) and the nucleation of a ZnO domain in
the aggregate core (Fig. 2, right) [3].
The implementation of additional molecules into
the simulation models allows the detailed investigation of the mechanisms of growth control. So far,
such studies were focused on collagen molecules
(mostly using (Hyp-Pro-Gly)n as a simple approximant) which directly change the nucleation mecha-

nism of apatite by acting as crystallization seeds.
This allowed a unique level of insights into the
interplay between the organic and the inorganic
components of the forming composite [4].
An important finding from such studies is given
by the detailed structural information that can be
directly observed. Figure 3 shows the formation of
Ca3F triangle motifs induced by calcium ion association to collagen. These motifs were found to be
very stable and their formation and growth was
identified as the first level of ordering of what later
becomes a collagen-apatite composite structure.

Zn2+ + 2OH– → „Zn(OH)2“→ ZnO↓ + H2O

Fig. 2: Nucleation from solution. Left: Aggregation of Zn2+ and OH– ions. Right: nucleation and growth of ZnO/Zn(OH)2
core-shell nanoparticles. For clarity reasons solvent molecules are not shown.
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Fig. 3: Nucleation from solution including collagen as an additive. From left to right: Aggregation of calcium, phosphate and
fluoride ions as well as nucleation and growth of apatite-type motifs induced by a collagen triple-helix. For clarity reasons
water molecules are not shown. Colors: Ca2+, F- and PO43- ions are shown in blue, green and red, respectively. The collagen
backbone is highlighted by yellow ribbons.

Moreover, this interplay also induces orientation
control to these motifs giving rise to the alignment
of the c axis of the forming apatite crystallites
along the triplehelices. The latter scenario is wellestablished from electron microscopy. Thus, the
most relevant structural relationships between both
components of the composites may be explored at
the atomic level of detail.
To explore apatite-collagen composites at the
1nm – 10 nm length-scale a scale-bridging concept
was developed. In the long run, this shall allow the
exploration of atomic processes that account for
the unique structure and the mechanic properties
of enamel, dentine and bone. As the atomic structure and composition of such complex biocomposites is only partially explored, the first step (i) of
our studies is related to realistic crystal nucleation
scenarios of apatite-collagen (biomimetic composites, dentine, bone) and apatite-amelogenin (enamel) systems employing a gradually increasing level
of complexity and sophistication. Starting from the
association of single ions, elaborated insights range
from the mechanisms of motif formation, ripening
reactions and the self-organization of nanocrystals

and their interplay with growth-controlling molecular moieties. On this basis, (ii) reliable building
rules for scale-up models are being derived, allowing to create multi-million atom models which
shall provide a realistic account of apatite-protein
composites at the 10 nm – 100 nm length scale [5].
Thus, by bridging scales from nucleation and
growth to bulk materials, our bottom-to-top
approach opens a new perspective to the profound
understanding of crystal nucleation, the formation
of hierarchical composites including the characterization of their peculiar properties from atomistic
simulation. Whilst maintaining the atomic level of
detail, this paves the way to models mimicking
fundamental aspects of teeth and bone, including
their hierarchical structures and peculiar mechanical properties.
Using modern molecular dynamics protocols, we
demonstrated the investigation of deformation and
fracture processes for a variety of materials, spanning a range from ductile to brittle compounds
[6,7]. As a first result related to hierarchical composites, a biomimetic hydroxyapatite-collagen
composite model with similar protein content to
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self-healing

Fig. 4: Snapshots of the apatite-collagen composite model (comprising 212340 atoms) during compression along the c-axis.
Before eventual failure, plastic deformation is initiated near the collagen molecules (highlighted in yellow) which are suggested to act as nucleation seeds to local „amorphisation“ of ionic ordering. Using this mechanism, the material may withstand a limited degree of inelastic deformation without losing overall structural integrity (failure). Because of the specific and
local nature of the sacrifice of ionic ordering, the composite deformation is pseudo-elastic, and may undergo self-healing after
releasing the mechanical load (see below).

enamel was subjected to deformation and fracture
studies [8]. By means of molecular dynamics simulation, a peculiar route to sacrificing local ordering at the sake of global structural integrity was
elaborated. Along this line, plastic deformation
occurs in a pseudo-elastic manner (Fig. 4). Thus,
when released from mechanical load, gradual
reordering of apatite areas provides self-healing of
the composite. This pseudo-elastic relaxation
occurs on a much slower time scale (ns) compared
to elastic response (ps) and thus temporarily
retains shock energy which is then dissipated
gradually. Our simulations hence revealed a molecular mechanism of transforming shock energy into
heat [8].
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Crystal Branching and Spherulite Formation: Similar Shapes ↔
Different Mechanisms
Elena Rosseeva, Paul Simon, and Rüdiger Kniep

The phenomena of crystal branching and spherulite
formation are wide and diverse. This kind of morphogenesis is found in biological, geological (e. g.
sediments), and in synthetic systems as well [1].
Furthermore, the formation of spherulites has been
reported for a large variety of materials [1–3]. The
amazing architecture of natural and synthetic
spherulites has attracted much interest although the
mechanism of their formation is not yet definitely
clear. One of the first studies on spherulites was
published already in 1888 by Lehmann [2], who
described them as radially arranged fibrillar aggregates. Since that time, a number of reviews and
textbooks have been devoted to the description of
spherulites formation and their properties [2,3].
Most of these contributions are devoted to the
understanding of crystal branching of “pure” compounds, crystallized according to so-called “classical” crystal growth mechanisms (crystal growth by
ion-by-ion or molecule attachment to a primary
particle). In this case, additives which may be present in the medium and which are incorporated into
the growing crystal act as impurities. These can,
e.g., induce stress and defects or modify the
anisotropy of crystal growth. Thus, the formation
of spherulites can be explained within the well
developed theory of “non-crystallographic” crystal
branching (generally associated with fast crystal
growth and caused by the existence of internal
crystal strain (defects) and high supersaturation of
the surrounding medium (with a small kinetic coefficient of the growing crystal faces)) [3]. However,
the situation becomes even more complex if a
branching aggregate consists of a well-ordered
inorganic-organic nanocomposite with complex
structure and hierarchical arrangement (mesocrystals) [4a, b]. For such materials, besides the “classical” concept of crystal growth, alternative models
are based on “non-classical” crystallization
processes which have been developed and investigated only recently [4]. These new models involve
particle-mediated pathways and include special
mechanisms such as oriented attachment of subunits [4d, e], mesoscale transformations of
nanoparticles from amorphous precursors [4f], and

the formation of mesocrystals by “brick-by-brick”
self-assembly processes [4g, h]. The branching
mechanisms of such aggregates seem to be also different from “non-crystallographic” crystal branching as proposed for the “classical” crystals.

Fig. 1: SEM images of subsequent states of spherulite forFig.
1: SEM
of subsequent
states
of spherulite formation
of (a)images
fluorapatite
[1h] and (b)
fluorapatite-gelatine
mation
of (a) fluorapatite
andseries)
(b) fluorapatite-gelatine
nanocomposites
(from the[1h]
fractal
[5]. (c) Half of a
nanocomposites
(from the fractal series)
[5]. (c) Half
of a
dumbbell of a fluorapatite-gelatine
nanocomposite
aggredumbbell
of athe
fluorapatite-gelatine
nanocomposite
aggregate showing
principles of self-similarity
and hierarchy.
gate
principles
Inset:showing
Central the
(mature)
seed.of self-similarity and hierarchy.
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Our particular interest in this problem is focused
on the investigation of crystal branching and
spherulite formation of fluorapatite-gelatine
nanocomposites (from the so-called fractal series)
[5]. The biomimetic system fluorapatite-gelatine
bears strong
strong resemblance
resemblancetotothe
thebiosystem
biosystemhydroxyhydroxapatite-collagen
yapatite-collagenwhich
whichplays
playsaadecisive
decisive role
role in
in the
human body as functional material in the form of
bone and teeth. In our former investigations, the
shape development of the fluorapatite-gelatine
nanocomposites from the nano- to micrometerscale was studied in detail. The shape development
starts with the mineralization of triple-helical fibre
protein bundles, followed by the formation of
aggregates with approximately parallel alignment
of elongated nanoboards. This process then gives
rise to the formation of a hexagonal prismatic seed
with perfect parallel alignment of the nanoboards.
Finally, the growth process leads to the development of a notched sphere via several growing
dumbbell states (Fig. 1b). An analogous morphological evolution starting from a hexagonal prismatic crystal to a notched sphere was also observed
for fluorapatite aggregates grown without any
additive (Fig. 1a) [1h]. The splitting mechanism of
these aggregates can be easily explained based on
the “non-crystallographic” crystal branching scenario. However, the question arises whether the
same mechanism is valid for the shape development of fluorapatite-gelatine nanocomposite aggregates representing a higher level of complexity.
In nature, there are a lot of examples illustrating
that objects of similar shape may have nothing in
common. As shown in Figure 2, the butterfly
Kallima inachus with closed wings looks like a dry
leaf with dark veins, however it belongs to a completely different form of organisms and even on a
significantly higher level of complexity [6].
Coming back to the subject under consideration,
the hierarchical pattern of the fluorapatite-gelatinenanocomposite aggregate from the fractal growth
series as shown in Figure 1c can hardly be grown
from a “pure” inorganic system, even if “non-crystallographic” branching and geometrical selection
process are assumed. Thus, based on experimental
observations on the shape development of
nanocomposite superstructures, an alternative
mechanism for crystal branching must be present.

Fig. 2: (a) One of the leaves is a butterfly. Which one?* (b)
Underside view of a Kallima inachus butterfly with opened
wings appearing like a leaf with dark veins. (c) Colorful
inner side of the same butterfly [6].

Recently, several phenomenological descriptions
of spherulite formation based on “non-classical”
crystallization processes were reported [4b, 4c; 7].
However, the mechanisms and driving forces controlling the formation of these hierarchical superstructures still remain only poorly understood.
Here, we briefly summarize and comparatively
discuss mechanisms of spherulite formation based
on the concept of “non-crystallographic” crystal
branching and “non-classical crystallization”,
including nanocomposite controlled mechanisms
of shape development. Furthermore, the range of
applicability of these mechanisms for different systems is discussed.
Several reviews [3] are available, considering
processes of crystal branching based on the “classical crystallization” model in great detail. The presence of impurities and high supersaturation in the
surrounding medium are most often emphasized as
essential prerequisites for this phenomenon [3a-d].
However, many of the experimental results showed
that branching can be observed even in a system
without impurities [3e]. Summarizing all the experimental observations available up to now, Yu.
Punin and A. Shtukenberg [3f, g] suggested that
internal stress generated during crystal growth is
the most important factor for crystal branching.
Specifically, internal stress can be induced by
incorporation of impurities, mechanical stress, formation of crystal inhomogeneities, defects and
others.

_______
* Bottom left.
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Fig. 3: General scheme of subsequent states during“noncrystallographic” crystal branching and spherulite formation [3g].

In accordance with this model, “non-crystallographic branching” is the driving force for
spherulite formation. Phenomenologically, this
model can be described as follows (Fig. 3). The
process starts with the formation of inhomogeneities in the growing crystal inducing a longrange stress field. In order to reduce elastic energy,
stress relaxation occurs via nucleation, multiplication, and motion of dislocations. This process then
leads to the formation of ordered dislocation
ensembles and further primary subindividual crystals, which can be slightly misoriented with respect
to the primary crystal matrix. This step can be
assumed as an early stage of branching. In the next
step the subindividuals are isolated and grow independently. Furthermore, the formation of subinduviduals induces additional stress in the growing
crystal and initiates the multiplication of subindividuals. Thus, further crystal branching can be
described as an autocatalytic process. If branching
is strong enough one can expect the formation of a
spherulite. Geometrical selection processes play a
major role in this stage. Finally, it should be noted

Fig. 4: (a) Distribution of possible nucleation points (accidental events) for the development of subindividuals from
the prism faces of a hexagonal prismatic crystal according
to “non-crystallographic” branching [3g] (conditions: high
anisotropy of growth; growth regime close to diffusion control; white arrows indicate flux directions). (b) Threedimensional representation of the inner architecture of a
hexagonal-prismatic fluorapatite-gelatine nanocomposite
crystal illustrating the distribution of additional hierarchical
gelatine fibril pattern [5n] (Red arrows indicate some of the
well-defined areas for further branching). (Upper inset)
Retrieved phase image of an electron hologram showing
the electric potential distribution around the nanocomposite
crystal [5g, i, l]. General message: Accidental branching
(a) vs. well-defined (coded) branching (b).

that the process of formation of subindividuals
within a crystal matrix is a stochastic event (Fig.
4a) and their growth is independently controlled by
external conditions only (supersaturating, additives, temperature etc).
etc.).
However, the situation becomes completely different in the case of nanocomposite superstructures. Our recent investigations on the “embryonic
states” [5l] of fluorapatite-gelatine nanocomposites
(from the fractal series) confirmed that their morphogenesis is driven by the development of an
intrinsic electric field which is induced by an
ordered “board-by-board” self-assembly of
nanocomposite subunits. During this kind of morphogenesis an intrinsic electric dipole field is generated by parallel alignment of the calcified triplehelical protein molecules within the nanoboards.
Finally, the hexagonal prismatic seed (which can
be described as highly mosaic controlled superstructure) is surrounded by an ideal electric dipole

183

RESEARCH
REPORTS
RESEARCH REPORTS

field as visualized by electron holography (Fig.
4b). In addition it was also shown by detailed TEM
investigations that the 3D nanocomposite superstructure of the hexagonal prismatic seeds is distinctively overlaid by a pattern consisting of gelatine microfibrils with diameters scaling around
10 nm. The orientation of the microfibrils can be
assumed to be controlled by the intrinsic electric
field generated by the nanocomposite superstructure.
This implies that even the very first “embryonic
states” and the final hexagonal prismatic seed
already bear the intrinsic conception for their
future shape development on the μm-scale (via
dumbbell states to slightly notched spheres). In
order to prove this concept and to additionally get
more detailed information on the orientational relations of microfibrils within the complex nanocomposite system, the pattern formation process (of the
microfibrils) up to the μm-scale was simulated
[5m, n]. The results of the simulations showed an
excellent agreement with the experimental (TEM)
data (not shown) and therefore support the concept
of an intrinsic electric-field-driven morphogenesis
of the fluorapatite-gelatine nanocomposites. In
addition, the results of the simulations directly
illustrate that after several aggregation cycles the
Coulomb energy potential strongly increases
around the hexagonal prismatic composite seed at
the prismatic faces in areas close to its top and bottom [5m]. This finding supports our suggestion,
that a branching process takes place in those areas
where the Coulomb forces are strongest. Thus, in
contrast to “non-crystallographic” branching
processes, the positions of splittings in the
nanocomposite aggregate are not accidental but
significantly controlled by the intrinsic electric
dipole field and the orientation of polar gelatine
fibrils emerging from the prismatic seed (Fig. 4b).
This shape development is far from classical
growth and branching processes known for crystalline individuals. Obviously, these two completely different mechanisms of branching can result in
the formation of spherulites with similar shapes
(Fig. 1). Therefore, the branching mechanism can
not simply be derived from the outer shape of an
aggregate. Detailed knowledge about chemical
composition, inner architecture and properties of
the branching aggregates is rather necessary.
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Fig. 5: SEM images of dumbbell- and spherulite-shaped
aggregates of (a, b) fluorapatite grown in the presence of citric acid [7e] and (c, d) calcium oxalate dihydrate grown in
the presence of polyacrylic acid [8]. (e, f) Inner structure of
a calcium oxalate dihydrate dumbbell: (left) TEM image of
a FIB cut (stained with 1% uranyl acetate) illustrating that
the core front (dark area) is enriched with the organic component; (right) SEM image of the fracture area of a dumbbell showing the core-shell junction region. The core consists of smaller crystals compared with the shell individuals.

As shown in Figure 5a and 5b, fluorapatite aggregates grown in presence of citric acid exhibit nearly the same outer shape as the fluorapatite-gelatinenanocomposites (Fig. 1b) [7e]. However, there is
no evidence, that citric acid drives the morphogenesis of fluorapatite aggregates in a similar way as
gelatine macromolecules do. Furthermore, our
recent investigations [8] demonstrated, that calcium oxalate dihydrate grown in the presence of
polyacrylic acid (PAA) also follows the scenario of
“non-crystallographic” crystal branching by formation of dumbbells and spherulites (Fig. 5c, d). The
investigation of the inner architecture of the aggregates did not give any evidence for the formation of
a well-ordered nanocomposite superstructure.
However, the inner architecture of the dumbbellshaped aggregates is additionally characterized by
development of a core-shell arrangement. At the
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same time, it has been shown that the core-shell
junction region is enriched by the organic component (Fig. 5e, f). Thus, in addition to “non-crystallographic” branching, which mostly takes place on
the prismatic faces of initial crystals, new subindividuals can also grow from areas enriched by polyacrylic acid leading to secondary nucleation events.

[4]

Summary
Besides classical “non-crystallographic” crystal
branching (accidental, stochastic, see Fig. 4a), a
second mechanism of spherulite formation is based
on “nanocomposite-controlled” scenarios (coded,
see Fig. 4b). The latter can be applied to describe
spherulite formation of well-ordered complex systems including trends for the development of even
higher hierarchies. However, both mechanisms
may contribute to the shape development of composite systems giving rise to additional flexibility
and generation of even more complex morphologies. Deeper understanding of the general principles including the organization of bio-related
nanocomposite superstructures will be a challenge
for the near future.

[5]
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PbS(OA/TOP)-Mesocrystals: Relationship between Nanocrystal
Orientation and Superlattice-Array
Paul Simon, Igor A. Baburin1, Raul Cardoso-Gil, Wilder Carrillo-Cabrera, Alexander Eychmüller1,
Stephen G. Hickey 1, Lydia Liebscher 1, Elena Rosseeva, and Rüdiger Kniep

The ability to fabricate nanostructured materials
on a large scale via a simple and controllable route
still remains a challenge for experimentalists.
Nevertheless, much progress has been achieved in
the provision of potential building blocks.
Employing well-established synthetic strategies,
nanoparticles with different sizes, shapes and compositions can be readily produced. The strong tendency towards self aggregation and organization of
these nano-subunits into superstructures has been
used to create mesocrystals with 2D and 3D ordering [1–7]. Such assemblies are normally built up
from inorganic nanoblocks which are surface-stabilised by organic molecules. Hence, they combine
the properties of the individual nanoparticles with
the unique features arising from the collective properties of the ordered arrays. Their properties appear
to be promising for a number of potential applications, e.g., biomedical diagnostics, optoelectronics,
photonics, photovoltaics and sensors. Lead chalcogenide nanocrystals are especially interesting due to
their particular size-dependent tunable optical properties. They exhibit band gaps in the near-infrared
region and possess large exciton radii of about 18
nm or even larger. This strong quantization effect
makes PbS a prime candidate for applications in the
field of infrared optoelectronics such as IR detecthismaterial
material isis raising
tors and lasers. In
In additional,
addition, this
attraction for photovoltaic applications since nanosized PbS has been demonstrated to exhibit multiple
exciton generation [8–11].
To date, there are only a few techniques reported
for the production of mesocrystals or superstructures. For example, at a defined solvent/non-solvent
mixture ratio, PbS nanoparticles self-assemble into
macroscopic aggregates resulting in well-ordered
mesocrystals. The most common methods for their
preparation are the evaporation of the solvent and
the addition of a non-solvent, realized with the socalled three-layer supersaturation technique
[12–17]. Talapin et al. have suggested a mechanism
initiated by intrinsic electric dipoles during self
assembly [18]. Despite the large number of publications on this topic which appeared in recent years,
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there is still no conclusive explanation for the formation processes and/or the nature of the inner
structure of these aggregates [19–20]. It has been
assumed that the nanoparticles are organized in an
ordered manner throughout the whole assembly.
However, much of the evidence presented till now
has merely depicted the surface structure obtained
by SEM. Nagel et al., but also Rupich et al.
employed SAXS measurements which reveal the
fcc motif in 3D superstructures [12,14]. On the
other hand Schliehe et al. examined 2D-ordering
within thin sheets [17]. However, no experimental
proof is available that the observed ordering is also
maintained over the whole volume and not just
within the surface of a mesocrystal. Furthermore, in
previous studies no relationship of the superlattice
and the atomic structure of the individual nanoparticles has been established.
The PbS nano- and mesocrystals were prepared
as described by Nagel et al. [12]. In this procedure
the PbS nanoparticles used for the formation of
mesocrystals are stabilised by a mixture of oleic
acid (OA) and trioctylphosphine (TOP). The morphology of the PbS mesocrystals was characterized
by SEM. Besides regular octahedra, various
twinned morphologies and also five-armed star
species were found (Fig. 1).

Fig. 1: SEM image of a twinned PbS(OA/TOP) mesocrystal.
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Fig. 2: (right) X-ray diffraction pattern (Mo Kα radiation)
of an octahedral mesocrystal oriented along its [111] direction, and (left) light microscopy image of the corresponding
individual mesocrystal. The mesocrystal consists of a
superlattice arrangement of the oriented PbS-nanocrystals
stabilized by organic molecules (OA and TOP). For further
details see text.

In order to get a first overall impression of the
structural ordering effects within the volume of an
entire mesocrystal, an octahedral specimen (Fig. 2,
left) was chosen for X-ray diffraction investigations. Without going into detail [21], the textured
X-ray pattern (Fig. 2, right) can be interpreted as a
superposition of diffraction patterns of PbS particles with preferred orientations either nearly along
[111] or nearly along <110>-orientation; the latter
are rotated by 120° with respect to each other. The
apparent pseudo-trigonal distribution of the (220)
reflections can be explained by absorption effects
of the octahedrally shaped mesocrystal.
The inner structure of the PbS mesocrystals was
investigated by means of TEM on focused ion
beam (FIB) cuts. In this way, artifacts are avoided
which might be introduced into the material by
conventional diamond cuts. Such defects could be
caused by mechanical distortions or swelling of the
individuals due to the use of epoxy resin as embedding material. By utilizing a TEM at the middleresolution regime we obtained three different orientations (recognized as [100], [110] and [111]) of
the superlattice which was determined to be cubic
(cf. below). The superlattice orientations were
identified from the fast Fourier transforms (FFTs)
of the direct images. The [111] zone (Fig. 3)
exhibits hexagonal symmetry and consists exclusively of (220) reflections with lattice spacing
d220 ~ 5.4 nm, as displayed by the bottom-left inset
of Figure 3. By combining the three different zones
we found the mesocrystal superstructure to be
symmetry. The unit
cubic face-centred with
with Fm3m
Fmm symmetry.
cell dimension of the superlattice was determined
as a = 15.4 nm, which is in good agreement with

TEM image
image(FIB
(FIBcut)
cut)
a PbS(OA/TOP)-mesoFig. 3: TEM
of of
a PbS(OA/TOP)-mesocryscrystal
showing
closed-packedarrangement
arrangement (fcc)
(fcc) of
tal
showing
thethe
closed-packed
nanoparticles ([111] zone axis). Bottom left: corresponding
FFT; top right: model of the arrangement of nanoparticles
within the superlattice.

the expected size for an arrangement of around
5.5 nm-sized PbS nanoparticles stabilized by organic molecules. In addition, the different projections
of the superlattice packing of the nanoparticles
were simulated. The inset at the right-hand top corner of Figure 3 represents the superlattice-array for
the [111] zone.
The individual nanoparticles were investigated
by high-resolution TEM (HR-TEM) in order to
reveal their habit. By combination of three different projections (along [100], [1-10], and [11-2],
Fig. 4, top) we conclude that the habit of a single
~5.5 nm - sized particle can be closely approximated by a truncated octahedron (Fig. 4, bottom). The
reflections of the FFTs (Fig. 4, middle) have been
indexed based on the galena crystal structure
Fm3m,
(Fmm, aa == 5.936 Å [22,23]).
Furthermore, we applied electron holography on
FIB cuts in order to visualize the 3D topography of
the superlattice ordering. The measurements were
performed at one edge of the cut, from which the
platinum shielding was removed. In this way vacuum (empty space) beneath the sample was obtained
as needed for the reference wave. The phase micrograph reconstructed from the electron hologram is
presented as a 3D-feature in Figure 5. Here, the
topography of the sample with the individual
nanoparticles is clearly visible. The color code
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nary results obtained by means of X-ray and electron diffraction, high-resolution TEM and electron
holography. More detailed investigations concerning nanoparticle orientations, the “real” symmetry
of the superlattice and the formation of domains
within the mesocrystals are in progress.
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Experimental Strategies for Better Diffraction Data
Michael Wedel and Horst Borrmann

Introduction
Precise determination of crystal structures and, in
particular, experimental charge densities with x-ray
diffraction methods requires data sets of extremely
good quality, up to very high resolution. Instrumentation has clearly improved in course of the
last decades, introducing high-precision area detectors, more powerful x-ray sources and optics, just
to mention a few assets. Likewise, the availability
of more powerful computers at much lower prices
has lead to a large variety of data reduction software
which greatly reduces the time used for these tasks.
All of these developments have contributed to high
resolution diffraction experiments being carried out
in a matter of days instead of weeks or even months,
without the need to travel to a synchrotron facility.
In order to be able to evaluate if advanced instrumentation indeed provides for vastly improved
data quality, two main questions need to be tackled: “What characterizes an excellent data set?” and
“How can such a data set be collected?”

Overview
Generally the goal is to provide a quantitative measure of data quality not based on any comparison
with structural models. Most methods build on statistical analysis of symmetry-equivalent reﬂections
ﬁnally reﬂected in a quality indicator called Rmerge
or Rint [1–3].

Rmerge =

∑ ∑ |Ii (hkl) − I(hkl)|

hkl i

∑ ∑ Ii (hkl)

hkl i

As a main drawback Rmerge heavily depends on redundancy in the data set [1]. Even worse, higher
redundancy results in higher values of Rmerge and
thus somehow contradicts “scientiﬁc intuition”. Of
course, this behavior is highly undesirable and
modiﬁed indicators were proposed, e.g., an R factor which is independent of redundancy, called

190

Rr.i.m. [3] or Rmeas [1],

N
∑ |Ii (hkl) − I(hkl)|
∑ N−1
i
hkl
Rr.i.m. =
∑ ∑ Ii (hkl)
hkl i

where N is the redundancy, which in this case means
the number of times a reﬂection hkl has been measured. Another R factor that needs to be mentioned
is Rp.i.m. [3], as it incorporates redundancy in a way
more appropriate, since the value gets lower, as redundancy gets higher:

1
∑ |Ii (hkl) − I(hkl)|
∑ N−1
i
hkl
Rp.i.m. =
∑ ∑ Ii (hkl)
hkl i

Clearly redundancy has to be considered most important. Commonly, this deﬁnes how often a certain
reﬂection appears in a data set including symmetry
equivalents and multiple measurements of the same
reﬂection. Remeasuring a particular Bragg reﬂection in the very same position gives a good indication about reproducibility and stability of the experiment. However, recollecting individual reﬂections at different positions (orientations) gets additional information included, very similar to the situation with reﬂections equivalent by symmetry. Accordingly multiple measurements are widely used
to account for systematic “errors” like absorption or
anisotropic extinction. Along these arguments the
terms “real redundancy”, or “multiplicity of observation” (MoO [4]) have been deﬁned to emphasize
these particular conditions in a diffraction experiment.
Generally, the best quality indicator for a single measurement is its signal-to-noise ratio I/σ (I),
which reﬂects how well the signal is detectable
above background. Any indicator based on I/σ (I)
should directly reﬂect data quality without any additional contributions from symmetry, redundancy
and alike. A proper value is deﬁned as Rσ (for
example in SHELX [5]), however, it is not always
used in this strict way:
Rσ =

∑ σ (Ii )
i

∑ Ii
i

RESEARCH REPORTS

Table 1: The data of a cubic calcium hexaboride crystal collected with Mo Kα radiation √
were merged (with SORTAV [6])
¯ (I) · N). Obviously very signiﬁcant
in Laue groups m3̄m and 1̄ for comparison. Q closely resembles I/σ (I) (Q = I/σ
improvement for high redundancy.

d [Å]

d > 1.090
1.090 > d > 0.865
0.865 > d > 0.756
0.756 > d > 0.687
0.687 > d > 0.637
0.637 > d > 0.600
0.600 > d > 0.570
0.570 > d > 0.545
0.545 > d > 0.524
0.524 > d > 0.506
0.506 > d > 0.490
0.490 > d > 0.476
0.476 > d > 0.464
0.464 > d > 0.452
0.452 > d > 0.442
0.442 > d > 0.433
0.433 > d > 0.424
0.424 > d > 0.416
0.416 > d > 0.408
0.408 > d > 0.402

N

398
320
359
205
175
91
134
98
101
96
75
115
63
96
62
110
59
68
80
105

Nind
m3̄m

14
9
10
8
8
5
11
7
6
8
5
10
4
9
6
8
4
8
8
8

1̄

125
105
133
83
98
54
91
65
65
66
52
75
44
70
47
81
41
52
62
81

N/Nind
m3̄m
1̄

28.4
35.6
35.9
25.6
21.9
18.2
12.2
14.0
16.8
12.0
15.0
11.5
15.8
10.7
10.3
13.8
14.8
8.5
10.0
13.1

3.2
3.0
2.7
2.5
1.8
1.7
1.5
1.5
1.6
1.5
1.4
1.5
1.4
1.4
1.3
1.4
1.4
1.3
1.3
1.3

Rmerge
m3̄m

0.0154
0.0132
0.0190
0.0196
0.0261
0.0218
0.0231
0.0229
0.0384
0.0352
0.0321
0.0375
0.0387
0.0525
0.0623
0.0652
0.0438
0.1047
0.0871
0.1055

Q
1̄

m3̄m

1̄

0.0147
0.0116
0.0185
0.0202
0.0253
0.0225
0.0202
0.0221
0.0368
0.0325
0.0324
0.0375
0.0372
0.0508
0.0357
0.0702
0.0314
0.0861
0.0823
0.1000

230.72
276.80
168.13
179.81
107.58
87.18
76.48
84.07
49.85
41.71
60.94
48.22
53.40
28.62
25.62
37.43
53.39
16.33
23.67
24.67

81.95
77.87
44.46
56.51
31.30
29.63
29.93
28.88
14.82
16.87
20.75
18.60
16.37
11.55
16.31
11.74
19.74
6.76
11.14
9.42

Rp.i.m.
m3̄m

0.0031
0.0023
0.0029
0.0040
0.0056
0.0048
0.0064
0.0063
0.0095
0.0095
0.0079
0.0111
0.0098
0.0157
0.0187
0.0175
0.0109
0.0359
0.0286
0.0287

1̄

0.0078
0.0067
0.0108
0.0117
0.0164
0.0152
0.0143
0.0153
0.0260
0.0228
0.0229
0.0262
0.0263
0.0359
0.0252
0.0495
0.0222
0.0609
0.0582
0.0707

In contrast to the revised R factors as cited above,
this value is derived by many data processing programs, although proper determination of σ (I) is a
general problem with area detectors since there is
no counting statistics accessible. Nevertheless, despite a certain systematic deviation, Rσ is still useful
in comparing the quality of data sets. Finally a data
set with high I/σ (I) but respectively low Rσ along
with low Rr.i.m. and Rp.i.m. values we consider to be
of truly high quality (Table 1).

ments of particular experiments. E.g. BEST [7, 8]
takes estimations on radiation damage into account,
or STRATEGY [9] suggests the shortest possible
scan to reach a complete data set on a diffractometer with only one rotation axis. Other examples are RSPACE [10], LATTICEPATCH [11] or
STRAT [12]. Development on this topic is still going on as indicated by most recent applications [13].

Data Collection Strategies

The aforementioned arguments provided the basis
to develop a dedicated strategy software tool. Our
main goal is to obtain data sets of utmost quality
for charge density analysis, mainly on intermetallic
compounds.
In highly symmetric space groups multiplicity of
general reﬂections is vastly larger than for zonal or
even serial reﬂections. Accordingly, special emphasis is put on high redundancy of such reﬂections.
At the same time high data quality should be maintained up to very high resolution, e.g. sin θ /λ ≤
1.75 Å−1 . Clearly, careful measurement of individual reﬂections along with high redundancy up
to highest resolution using an instrument in perfect shape is expected to provide excellent data. Of
course, data collection should run in an efﬁcient
way and one may have to take care about special

Control software of practically any modern diffractometer is bundled with a routine to determine a
certain sequence in data collection. Such programs are typically called strategy while representing a typical case of the well-known travelling
salesman problem. Based on instrument parameters and predetermined crystal parameters an optimized sequence for data collection is determined.
Due to the complexity of the problem, typically desired completeness and/or redundancy may usually
be deﬁned only rather crudely. Even with powerful modern computers the procedure quickly becomes quite time-consuming. Of course, cheap
computer power has allowed for more advanced and
new approaches which often tackle speciﬁc require-
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conditions due to crystal shape, sample environment
and alike. In total an entire set of reﬂections based
on the respective orientation matrix is generated,
these reﬂections are arranged in a set of lists before
these lists are sorted to derive a sequence of scans
which fulﬁll all requirements [14].
A large variety of diffraction experiments and associated instrumentation calls for extensibility and
ﬂexibility as a major part in the concept. Basically
the program comprises a set of layers with all actual calculations and algorithms handled in the logic
layer. The user interacts with the interface layer,
which is linked to the logic layer through a management layer in between. The graphical interface
offers precise control over the granularity of all calculation via construction of complex graphs.
Since the program uses runtime loadable plug-ins
that do not depend on each other, it is very easy to
add new features. This is especially useful to get
own algorithms included, e.g. to select a strategy or
to adapt to completely new requirements.
Independence from speciﬁc experimental setups
is achieved by providing a way to enter characteristics of the diffractometer, such as goniometer axes,
detector, wavelength and other parameters into the
program. For internal calculations all involved matrices and directions are converted according to a
common speciﬁcation. Crystal data may be imported via different ﬁle formats, too.
Currently the program allows for basic strategy searches using the simulated annealing algorithm [15]. It randomly generates sets of scan parameters, performs a complete simulation of the
corresponding diffraction experiment and calculates
a score for the resulting data set. Via iteration, the
score is minimized. Since the origin of the score is
not relevant to the algorithm, the user may deﬁne it
according to own needs. Speed and memory consumption of the algorithm are limited mainly by the
number of simulated reﬂections and the number of
required scans.

Outlook
In the future different methods of calculating scores
for the existing algorithm will be tried out, as well as
additional searching algorithms. The results will be
compared to those from programs supplied by various manufacturers of instruments. Ultimate goal is
always to derive reliable criteria for the collection
of high quality data sets, which allow for more detailed structure analysis and even deeper insights.
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(B4Se7)I4: A Molecule with Ufosane-Type Hetero-Cage
Jens Hunger, Thomas Harmening, and Rüdiger Kniep

Our recent investigations of ternary rare earth
chalcogenoborates were so far successful in the
preparation and crystal structure determination of
thioborates only [1,2]. Selenoborates could not be
synthesized, not even by using high temperaturehigh pressure techniques. As a consequence, we
tried to develop alternative routes by preparing
molecular precursors that contain B−Se
B−Se inter-coninterconnections and that could be useful for multistep
reactions. Boron-chalcogen heterocycles with
organic substituents have been at the focus of
extensive research in the past [3]. Pointing order to
proceed further, we tried to prepare ternary compounds within the systems boron-selenium-halogen, the crystal structures of which had not been
investigated before. Recently, we succeeded in the
preparation of the previously unknown molecular
compound (B4Se7)I4 in good yields (95%) by reaction of BI3 with elemental selenium:
4 BI3 + 7 Se → (B4Se7)I4 + 8 I2
In contrast to former reports on the synthesis of
yellow (B2Se3)I2 by such a type of reaction with the
more reactive amorphous red selenium [4], we
were able to use gray selenium in the reaction mixture. Excess iodine as well as small amounts of
(B2Se3)I2 formed as byproducts can be sublimed
off in vacuum at 323 K.

Fig. 1: Molecular structure of (B4Se7)I4 with central
ufosane-type hetero-cage.

Under ambient pressure (B4Se7)I4 is a stable compound up to 425 K. By recrystallization of (B4Se7)I4
from CS2 red single crystals of sufficient quality for
single-crystal X-ray structure determination are
obtained. The extremely air-sensitive compound
crystallizes in the tetragonal space group (a =
21.2534(5) Å, c = 7.6982(3) Å, Z = 8, Dx =
4.216 g cm–3). The molecular structure is based on a
chiral (B4Se7) hetero-cage (Fig. 1), which is topologically equivalent to the ufosane cage with “ideal”
point symmetry D3, as observed in the crystal structures of Na3[P11] [5] and A3[As11] (A = Rb, Cs) [6].
Although topologically equivalent, the Zintl anions
[Pn11]3– represent 58 electron systems and there is no
strict isoelectronic relationship to the hetero-cage
(B4Se7): Only in the case that half of the electrons
belonging to the B-I single bonds are added to the
hetero-cage it would sum up to a total of 58 electrons.
The ufosane-type hetero-cage (B4Se7) consists of
four boron atoms, three Se2 units and one isolated
selenium atom. The boron atoms complete their
tetrahedral coordination by additional bondings to
terminal iodine atoms (B[4]=[3Se+1I]). The point symmetry of the hetero-cage (as well as of the whole
molecule (B4(Se2)3Se)I4) corresponds to C1, but is
closely related to C3 with the pseudo-threefold axis
running through B1 and Se1 (see Figs. 1 and 2). An
alternative view of the molecule may be focused on
the five-membered B2Se3 rings forming the cage.

Fig. 2: (B4Se7) hetero-cage with notations for distances
and angles following the “ideal” point group C3 (see
[9]). Respective values are given in Table 1.
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Table 1: Intra-molecular bond distances and angles as
marked in Figure 2 for the “ideal” point group C3. The
“real” symmetry of the molecule, however, corresponds
to C1
distances [Å]
ta

2.071(6)

2.086(7)

2.111(6)

tb

2.094(6)

2.082(6)

2.095(7)

ra

2.3543(8)

2.354(8)

2.3414(9)

rb

2.005(6)

2.041(7)

2.007(7)

s

2.067(7)

2.090(7)

2.095(6)

angles [°]
αa (ta-ta)

107.9(3)

109.6(3)

107.4(3)

αb (tb-tb)

98.9(2)

99.4(3)

98.6(3)

βa (ta-ra)

99.8(2)

101.5(2)

99.0(2)

βb (tb-rb)

112.8(3)

113.5(2)

112.1(3)

γa (ta-s)

94.7(2)

94.3(3)

95.7(2)

γb (tb-s)

107.3(2)

107.0(3)

107.2(3)

εa (s-ra)

96.3(2)

97.0(2)

97.7(2)

εb (s-rb)

103.9(3)

101.8(3)

100.6(3)

δ (ra-rb)

88.7(2)

89.6(2)

90.0(2)

Fig. 3: B MAS NMR of (B4Se7)I4 (15 kHz). Spinning
sidebands are marked with an asterisk.

Fig. 5: 77Se MAS NMR of (B4Se7)I4 (25 kHz). Spinning
sidebands are marked with an asterisk. Black: measured,
red: simulated data.

In case of three-fold coordinated boron, as commonly observed for the boron chalcogenidehalides
known up to now, these rings are very likely planar
[7,8]. The molecule (B4Se7)I4, however, is built of
non-planar rings with average torsion angles
between 37.4° and 45.9°, and ring conformations
between envelope and half-chair.
half-chair. Intra-molecular
Intramolecular
bond distances and angles are given in Figure 2 and
Table 1. With the exception of the B−Se bonds rb
which are remarkably short, the B−Se bond lenghts

are within the range known from related compounds with boron in tetrahedral coordination.
Population analyses based on DFT calculations
reveal the bond orders for all the intra-molecular
contacts being close to unity.
11
B MAS NMR spectroscopy does not allow to
resolve the NMR signals of the four different boron
species with tetrahedral bond topology. The resonance signal shows only moderate asymmetry
(Fig. 3). However, fingerprints of the distinct boron

11
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Fig. 4: Fingerprint plots from the Hirshfeld surface
analysis of the boron atoms in (B4Se7)I4.
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atoms from a Hirshfeld surface analysis [10,11]
based on the X-ray crystal structure data indicate
significant deviations from equivalent local environments at de+di > 3.0 Å (Fig. 4). Obviously, 11B
NMR spectroscopy is not sensitive enough to
resolve these marginal differences.
In contrast, the 77Se NMR signals of the seven
different selenium species, which can be divided
into three groups with different bond topology (two
bonded {Se, B} and three bonded {Se, B, B}/{B,
B, B}) can clearly be distinguished and assigned
despite the rather complex signal pattern caused by
the various Se–Se couplings (Fig. 5).
In the crystal structure of (B4Se7)I4 the molecules
are only loosely packed (Fig. 6), a fact that explains
the relatively low calculated density of

4.216 g cm–3. The shortest intermolecular contacts
(3.7530(7) Å) are observed between iodine atoms
I4 and selenium atoms Se4 of neighboring moleintermolecular I−I
cules. The shortest inter-molecular
I−I contacts
(d(I1–I3) = 3.9951(6) Å) are in the range of the
sum of van der Waals radii.
The Raman and IR spectra of (B4Se7)I4 (Fig. 7) are
in general agreement with the X-ray crystal structure. A visual inspection of the vibrational modes
obtained from DFT calculations (TZV(P) level),
which resemble the experimental frequencies reasonably well, indicates that most of the internal
vibrations are strongly coupled and pure valence
and deformation vibrations are not observed.
Furthermore, a normal coordinate analysis is hampered by the boron isotope splitting effect
(10B – 11B).
The synthesis of (B4Se7)I4 is an important step
towards the synthesis of new boronselenide networks and ternary metal selenoborates. Our future
work will also concentrate on the isolation and
crystal structure determination of heterocyclic
compounds (B2Q3)X2 (Q = S, Se; X = Cl, Br, I)
which may open the way to porphyrin-like B8Q16,
as already reported for Q = S [12].
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Magnetic Field Effects in Frustrated Low-dimensional Magnets
Burkhard Schmidt, Mohammad Siahatgar, and Peter Thalmeier

We present recent results from our investigation of
the frustrated two-dimensional S = 1/2 next nearest neighbor anisotropic Heisenberg antiferromagnet on a square lattice as described by the J1a,b -J2
model [1, 2]. This model has a number of realizations in layered V4+ compounds [3–5]. Combining the results of several experimental investigations, the determination of the location of these
compounds in the phase diagram was possible [6–
8]. It was eventually found that all known compounds are lying in the region of columnar antiferromagnetic order, characterized by an ordering
 = (π, 0) or (0, π). Strictly speaking, the
vector Q
V4+ compounds all have slight orthorhombic distortions, leading to a spatial anisotropy in the nearestneighbor exchange constants J1a and J1b along the
respective crystallographic directions.
Recently, results from inelastic neutron scattering (INS) on the low-energy excitations of the 122
Fe pnictides have shown that these can also be
described by a local-moment model with nearestand next-nearest neighbor exchange integrals, despite the metallic nature of these compounds [9–12].
Here, a spatial anisotropy of the exchange parameters has been introduced, too.
INS results also show that in the Fe pnictides,
well-deﬁned spin excitations exist in the whole Brillouin zone, which suggests a local-moment picture
for the magnetic excitations to be applicable. The
experimentally observed size of the ordered moment is strongly reduced compared to predictions
from density-functional theory. In this report, we
summarize our results on the anisotropic frustrated
two-dimensional S = 1/2 Heisenberg model on the
square (or better rectangular) lattice. Within this
model, it seems natural to investigate to what extent
frustration can serve as an origin for the observed
moment reduction.
The Hamiltonian we discuss has the form
H = ∑ Ji jSiS j − gμB H ∑ Siz ,
i j

(1)

i

where Ji j = diag(Ji⊥j , Ji⊥j , Jizj ), and Ji j = J1a or J1b if i
and j mark nearest-neighbor sites along the crystallographic a and b directions, respectively, Ji j = J2
if i and j denote next-nearest neighbors, and the
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sum runs over all nearest- and next-nearest neighbor
 points along
bonds. The magnetic ﬁeld h = gμB H
the z direction in spin space. On each site i, we introduce a local coordinate system, where the z axis
is oriented parallel to the local magnetic moment,
and express the spin operator products in Eq. (1) in
these coordinates.
For the classical ground-state energy, we get


 − A(0) cos2 Θc
(2)
Ecl = NS2 J⊥ (Q)
 is the Fourier transform of the exwhere J⊥ (Q)
change constants perpendicular to the magnetic
ﬁeld, Θc is the canting angle of the spins with
respect to the magnetic ﬁeld given by cos Θc =
h/[2SA(0)], and


1
 + J⊥ (k − Q)

A(k) = Jz (k) + J⊥ (k + Q)
2

(3)
− 2J⊥ (Q).
 with respect to Q
 yields the orMinimizing Ecl (Q)

dering vector Q.
Linear spin-wave theory
Within the framework of linear spin-wave theory,
we expand the Hamiltonian around its classical limit
up to ﬁrst order in 1/S. The result is
H = Ecl + Ezp + S ∑ E(h,k)α† αk ,
k

k

(4)

where Ecl is given by Eq. (2),
 +
Ezp = NSJ⊥ (Q)

S
E(h,k)
2∑


(5)

k

is the zero-point energy contribution to the total ground state energy, and E(h,k) is the ﬁelddependent excitation energy of a magnon with momentum k, which is of the form

2

A(k) − B(k) cos2 Θc
E(h, k) =


2 1/2

2

− B(k) 1 − cos Θc
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The ordered moment M is the ground-state expectation value of the z component of the spin S in
local coordinates and can be expressed as

A(k) − B(k) cos2 Θc
1
1
−1
M = S 1−
2S N ∑
E(h,k)

k

(7)
in units of gμB . Due to quantum ﬂuctuations M < S
is smaller than in the classical case, except for the
ferromagnet, which is an eigenstate of the Hamiltonian.
In a similar way we can express the magnetization m as the z component of the spin S in the global
coordinate system, which is equivalent to a projection of the ordered moment onto the direction of the
magnetic ﬁeld. We get

0.2
0.2
0.3
0.3
0.4
0.4

ΘΘ  Π  0.25
NAF
NAF

FM
FM

B(k) A(k) − B(k)
1 1
⎦,
m = S cos Θc ⎣1 +
∑
2S N 
A(0)E(h,k)
k

(8)
in units of gμB , again up to ﬁrst order in 1/S.
We note that the results presented in this section
are in no way speciﬁc to the J1a,b -J2 model, but apply to arbitrary spin Hamiltonians on Bravais lattices, provided the presence of the applied magnetic
ﬁeld does not destroy the U(1) spin symmetry assumed here.
Exact diagonalization
We have also developed a new ﬁnite-size scaling
method applied to exact-diagonalization data obtained from diagonalizing the Hamiltonian matrix
derived from Eq. (1) on small clusters, providing us
with an—apart from the small tile size—unbiased
method to determine the ground-state properties of
the model.
For a unique description of the lattice tiling, we
use matrices in hermite normal form (HNF),


h11 h12
H=
(9)
0 h22
with integer hi j representing tiles with the special
edge vectors h1 = (h11 , h12 ) and h2 = (0, h22 ) and
area or number of sites N = h11 h22 .

FM

0.5
0.5
0.6
0.6
0.7
0.7
0.8
0.8
1.0
1.0

0.5
0.5

0.0

ΦΦ  ΠΠ

0.5

1.0

Fig. 1: The ground-state energy as function of the frustration angle φ for the isotropic model with ﬁxed θ = π/4 .
The classical energy is shown as dashed line, and the spinwave results including zero-point ﬂuctuations are presented
as solid line. Dots indicate the values for the ground-state energy obtained from extrapolating our exact-diagonalization
data. The inset shows a sketch of the classical phase diagram as a function of φ and θ .

Secondly, we introduce the compactness or
squareness of a tile,

⎤

⎡

CAF

Classical
Classical
LSW
LSW
ED
ED

E
E 00

+C(k) cos Θc ,
(6)
1
 + J⊥ (k − Q)
 ,
J⊥ (k + Q)
B(k) = Jz (k) −
2
 − J⊥ (k − Q).

C(k) = J⊥ (k + Q)

ρ=

4 × area
,
perimeter2

(10)

which is to be determined from the area and circumference of the most compact tile out of the class of
tiles represented by the HNF matrix H.
With this scheme, we ﬁnd 816 different classes of
tiles with area N between 8 and 32.
The classical J1a,b -J2 model on the square lattice has four ground states with ordering wave vec = (0, 0), (π, π), and Q
 = (π, 0) or (0, π),
tors Q
the corresponding phases we abbreviate with FM,
NAF, CAFa, and CAFb, respectively. Although in
the quantum case the corresponding wave functions,
except for the ferromagnet, are not eigenstates of the
Hamiltonian, it is important that the tilings of the
inﬁnite lattice are chosen such that these states corresponding to the classically ordered phases are not
suppressed when applying periodic boundary conditions. We therefore select, for each even tile area
and for each classical phase, the tile having the maximum squareness to be included into the ﬁnite-size
scaling analysis.
The ordered moment, which is strictly speaking a
property of the inﬁnite lattice only, can be obtained
indirectly from the static structure factor

=
SN (Q)


=
M (Q)
2

1
N

N

∑



 (Ri −R j )
SiS j eiQ
, (11)

i, j=1


lim SN (Q),

N→∞

(12)
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Fig. 2: The extrapolated ordered moment as function of the
frustration angle, for (top) the isotropic θ = π/4 case and
(bottom) the maximally anisotropic case with θ = 0. The
gray-shaded areas in the top plot represent the range of frus is above
tration angles φ where the relative error of M 2 (Q)
0.1.

where we set N = N(N + 1/S), and independently
from the long-distance correlation function

    
 


 (13)
lim  SiS j  =  Si S j  = M 2 (Q).


−
R
→∞
R
| i j|
Results
We parameterize the exchange constants according
to
√
2J cos φ cos θ ,
J1a =
√ c
2Jc cos φ sin θ ,
(14)
J1b =

J2
Jc

= Jc sin φ ,


1 2
2 + J2,
J1a + J1b
=
2
2

introducing an energy scale Jc , a frustration angle φ
and an anisotropy ratio θ (not to be confused with
the canting angle Θc ).
Fig. 1 displays the ground-state energy as a function of the frustration angle φ for the isotropic J1a =
J1b case with θ = π/4. The dotted line displays the
classical ground-state energy obtained from Eq. (2),
the solid line shows the result from linear spin-wave
theory, Eq. (4). Dots denote the values obtained
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Fig. 3: Uniform magnetic moment m per site as a function
of the applied magnetic ﬁeld h normalized to the saturation
ﬁeld hs = 2SA(0) at three different frustration angles in the
CAF phases, φ /π = 0.16 (near NAF), 0.25 (CAFa), and 0.65
(CAFb near FM). Between each pair of adjacent curves an
offset Δm = 0.1 is inserted. The solid lines denote the ﬁeld
dependence in the isotropic case, θ = π/4, the dashed lines
denote the maximally anisotropic case, θ = 0.

from extrapolating our exact-diagonalization data to
the thermodynamic limit. The agreement between
linear spin-wave theory and exact diagonalization is
remarkably well, apart from the regions around the
classical borders of the CAF phase.
Fig. 2 shows the dependence of the ordered moment on the frustration angle φ , again for the
isotropic model with θ = π/4 in the top part, and
for the anisotropic model with θ = 0 at the bottom. The solid lines denote the results from linear
spin-wave theory, Eq. (7), the dots represent the extrapolated values derived from the structure factor
according to Eq. (11). Compared to the classical,
constant value Mcl = S = 1/2, the ordered moment
is strongly reduced due to enhanced quantum ﬂuctuations already at moderate frustration. In fact M
vanishes around the classical borders of the columnar phase, indicating the emergence of two nonmagnetic phases not discussed here. However, introducing a spatial anisotropy (θ = π/4) lifts the degeneracy between the two columnar phases CAFa and
CAFb and stabilizes the ordered moment.
A similar effect can be observed in the ﬁeld dependence of the uniform magnetization m, Eq. (8)
shown in Fig. 3 for three different values of the
frustration parameter φ . The solid lines in the plot
denote m(h) for the isotropic model [13]. In particular near the crossover to the nonmagnetic re-
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Fig. 4: Comparison of saturation ﬁelds predicted by exact
diagonalization (ED, dots and diamonds) and spin-wave
theory (LSW, squares and diamonds), and determined
from high-ﬁeld experiments [14] (triangles). The compounds are (1) PbZnVO(PO4 )2 , (2) Na1.5 VOPO4 F0.5 ,
(3)
Pb2 VO(PO4 )2 ,
(4)
SrZnVO(PO4 )2 ,
and
(5) BaCdVO(PO4 )2 . The agreement with the saturation ﬁelds for the columnar phase (CAF) is very good,
giving a direct proof that all compounds investigated
undergo columnar ordering at low temperatures.

gions, the curves are strongly nonlinear, suppressed
from the classical linear behavior mcl = Sh/hs for
h ≤ hs = 2SA(0). This effect, which is due to zeropoint ﬂuctuations of the ground state, too, is reduced when introducing a spatial anisotropy, see the
dotted lines in the ﬁgure.
Fig. 4 displays a comparison of the saturation
ﬁelds predicted by exact diagonalization and spinwave theory for the columnar and Néel antiferromagnetic phases with the observed experimental values derived from high-ﬁeld measurements
for ﬁve different V4+ compounds. The predicted
theoretical values are based on ﬁts of our exactdiagonalization data and of a high-temperature series expansion [14–16] to the temperature dependences of the low-ﬁeld susceptibilities. The experiments agree surprisingly well with the predicted
CAF values, demonstrating that all compounds order in a columnar magnetic structure at low temperatures.
Summary
We have done an extensive analysis of the J1a,b -J2
model both with linear spin-wave theory and numerical exact diagonalization. The agreement between the two approaches was found to be generally
good, and both methods predict the strong suppression and eventual breakdown of the ordered moment
in the transition regions at the borders of the columnar phases as a function of frustration. A spatial
anisotropy has a stabilizing effect on the ordered

moment in the columnar phases. Subject of current investigations are quantitative analysis of an increase of the three-dimensional magnetic ordering
temperature TN in ﬁnite ﬁelds, reﬂected in a ﬁeldinduced stabilization of the ordered moment, which
was recently observed in Cu(pz)2 (ClO4 )2 [17].
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Frustrated 3d Heavy Fermion Spinel LiV2 O4
Peter Thalmeier, Victor Yushankhai and Tetsuya Takimoto

The 3d spinel compounds AB2 O4 (A=Zn,Cd..,
B=Cr) and (A=Al,Li..,B=V) exhibit a great variety of exotic electronic ground states [1] which are
dominated by two main aspects: Firstly the valence
state of the B-3d atom and secondly their location
on a geometrically frustrated pyrochlore sublattice
consisting of corner-sharing tetrahedrons. For integer valence state like V 3+ in ACr2 O4 the localised d-electrons with spin S=3/2 of Cr may be
described by a next neighbor Heisenberg exchange
model on the pyrochlore lattice. In this case the geometric frustration property is immediately apparent:
The antiferromagnetic exchange energies JSi · S j 
(J > 0) for V-V bonds on a tetrahedron cannot be
minimized simultaneously for a unique conﬁguration. There is in fact a continuously degenerate
manifold of states on each tetrahedron only constrained by ∑i Si = 0 which has the same ground
state energy. This leads to a macroscopic degeneracy for the ground state of the whole magnetic system. Therefore on a rigid lattice the system would
remain magnetically disordered even at the lowest
temperatures, i.e., a spin liquid with ﬁnite correlation length of spins. Although the paramagnetic
Curie Weiss temperature ΘCW that characterizes the
strength of magnetic interactions is quite large these
compounds remain paramagnetic much below this
temperature due to geometric frustration. Finally,
however, magnetic order sets in accompanied by lattice distortions that lift the large degeneracy of the
exchange energies.
While the effect of frustration is quite apparent
for the integer valent local moment spinel compounds it is of much more subtle nature in the mixed
valent and metallic spinels such as LiV2 O4 and
AlV2 O4 . For itinerant electrons the concept of
’frustration’ is not immediately applicable because
kinetic energy is described by scalar hopping amplitudes in contrast to the vector product of localised
spins in the exchange term. In the former case frustration can only emerge as the result of correlations
which leads to enhanced spin ﬂuctuations in the itinerant state. Therefore in the itinerant spinel compounds one may expect an interesting interplay of
correlation and frustration effects.
The most dramatic case in this respect is
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Fig. 1: Crystal structure of LiV2 O4 . V atoms are located on
corner sharing tetrahedrons (thin lines) leading to geometric
frustration.

LiV2 O4 where this interplay leads to a low temperature heavy fermion metallic behaviour of 3d
electrons [2]. Its V 3.5+ valence state corresponds
to a quarter-ﬁlling (nd = 1.5 states out of six t2g
states are occupied) of d-bands. Therefore a localisation of d-electrons due to Coulomb interactions does not occur and LiV2 O4 stays metallic. However the linear speciﬁc heat coefﬁcient
γ = 0.42J/molK 2 observed is in the range of typical
f electron heavy fermion metals where the Kondo
mechanism is responsible. This has also been proposed for LiV2 O4 but application of the Kondo picture with partly localised spins seems not reasonable here. The itinerant nature of the problem was
also underlined by the results of neutron diffraction
experiments [3, 4]. They showed that the maximum
of quasi-static magnetic correlation occurs at a wave
vector |q| = |Qc |  0.68 Å−1 which is not commensurate with the length of the V-V bonds. Therefore
they cannot be interpreted in terms of ﬂuctuations
of frustrated localised spins on these bonds. These
fundamental observations were a motivation to develop a consistent theory for LiV2 O4 starting from
the itinerant 3d electron picture including the effect
of moderate correlations on the frustrated spinel lattice. The starting point is provided by ab-initio electronic structure calculations in local density approximation [5]. Due to the geometric frustration nearly
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Fig. 3: Temperature dependence of reduced inverse critical
susceptibility of LiV2 O4 on the critical surface in Fig. 2 as
obtained from SCR theory [7].
Fig. 2: Surface of critical spin ﬂuctuations (shaded grey)
with |q| = |Qc |  0.68 Å−1 in the bcc Brillouin zone. On
the surface the static spin susceptibilty χ (q) is maximally
enhanced (from Ref. [5]).

ﬂat bands on the upper unoccupied part of 3d bands
appear. They lead to a non-interacting spin response
function which exhibits a maximum in an extended
shell of the Brillouin zone (Fig. 2). This is a crucial difference to a non-frustrated lattice where the
maximum of the spin response occurs only in the
narrow vicinity of a well localised wave vector, e.g.,
around the FM point q=0. Turning on the on-site
Coulomb interactions in the former case leads to a
critical slowing down of spin ﬂuctuations in the extended shell. This results in a large spin ﬂuctuation
contribution to the free energy that explains the observation of the enhanced γ value. A detailed calculation of the momentum dependence of the low
temperature spin response gives quantitative agreement with neutron scattering experiments [5].
Under ambient conditions the on-site Coulomb
interaction is sub-critical and LiV2 O4 is paramagnetic. However application of pressure increases the
coupling and enhances the spin ﬂuctuations. Because this happens on the extended isotropic shell
no purely magnetic instability occurs and no favorable magnetic ground state can be selected. Instead
the compound ﬁrst undergoes a structural phase
transition above 5 GPa leading to a more insulating state which is possibly charge ordered [6]. The
precise nature of this insulating high pressure phase
and its magnetic ground state is not yet understood.
At ambient pressure the temperature dependence
of the spin response [7] can also be understood
quantitatively within the spin ﬂuctuation theory [5]

supplemented by the self consistent renormalisation theory (SCR) [8]. At ﬁnite temperature the
mode-mode coupling of spin ﬂuctuations in SCR
approach leads to a gradual decrease of intensity
and concomitant increase of line width of the critical modes around |q|  |Qc |. Above T  30 K
the spin response at |q|  |Qc | and q = 0 become
equal. Using the parameter from the T=0 theory and
a global mode-mode coupling strength this peculiar
T-dependence of the spin response has been fully
understood [7].
The quantitative description of the spin ﬂuctuation spectrum contained in the dynamical susceptibility also allows one to understand the heavy
fermion behaviour of NMR relaxation rate [9] and
resistivity [10] which were explained in Refs. [11,
12]. The NMR relaxation rate 1/T1 T due to electronic spin ﬂuctuations may be obtained from the
momentum integral over the spin ﬂuctuation spectrum
1
Imχ (Qc + q̃, ωn ; T ) ∼
(1)
ωn
1
1
×

T0 TA [yQ (T ) + (q̃ /qB )2 + b(q̃⊥ /qB )2 ]

which is valid close to the critical surface in Fig.2
where  and ⊥ denote directions with respect to
the surface. The constants in Eq. (1) are obtained
from the T=0 neutron scattering data [7]. The central quantity of the SCR theory is the reduced inverse susceptibility yQ (T ) = 1/(2TA χ (Qc , T )) for
spin ﬂuctuations on the critical surface (Fig. 2). It
dominates the temperature dependence of all physical quantities described by the spectrum in Eq. (1).
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Fig. 4: NMR relaxation rate in LiV2 O4 for various pressures
[11]. Experimental values from Ref. [9]. Korringa regime
shifts to lower T for increasing pressure when yQ (0) → 0
becomes critical.

The mode-mode coupling inherent in SCR theory
means that yQ (T ) is determined by a selfconsistency equation, its solution is shown in Fig. 3 and
it corresponds directly to results from neutron scattering [11]. Using this solution the NMR relaxation
rate is calculated from Eq. (1) and shown in Fig. 4.
The only adjustable parameter is the reduced susceptibility yQ (0) at T = 0. It increases with applied
pressure. For moderate pressure the agreement with
theory is excellent, for low temperatures a Korringa
relaxation is predicted and observed. On increasing pressure the Korringa regime shrinks and at the
highest pressure when LiV2 O4 approaches the insulating phase the low T behaviour is deﬁnitely nonKorringa. This deviation may be due to spin freezing of magnetic defects [11].
The frustration dominated spin ﬂuctuation spectrum in LiV2 O4 is also at the origin of its anomalous resistivity behaviour. While Fermi liquid dependence ρ (T ) = AT 2 is found in the heavy fermion
regime T < 2 K a more modest increase is found
for higher temperatures. The Fermi liquid regime
shrinks under the application of pressure. This region is equivalent to the one where Korringa type
relaxation is observed in NMR. The resisitvity appears via quasiparticle scattering spin ﬂuctuations
with a scattering probability k → k given by
sf
Pkk

= 3Js2f fk0 (1 − fk0 )[n(εk − εk ) + 1]


×Imχ k − k , εk − εk
(2)

It is again essentially determined by the imaginary

202

Fig. 5: Low and high temperature ﬁt to resisitivity (open
circles: data from Ref. [10]). Theoretical results from variational Boltzmann approach for scattering from spin ﬂuctuations [12].

part of the dynamical spin susceptibility as given
in Eq. (1). The scattering, together with the impurity contribution enters the Boltzmann equation
for the quasiparticle distribution function. The interference of impurity and critical scattering is essential for obtaining the deviation from Fermi liquid behaviour at elevated temperatures. The variational solution of the Boltzmann equation then provides us with the temperature dependence of the
resistivity [12]. The expressions for the resistivity
may be evaluated for a high and low temperature
ﬁt shown in Fig. 5 with respect to the temperature
scale T ∗ = 2π T0 yQ (0)  16K (which varies with
pressure).
To summarize, the appearance of heavy fermion
type behaviour in the spinel LiV2 O4 has been understood within a SCR calculation of the spin ﬂuctuation spectrum which is based on ab-initio bandstructure calculations. The geometric frustration
leads to a very peculiar nature of the spectrum with
near criticality in an extended shell of momentum
space. This explains the basic observations from
thermodynamics, neutron scattering, NMR and resistivity measurements through the presence of enhanced spin ﬂuctuations. The transition to the high
pressure phase needs to be investigated further.
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NiO is a benchmark system in solid state physics.
It crystallizes in the NaCl structure, has a partially
filled 3d shell (Ni2+ 3d 8), and is an antiferromagnetic insulator with a Néel temperature of 523 K
[1]. It was pointed out early by de Boer and Verwey
[2] that many of the properties of the 3d transition
metal compounds do not agree with the predictions
of band theory, e.g., standard band theory predicts
NiO to be metallic. A qualitative explanation was
proposed in terms of the Mott-Hubbard model [3,4]
in which the on-site Ni 3d-3d Coulomb interaction
plays a decisive role.
An early ab initio attempt to fix the shortcoming
of band theory was to treat NiO as a Slater insulator in which the doubling of the unit cell allows for
the existence of a gap [5–7]. However, the calculated gap of about 0.2 eV [5] turned out to be much
a combined
too small: A
combined photoemission
photoemission (PES)
(PES) and
bremsstrahlung-isochromat (BIS) spectroscopy
study showed that the band gap is 4.3 eV [8] and
established thereby the correlated nature of NiO.
The inclusion of a self-interaction-correction (SIC)
or Hubbard U term to the density-functional formalism may provide a justification for the magnitude of the experimental band gap [9,10].
Yet, one of the most direct methods to critically
test the accuracy of the different approaches, is to
determine the excitation spectrum associated with
the introduction of an extra particle into the system
[13]. Curve (a) in Figure 1 displays the valence
band X-ray photoemission spectrum (XPS, hν =
1486.6 eV) of an in situ cleaved NiO single crystal.
This spectrum represents essentially the Ni 3d
spectral weight since the photoionization cross section of the O 2p is relatively small [14]. One can
clearly observe from curve (e) in Figure 1 that the
Ni 3d density of states calculated by band theory
(in the local density approximation, LDA) does not
has aa Fermi
Fermi cut-off
cut-off and
and the
the line
match at all: itIt has
shape is completely different. The inclusion of the
Hubbard U in the calculations (LDA+U) does not
solve the line shape problem, see curve (d). All this
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Fig. 1: Valence band XPS (1486.6 eV) spectrum of an in
situ cleaved NiO crystal. The results of two single-site cluster calculations (reproduced from Refs. [11] and [12]), and
LDA and LDA+U calculations are also included for comparison.

demonstrates the shortcomings of mean field theories to describe spectra associated with the fundamental one-particle Green’s function of the system
[10,15].
A completely different approach is to give up the
translational symmetry of the system in order to
focus on the local correlations and, especially, the
dynamics of the propagation of the injected particle.
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Curve (c) of Figure 1 shows the Ni 3d spectral
weight from an early cluster configuration-interaction calculation by Fujimori and Minami [12],
which also includes the full atomic multiplet theory. The agreement with the experimental spectrum
is extremely good. Nevertheless, a later cluster calculation by van Elp et al. [11] arrived at a less satisfactory result: Peak
peak B has almost disappeared in
the calculation, see curve (b). The prime motivation to use a different set of model parameters in
[11] is to infer that the first ionization state is low
spin (2E) [16] rather than the Hund’s rule high spin
(4T), analogous to the case of Zhang-Rice singlets
in the cuprates [17,18]. Recent developments combining LDA with dynamical mean field [19–22] or
GW approaches [23] yield Ni 3d spectral weights
which deviate in important details from the experimental spectrum. These discrepancies between the
experiment and the later theoretical simulations
[11,19–22] do not provide confidence that one has
made progress in understanding the nature of the
first ionization state.
The issues that we address in this work are threefold. First of all we have to establish whether the
XPS valence band spectrum in Figure 1 is truly
representative for bulk NiO. There are reports in
the literature claiming that certain satellite peaks in
the Ni 2p spectrum are due to surface effects
[24–26]. Second, we have to determine to what
extent a single-site many body approach can be utilized to describe the electronic structure of NiO for
which band formation is also essential. Third, we
need to identify the nature of the first ionization
state in the framework of a local ansatz. To this end
we measured the valence band of NiO utilizing the
more bulk-sensitive hard X-ray photoelectron
spectroscopy (HAXPES) and we investigated
experimentally the electronic structure of NiO
impurities in MgO.
The XPS data (hν = 1486.6 eV) on in situ cleaved
NiO single crystals were recorded using a Vacuum
Generators twin crystal monochromator Al-Kα
source and a Scienta SES-100 analyzer, with an
overall energy resolution set to 0.35 eV. The
HAXPES data (hν = 6500 eV) were taken at the
Taiwan beamline BL12XU of SPring-8 in Hyogo,
Japan using an MB Scientific A-1HE analyzer. The
overall energy resolution was set to 0.35 eV. The
NiO impurity in MgO system was prepared in situ
as 10 nm – 20 nm thin films on polycrystalline Ag
by means of molecular beam epitaxy. The meas-

Fig. 2: Valence band photoemission spectra of an in situ
cleaved NiO single crystal recorded using 1486.6 eV (XPS)
and 6500 eV (HAXPES) photons.

urements were performed at the 11A1 Dragon
beamline of the NSRRC in Hsinchu, Taiwan. The
photoemission spectra were recorded at the Cooper
minimum of Ag 4d (hν = 140 eV) [14,27] using a
Scienta SES-100 analyzer with an overall energy
resolution set at about 0.15 eV.
In Figure 2 we show the valence band photoemission spectra of a freshly cleaved NiO bulk crystal, taken with a photon energy of 1486.6 eV (XPS)
and 6500 eV (HAXPES). By increasing the photon
energy we increase also the kinetic energy of the
outgoing photoelectron and, thus, also the inelastic
mean free path. One can estimate that the probing
depth is then enhanced from about 15 Å to roughly
80 Å [28]. We observe that the spectra are very
similar. We, thus, conclude that the XPS data as
displayed in Figures 1 and 2 is representative for
the NiO bulk material and that the contribution of
surface effects [24–26] can be safely neglected. To
specific: Peak
peak B is intrinsic
intrinsic for
for bulk
bulk NiO.
NiO. We
be specific:
would like to note that increasing the photon energy from 1486.6 eV to 6500 eV does not alter much
the Ni 3d character of the spectrum. The O 2p photoionization cross section relative to that of the Ni
3d remains very small, it changes from 1/13 to only
1/10 [29], meaning that peak B truly belongs to the
Ni 3d spectral weight and not to the O 2p [21].
The valence band spectrum of the Ni0.05Mg0.95O
impurity system is shown in Figure 3 together with
the spectrum of an MgO reference thin film grown
simultaneously under identical oxygen and substrate conditions. The spectra are normalized to
their O 2s core level intensities (not shown here).
Both are dominated by the O 2p valence band, yet,
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there are clear differences between them due to the
presence or absence of the 5% NiO impurity. The
difference spectrum multiplied by a factor of 6 is
given by the red curve in Figure 3. This curve represents the Ni 3d spectral weight of the NiO impurity. Remarkable is that it is different from the spectrum of bulk NiO as shown in Figures 1 and 2. The
impurity spectrum lacks specifically peak B which
is prominently present in the bulk spectrum.
To interpret and understand the impurity spectrum, we have performed simulations using the
well-proven configuration-interaction cluster
model [30–32]. Within this method we have treated the Ni
Ni impurity
impurity within
within an
a NiO
cluster which
NiO66 cluster
includes the full atomic multiplet theory and the
local effects of the solid. It accounts for the intraatomic 3d–3d Coulomb and exchange interactions,
the atomic 3d spin–orbit coupling, the local crystal
field, and the O 2p–Ni 3d hybridization. This
hybridization is taken into account by adding the
3d 9L and 3d 10L2 states to the starting 3d 8 configudenotes aa hole
hole in
in the
theO2p
O p ligands.
ration, where L denotes
The simulations have been carried out using the
program XTLS 8.3 [30].
The bottom curve in Figure 3 shows the Ni 3d
one-electron removal spectrum from the cluster
calculation. The agreement with the experiment is
very satisfactory. In order to achieve this, we have
started the calculations by using parameter values
which were suggested from earlier studies on NiO
[11,30,33,34]. We then fine-tune the parameters
describing the octahedral crystal and ligand fields,

and also the difference between the Hubbard U and
the O 2p–Ni 3d charge transfer energy [35]. The
crucial issue here is to obtain a main line (peak A)
without having another feature appearing at about
2 eV higher energies (peak B) as was the case in the
simulations by Fujimori and Minami [12] and by
van Elp et al. [11]. This has implications for the
energetics of the states making up the valence band
as we explain in the following.
A detailed look at the cluster calculations displayed in Figure 1 shows that peak A is given by the
4
T1 final state of the Ni 3d7 multiplet structure while
peak B is due to the 2T1. Avoiding the appearance of
peak B means that the energy splitting between
these two states must be made smaller, e.g., 1 eV or
less. This is what we have done in our simulation in
Figure 3, using different but equally reasonable
parameter values [35]. The consequences for the
physics are, yet, quite far reaching. Given the fact
that various X-ray absorption studies find an effective octahedral crystal and ligand field splitting of
about 1.65 eV [33,34], i.e., the splitting between the
isospin 2T1 and 2E states, we arrive at the conclusion
that the 2E must be lower in energy than the 4T1 by
0.65 eV or more. This is what we read from our
results in Figure 3. In other words, our impurity
study provides the spectroscopic evidence that the
first ionization state has a compensated-spin character rather than the Hund’s rule high-spin. This in
turn justifies that the ground state of a hole doped
NiO system may indeed be low-spin in nature [16].

Fig. 3: Extraction of the NiO impurity valence band photoemission spectrum: Valence band spectra of
Ni0.05Mg0.95O and an MgO reference, together with the
resulting difference spectrum. Also included is the result of
a single-site configuration-interaction cluster calculation.

Fig. 4: Comparison of the valence band photoemission
spectra of bulk NiO and NiO impurity in MgO. Also included are the simulated Ni 3d and O 2p spectral weights of the
NiO valence band from a LDA+DMFT calculation (reproduced from Ref. [21]).
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We now return to the problem of the bulk NiO
valence band spectrum. Figure 4 shows the Ni 3d
spectral weight taken with XPS and compares it
with the spectra of the NiO impurity and of the single-site LDA+DMFT calculation [21]. One can
clearly observe that peak B is absent in the impurity as well as in the Ni 3d spectral weight of the single-site calculation (the photoionization cross section of O 2p is much lower, it does not contribute
significantly to the spectrum). In fact, one could
infer that the calculation reproduces quite well the
impurity spectrum, with perhaps some discrepancies due to the incomplete implementation of the
multiplet structure of the on-site Coulomb interactions. Yet, the discrepancy with the bulk spectrum
strongly suggests that the origin of peak B must be
sought in non-local correlations, i.e., effects which
cannot be included in a single-site approach.
Our suggestion is that peak B is due to non-local
screening processes involving the formation of
low-energetic coherent many body states on neighboring NiO clusters, which are of the 2E type as we
have shown above. The mechanism is similar as
proposed earlier for the Ni 2p core level spectrum
of bulk NiO [36], but the application of it for the
valence band requires a careful analysis. If one
starts to interpret the valence band of bulk NiO
from a local or impurity ansatz, then one has to
make an estimate about how well each of these
states will retain their local character upon band
formation. This is in particular difficult to calculate
for the 2E state, which is a state in which a hole is
injected in an eg orbital starting from the 3d 8 3A2
ground state [34]. This hole can be expected to
readily propagate in the lattice since the hopping
between the Ni 3d(eg) and O 2p(σ) orbitals are
rather large [11,36], yet, it may leave behind an
energetically costly wake of wrong spins in the
antiferromagnetic lattice. In any case, it would not
be meaningful to describe its band formation as a
low-energy screening process involving neighboring 2E states [37].
However, for the main peak of the bulk NiO
spectrum, i.e., the 4T1 state, we infer that we can
make a meaningful approximation by using the
coherent 2E screening model. The 4T1 consists of a
hole injected into the t2g orbital, and its ability to
move is rather limited since the overlap between
the Ni 3d(t2g) and O 2p(π) is small. One could con-

Fig. 5: Non-local screening in valence band photoemission
on NiO: (a) Creation of the atomic-like (quasi-core) 4T1
hole state by the photoemission process. (b) Screening by a
next neighbor NiO6 cluster producing a coherent low-energetic 2E hole state there.

sider the 4T1 as a localized quasi-core state. We
then can invoke the non-local screening process as
follows: after the creation of the 4T1 state, an eg
electron from a neighboring NiO cluster hops onto
the Ni site, leaving behind a coherent 2E hole state
on that neighbor. A sketch for this process is given
in Figure 5. These two states are energetically
almost degenerate [36], and the Ni 3d(eg) and
O 2p(σ) hybridization between them is then strong
enough to produce two peaks: not only the main
peak A but also the satellite peak B. A multi-site
cluster calculation has been carried out to describe
this process quantitatively in the cuprates [38].
We have succeeded to determine reliably the
Ni 3d valence band spectra representative for bulk
NiO as well as for NiO as an impurity system.
From the impurity data we are able to extract the
local electronic structure and the correlations herein, thereby establishing firmly the compensatedspin character of the first ionization state. By comparing the bulk with the impurity system, we were
able to identify features in the bulk NiO spectrum
which are caused by screening processes involving
local quasi-core valence band states and non-local
low-energetic many body states.
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Außenstelle für Pulvermetallurgie und
Verbundwerkstoffe Dresden
Prof. Dr.-Ing. B. Kieback, Dr. J. Schmidt
Fraunhofer-Institut für Keramische Technologien und
Sinterwerkstoffe (IKTS) Dresden
Prof. Dr. A. Michaelis, Dr. H.-P. Martin
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Leibniz-Institut für Festkörper- und Werkstoffforschung
(IFW), Dresden
Prof. Dr. B. Büchner, Dr. A. Handstein, Dr. V. Kataev,
Dr. M. Richter, Prof. Dr. L. Schultz, Prof. Dr. J. Eckert

Ludwig-Maximilians-Universität München
Prof. Dr. S. Gille

Leibniz-Institut für Polymerforschung Dresden e. V.
Dr. P. Formanek, Dr. B. Nandan, Dr. U. Scheler,
Prof. M. Stamm

Westfälische Wilhelms-Universität Münster
Prof. Dr. H. Eckert, Prof. Dr. W. Jeitschko,
Prof. Dr. B. Krebs, Prof. Dr. R. Pöttgen

Max-Planck-Institut für Physik komplexer Systeme,
Dresden
Prof. Dr. R. Moessner, Dr. B. Dora, Dr. I. Eremin,
Dr. S. Kirchner

Forschungszentrum Rossendorf
Prof. Dr. J. Wosnitza

Technische Universität Dresden
Dr. H. Althues, C., Dr. N.C. Bigall, Börrnert, Prof. E.
Brunner, Dr. T. Doert,
Dr. H. Ehrlich, Prof. A. Eychmüller, Prof. M. Gelinsky,
Dr. S. Hickey, Prof. Dr. S. Kaskel, D. Knobloch,
Prof. Dr. H. H. Klauß, Prof. H. Langbein,
Prof. Dr. H. Lichte (Triebenberg/Special Laboratory),
L. Liebscher, Prof. Dr. W. Reschetilowski,
Prof. G. Rödel, Prof. Dr. M. Ruck (Max-PlanckFellow), Dr. P. Schmidt, Prof. Dr. G. Seifert,
Prof. Dr. J. Vojta, Dr. D. Wolf, Dr. C. Wu,
Dr. Y. Yarin, Prof. Dr. T. Zahnert (HNO-Klinik)
TU Bergakademie Freiberg
Dr. D. Meyer
Universität Frankfurt
Prof. Dr. W. Aßmus, Dr. S. Brühne,
Prof. Dr. M. Huth, Prof. Dr. M. Lang,
Prof. Dr. B. Lüthi, Prof. Dr. J. Müller
Universität Göttingen
Prof. Dr. P. Gegenwart
Universität Hannover
Prof. Dr. M. Binnewies
Forschungszentrum Jülich
Prof. Dr. K. Urban, Dr. M. Feuerbacher
Karlsruher Institut für Technologie (KIT)
Prof. Dr. H. von Löhneysen, Prof. Dr. P. Wölfle,
Dr. V. Frisch, Dr. A. Hamann, Dr. K. Grube,
Prof. Dr. R. Dittmeyer
Universität Kiel
Prof. Dr. W. Bensch
Universität zu Köln
Prof. Dr. M. Abd-Elmeguid, Prof. Dr. L. Bohaty,
Prof. Dr. M. Braden, Prof. Dr. T. Michely,
Prof. Dr. M. Grüninger, Dr. T. Lorenz,
Prof. Dr. A. Rosch, Prof. Dr. U. Ruschewitz,
Dr. A. Severing, Prof. Dr. Werheit
Universität Konstanz
Dr. H. Cölfen
Universität Marburg
Prof. Dr. Bernd Harbrecht
Universität Mainz
Prof. Dr. Ph. Gütlich
Max-Planck-Institut für Kohlenforschung,
Mülheim an der Ruhr
Prof. Dr. F. Schüth

Technische Universität München
Prof. Dr. P. Gille, Prof. Dr. C. Pfleiderer

Universität des Saarlandes
Dr. U. Kohlmann
Gesellschaft zur Förderung von Medizin, Bio- und
Umwelttechnologien e.V. Arbeitsgruppe Funktionelle
Schichten, Sebnitz
Dr. B. Mahltig
Max-Planck-Institut für Festkörperforschung, Stuttgart
Prof. Dr. O. K. Andersen, Dr. H. Barentzen,
Dr. D. Fischer, Dr. O. Gunnarson, Prof. Dr. P. Horsch,
Prof. Dr. M. Jansen, Prof. Dr. B. Keimer,
Dr. R. K. Kremer, Dr. D. Manske, Prof. Dr. A. Simon,
Dr. G. Vajenine, Dr. R. Zeyher
Universität Stuttgart
Prof. Dr. R. Niewa

International
Argentinien / Argentina
Centro Atómico (Bariloche): Prof. Dr. B. Alascio,
Prof. Dr. F. de la Cruz, Prof. Dr. J. Sereni
Chile / Chile
Universidad de Chile: Prof. Dr. E. Spodine
Universidad de Santigo de Chile:
Dr. D. Venegas-Yazigi
Universidad de Antofagasta
Prof. J. Llanos, Prof. M. Mujica, Prof. V. Sanchez
China / China
Chinese Academy of Sciences, Shanghai Institute of
Ceramics, Shanghai: Prof. Dr. J.-T. Zhao
Chinese Academy of Sciences, Institute of Physics,
Bejing: Prof. Dr. N. L. Wang, Prof. Dr. Lu Yu,
Prof. C. Q. Jin
Hongkong University: Prof. Dr. Fuchun Zhang
Xiamen University: Dr. Y.-X.Huang, Dr. J.-X. Mi
Zhejiang University: Prof. Dr. H. Q. Yuan
Dänemark / Danemark
University Aarhus: Prof. Dr. B. B. Iversen,
University of Denmark: Prof. I. Chorkendorff
Frankreich / France
CENG (Grenoble): Dr. J. P. Brison, Dr. J. Flouquet,
Dr. B. Grenier,
CNRS-UMR, Thiais: Dr. E. Alleno
Dr. G. Knebel, Dr. E. Ressouche, Dr. S. Raymond
ESPCI / CNRS Paris: K. Behnia
ESRF Grenoble: Dr. M. Hanfland, Caroline Curfs
European Synchrotron Radiation Facility, Grenoble:
Dr. N.B. Brookes
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Laboratoire Crismat, Caen: Prof. Dr. A. Maignan,
Dr. S. Hebert
Laboratoire ICMCB, Bordeaux:
Prof. Dr. J.-P. Doumerc, Dr. M. Pollet,
Dr. O. Toulemonde
Nancy Université: Dr. Ledieu
Großbritannien / United Kingdom
University of Cambridge: Prof. Dr. G. G. Lonzarich,
Prof. Dr. Richard M. Lambert, Dr. F. M. Grosche,
Prof. Sir T. Meuring
University of St. Andrews: Prof. Dr. A.P. Mackenzie
ISIS, Rutherford Appleton Laboratory, Didcot:
Dr. D. T. Adroja, Dr. J. Taylor, Dr. H. Wilhelm
University of Birmingham: Prof. Dr. A. J. Schoflied
H H Wills Physics Laboratory: Prof. N. Shannon
University College London: Prof. Dr. G. Aeppli
University of Cardiff: Prof. G. Hutchings
Indien / India
Tata Institute of Fundamental Research, Bombay:
Prof. Dr. L. Gupta, Prof. Dr. S. Ramakrishnan,
Dr. P. Raychaudhuri
Indian Institute of Technology, Kanpur: Dr. Z. Hossain
Indian Institute of Science, Bangalore: Prof. Dr. Suja
Elizabeth Saji
Indian-Institute of Science Education and Research,
Thiruvananthapuran: Dr. Ramesh Nath (MPI-Fellow)
Iran / Iran
Sharif University of Technology, Teheran:
Prof. A. Langari
Japan / Japan
Japan Atomic Energy Agency, Tokai, Ibaraki:
Dr. K. Kaneko, Dr. K. Kubo
University of Hiroshima: Prof. Dr. T. Takabatake,
Prof. Dr. A. Tanaka
University of Hokkaido, Sapporo: Prof. Dr. M. Ido,
Dr. N. Momone
Kyoto Unversity: Prof. Dr. H. Ohta, Prof. Dr. K.
Yoshimura, Prof. Dr. K. Ishida,
Prof. Dr. Y. Maeno, Prof. Y. Matsuda
National Institute for Materials Science, Tsukuba:
Dr. T. Matsumoto, Dr. T. Mori, Prof. Dr. M. Tachiki,
Dr. K. Takemura
University of Nagoya: Prof. Dr. N. Sato
University of Osaka: Prof. Dr. Y. Kitoaka,
Prof. Dr. K. Miyake
Tohoku University, Sendai: Prof. Dr. T. Komatsubara,
Prof. Dr. Y. Kuramoto, Prof. Dr. S. Maekawa,
Prof. Dr. M. Motokawa, Prof. Dr. A. Ochiai,
Prof. Dr. T. Sasaki
University of Tokyo, ISSP, Kashiwa Campus:
Prof. Dr. S. Nakatsuji, Prof. Dr. T. Sakakibara,
Dr. Tayama, Prof. Dr. K. Ueda
University of Tokyo, Hongo Campus:
Prof. Dr. M. Imada, Prof. Dr. K. Kanoda,
Prof. Dr. N. Nagoasa, Prof. Dr. M. Ogata,
Dr. S. Watanabe
University of Tokyo: Prof. Dr. T. Mizokawa
Tokyo University of Science: Prof. Dr. H. Fukuyama
Tokyo Institute of Technology: Prof. Dr. H. Shiba
Tokyo Metropolitan University: Dr. R. Shiina
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Kanada / Canada
Université de Montréal: Prof. Dr. A. Bianchi
University of British Columbia: Prof. Dr. A. Damascelli,
Prof. Dr. G.A. Sawatzky
Mongolei / Mongolia
National University of Mongolia, Ulaanbaatar:
Prof. Dr. Dorj Daichaa
Niederlande / The Netherlands
University of Groningen: Prof. Dr. T.T.M. Palstra,
Prof. Dr. P. van Loosdrecht
University of Leiden: Prof. Dr. J. Aarts,
Prof. Dr. J. A. Mydosh
Österreich/ Austria
Universität Wien: Prof. Dr. K. Hiebl, Prof. Dr. P. Rogl,
Prof. Dr. J. C. Schuster, Dr. F. Weitzer
Technische Universität Wien:
Prof. Dr. E. Bauer, Prof. Dr. S. Bühler-Paschen,
Prof. Dr. K. Held, Prof. Dr. W. Steiner,
Prof. Dr. G. Rupprechter
Universität Innsbruck: Prof. B. Klötzer
Polen / Poland
W. Trzebiatowski Institute of Low Temperature and
Structure Research (Wroclaw), Polish Academy of
Sciences:
Prof. Dr. Z. Henkie, Prof. Dr. D. Kaczorowski,
Prof. Dr. W. Suski, Prof. Dr. J. Sznajd, Dr. T. Cichorek,
Dr. V. H. Tran
University of Silesia, Katowiece: Prof. Dr. A. Slebarski,
Jagiellonian University Krakow: Prof. Dr. A. Oles,
Dr. Michal Rams, Prof. Dr. J. Spalek
University of Mining and Metallurgy, Kraków:
Prof. Dr. H. Figiel, Prof. Dr. C. Kapusta
Rumänien / Romania
Babes-Bolyai University, Cluj-Napoca: Dr. D. Andreica
Russland / Russian Federation
Moscow State University: Prof. E. V. Antipov,
Prof. Dr. A. A. Gippius, Prof. Dr. A. V. Shevelkov,
Prof. Dr. A. N. Vasil’ev
Ioffe Physico-Technical Institute RAS, St. Petersburg:
Prof. Dr. V. N. Gurin
St. Petersburg State University: Prof. S. F. Filatov,
Prof. Dr. O. Frank-Kamenetskaya
St. Petersburg State Institute of Technology:
Prof. Dr. W. Gusarov, Dr. V. Fundamenski
Joint Institute for Nuclear Research:
Prof. Dr. V. Yushankhai
Schweden / Sweden
Stockholm University: Prof. Dr. M. Nygren,
Prof. Dr. O. Terasaki
Lund University: Prof. Dr. S. Lidin,
Schweiz / Switzerland
Universität Bern: Prof. Dr. J. Hulliger,
Dr. K. W. Krämer
Universität Genf: Prof. Dr. Ø. Fischer,
Prof. Dr. T. Giamarchi, Dr. D. Jaccard,
Prof. Dr. D. van der Marel, Prof. Dr. H. Schmid
Paul-Scherrer-Institut Villigen:
Dr. A. Amato, Dr. A. Schenck
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ETH Zürich: Prof. Dr. B. Batlogg, Prof. Dr. J. Blatter,
Prof. Dr. A.-C. Mota, Prof. Dr. R. Nesper,
Prof. Dr. H.R. Ott, Prof. Dr. T.M. Rice,
Prof. Dr. M. Sigrist, Prof. Dr. W. Steurer
Universität Zürich: Prof. Dr. K. A. Müller
EMPA Thun: Dr. R. Widmer
Serbien / Serbia
Inorganic Chemistry, University of Belgrad:
Prof. S. Zaric
Slowakei / Slovakia
Slovak Academy of Sciences, Institute of Physics,
Bratislava: Marek Mihalkovic
Slowenien / Slovenia
University of Ljubljana: Prof. Dr. J. Dolinsek
Spanien / Spain
Facultad de Ciencias Quimicas, Madrid:
Prof. Dr. M. Alario Franco, Prof. Dr. R. Saez Puche,
Prof. Dr. S. Garcia-Martin
Taiwan / Taiwan
National Synchotron Radiation Research Center:
Prof. Dr. C.T. Chen
National Tsing Hua University, Hsinchu:
Prof. Dr. M.-K. Wu
Acadmia Sinica, Taipei: Prof. T. K. Lee, Dr. Lei Hao
Tschechische Republik / Czech Republic
Charles University Prague: Prof. Dr. V. Sechovski
Academy of Science of The Czech Republic Prague:
Dr. P. Novák, Dr. V. Petriþek
Türkei/ Turkey
Koç University, Istanbul: Prof. Dr. M. Somer
Ukraine / Ukraine
National Academy of Science of Ukraine, Kiew:
Dr. V. Filipov, Dr. W. Paderno
University of Lviv: Dr. L. Akselrud,
Prof. R. Glodyschewski
Polytechnical University of Lviv: Dr. L. Vasylechko
National Forest Academy, Lviv: Dr. O. Sichevych
National Vetenary Academy, Lviv: Dr. A. Fedorchuk
Ungarn / Hungary
Budapest University of Technology: Prof. B. Dora
USA / U.S.A.
Ames National Laboratory, Ames (Iowa):
Prof. P. Canfield, PhD; Prof. K. Gschneidner, PhD,
Prof. Dr. G. Miller, Prof. Dr. V. Pecharsky
Arizona State University: Prof. Dr. Dong-Kyun Seo
Florida State University Tallahassee:
Prof. S. von Molnár, PhD
University of South Florida, Tempa:
Prof. G. S. Nolas, PhD
LANL, Los Alamos (New Mexico): Dr. A. V. Balatsky,
Dr. A. H. Lacerda, Dr. R. Movshovich, Dr. J. L. Sarrao,
Dr. J. D. Thompson, Dr. M. Jaime
NHMFL, Tallahassee (Florida):
Dr. G. Boebinger, Prof. Dr. L. P. Gor’kov,
Rice University Houston: Prof. Q. Si, PhD
Rutgers University New Jersey: Prof. E. Abrahams,
Prof. Dr. S.-W. Cheong PhD; Prof. P. Coleman, PhD;

Prof. G. Kotliar,PhD
Stony Brook University: Prof. Dr. M. Aronson
UF Gainesville: Dr. B. Andraka, Prof. G. R. Stewart,
PhD
UC Berkeley: Prof. N. E. Phillips, PhD
UC Davis: Prof. N. Curro, PhD, Prof. S. M. Kauzlarich,
PhD
UV Irvine: Prof. Z. Fisk, PhD
UC San Diego: Prof. M. B. Maple, PhD
UC Santa Barbara: Prof. D. J. Scalapino, PhD
University of Houston (Texas):
Prof. P. Chu, PhD, Prof. Dr. A. Guloy, Prof. S. Pan,
PhD
University of Michigan: Prof. Dr. J.W. Allen
University of Nevada, Las Vegas: Prof. A. Cornelius,
PhD
University of Southern California, Los Angeles:
Prof. Dr. K. Maki
US Naval Research Laboratory, Washington DC:
Dr. D. Parker

Kooperationen mit Firmen /
Cooperations with companies
BASF – Selektive Alkane Oxidation
Prof. Dr. R. Kniep
GlaxoSmithKline – Dental Repair
Prof. Dr. R. Kniep

Patente / Patents
M. Armbrüster, K. Kovnir, Yu. Grin, R. Schlögl,
P. Gille, M. Heggen, M. Feuerbacher
Ordered Cobalt-Aluminum and Iron-Aluminum
Intermetallic Compounds as Hydrogenation Catalysts
US Patentanmeldung, US20100280295A1, 2009.
M. Armbrüster, K. Kovnir, Yu. Grin, R. Schlögl,
P. Gille, M. Heggen, M. Feuerbacher
Ordered Cobalt-Aluminum and Iron-Aluminum
Intermetallic Compounds as Hydrogenation Catalysts
Europäisches Patent angemeldet, EP2241393A1, 2009.
M. Armbrüster, M. Schmidt, K. Kovnir, M. Friedrich,
K. Weinhold, Yu. Grin, R. Schlögl
Preparation of intermetallic compounds via gas phase
and nanoparticle syntheses
Chinesisches Patent angemeldet, 2010.
M. Armbrüster, M. Schmidt, K. Kovnir, M. Friedrich,
K. Weinhold, Yu. Grin, R. Schlögl
Preparation of intermetallic compounds via gas phase
and nanoparticle syntheses
Europäisches Patent angemeldet, EP08849618.7, 2010.
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M. Armbrüster, M. Schmidt, K. Kovnir, M. Friedrich,
K. Weinhold, Yu. Grin, R. Schlögl
Preparation of intermetallic compounds via gas phase
and nanoparticle syntheses
US Patent angemeldet, US-2010-0261939-A1, 2010.
M. Armbrüster, M. Schmidt, K. Kovnir, M. Friedrich,
K. Weinhold, Yu. Grin, R. Schlögl
Use of a Mixture of an Ordered Intermetallic
Compound and an Inert Material as a Catalyst and
Corresponding Hydrogenation Processes
Europäisches Patent angemeldet, EP0804365.8, 2010.
M. Armbrüster, K. Kovnir, Yu. Grin, R. Schlögl,
P. Gille, M. Heggen, M. Feuerbacher
Ordered Cobalt-Aluminum and Iron-Aluminum
Intermetallic Compounds as Hydrogenation Catalysts
Internationales Patent angemeldet,
PCT/EP2010/053682, 2010.
M. Behrens, A. Ota, R. Schlögl, M. Armbrüster, Yu.
Grin
Palladium-Modified Hydrotalcites and Their Use as
Catalyst Precursors
Europäisches Patent angemeldet, EP10002419.9, 2010.
S. Busch, R. Kniep
Induzierte Remineralisation von humanem Zahnschmelz
Patenterteilungen: Europa 1509189B1 am 08.09.2010;
China ZL03817596.7 am 04.02.2009; Japan 2004506761 am 18.08.2010, USA 7 883 689 am 08.02.2011

Tagungen, Workshops und Seminare
Conferences, Workshops and Symposia
2009
The Nature of Laves Phases IX
Workshop, 28.-30.01.2009
Organisation: Dr. Guido Kreiner
Varian Seminarreihe Elementanalytik: Neue
Möglichkeiten in der instrumentellen Analytik 2009
21.01.2009
Veranstalter: Firma Varian
Kontakt: Dr. Gudrun Auffermann
Chemischer Transport 2009
Workshop, 09.-13.02.2009
Organisation: Dr. Marcus Schmidt, Prof. Juri Grin
NMR
Workshop, 23.03.-27.03.2009
Organisation: Dr. Frank Haarmann, Prof. Juri Grin
Electron Localizability and Analysis of Chemical
Bonding
Workshop, 29.03.-01.04.2009
Organisation: Dr. Frank R. Wagner,
Dr. Miroslav Kohout, Prof. Juri Grin
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Technologie-Tage
Workshop, 18.05.-19.05.2009
Organisation: Dr. Burkhard Schmidt (zusammen mit HP
und Apple)
28. Fortbildungsseminar für Ausbilder und
Ausbilderinnen in den Metallverarbeitungsberufen der
MPG
Workshop, 25.05.-27.05.2009
Organisation: Thorsten Breitenborn
Chemischer Transport 2009
Workshop, 02.-05.05.2009
Organisation: Dr. Marcus Schmidt, Prof. Juri Grin
International Conference on Quantum Criticality and
Novel Phases (QCNP09)
SLUB Dresden 02.-05.08.2009
Organization: Prof. Dr. Frank Steglich (MPI CPfS),
CEO: Dr. Oliver Stockert (MPI CPfS)
Secretary: Claudia Strohbach
Workshop on Preparation, Thermodynamics, Phase
Equilibria, Solidification and Structures of Alloys and
Intermetallic Compounds
01.09-11.09.09, Ulaanbaatar, Mongolia
Organisation und Durchführung: Dr. Guido Kreiner, Dr.
Enkhtsetseg Dashjav, Prof. Dr. Rüdiger Kniep (MPI
CPFS)
DFT meets Solid State Chemistry & 8th Tutorial Handson-FPLO
Workshop, 25.-29.10.09
Organisation: Dr. Helge Rosner

2010
Varian Seminarreihe Elementanalytik: Neue
Möglichkeiten in der instrumentellen Analytik 2010
28.01.2010
Veranstalter: Firma Varian
Kontakt: Dr. Gudrun Auffermann
Technologie-Tage
Workshop, 11.05.-12.05.2010
Organisation: Dr. Burkhard Schmidt
Wissenschaftliche Diskussion Gelantine
Workshop, 07.06.2010
Organisation: Prof. Dr. Rüdiger Kniep
(Fa. Gelita)
Mongolian-German Workshop on Advanced Materials
27.-29.09.2010, Ulaanbaatar, Mongolia
Organisation und Durchführung:
Dr. Enkhtsetseg Dashjav, Dr. Guido Kreiner,
Prof. Dr. Rüdiger Kniep (MPI CPfS)

Ämter
Horst Borrmann
Humboldt-Kolleg (Serbien)
Scientific Commitee, 27.10.-29.10.2010 in Belgrad
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Vorträge auswärtiger Gäste
Lectures of Foreign Guests
Frontiers in Chemical Physics of Solids
Prof. Piers Coleman, PhD, Center for Materials Theory,
Rutgers University, Piscataway, NJ, USA
Qu-transitions: probing the critical zero point
fluctuations of matter with heavy electron materials
(22.01.2009)
Prof. Dr. Dieter Vollhardt, Center for Electronic
Correlations and Magnetism, Institute of Physics,
University of Augsburg
Surprising effects of electronic correlations in solids
(19.03.2009)
Prof. Dr. Peter Wölfle, Institut für Thoerie der
kondensierten Materie, Universität Karlsruhe
Disorder driven localization: from electrons to classical
waves to cold atoms (29.10.2009)
Prof. Bernard Coqblin, Laboratoire de Physique des
Solides, Université Paris-Sud, Orsay, Frankreich
From the Underscreened Kondo Lattice model for
Uranium compounds to the spin glass-Kondo
competition for disordered Cerium alloys (11.03.2010)
Prof. Dr. Roderich Moessner, MPI Physik komplexer
Systeme, Dresden
New particles in new magnets: magnetic monopoles in
Spin Ice (29.04.2010)
Prof. Dr. Andrea Cavalleri, Max Planck Research
Department for Structural Dynamics, Hamburg
Photo-induced High Tc Superconductivity (07.10.2010)

Gemeinsames Anorganisches Kolloquium der
TU Dresden und des MPI CPfS
Prof. Dr. Michael Fröba, Institut für Anorganische und
Angewandte Chemie, Universität Hamburg
Nanoporous Organic-Inorganic Hybrid Materials
(05.05.2009)
Prof. Dr. Ulrich Schubert, Institut für Materialchemie,
Technische Universität Wien, Österreich
Bottom-up Synthesis of Nanocomposites from
Molecular Building Blocks (19.05.2009)
Prof. Dr. Klaus Funke, Institut für Physikalische
Chemie, Westfälische Wilhelms-Universität Münster
Ionenbewegungen in Materialien mit ungeordneten
Strukturen (09.06.2009)
Prof. Dr. Arndt Simon, MPI für Festkörperforschung,
Stuttgart
Vorstellungen eines Chemikers zur Supraleitung
(23.06.2009)

Symmetry-broken crystal structure of elemental boron
at low temperature (14.07.2009)
Prof. Dr. Michael Tiemann, Anorganische und
Analytische Chemie, Universität Paderborn
Nanoporous Metal Oxides: Synthesis and Application as
Gas Sensors (10.11.2009)
Dr. Andreas Schnepf, Institut für Anorganische Chemie,
Universität Karlsruhe
Neue Strukturmotive auf dem Weg zu elementarem
Germanium: Metalloide Cluster als Modellverbindungen für den Grenzbereich zwischen Molekül und
Festkörper (15.12.2009)
Prof. Dr. Stefanie Dehnen, Fachbereich Chemie,
Philipps-Universität Marburg
From Simple Salts to Organoelement Cages and
Intermetalloid Clusters: Chemistry with Binary Main
Group Element Aggregates (12.01.2010)
PD Dr. O. M. Oeckler, Department Chemie, LudwigMaximilian-Universität München
Fehlordnungskristallographie in der
Materialwissenschaft (13.04.2010)
Prof. Dr. Achim Müller, Fakultät für Chemie,
Universität Bielefeld
Phänomene unter geometrisch eingeschränkten
Bedingungen - von Kapseln und anderen NanoObjekten (04.05.2010)
Prof. Dr. H.-J. Deiseroth, Fachbereich Anorganische
Chemie, Universität Siegen
Li-Argyrodite: Vom natürlichen Mineral zum LiIonenleiter mit Anwendungspotenzial (01.06.2010)
Prof. Dr. G. Sextl, Fraunhofer-Institut für
Silicatforschung ISC, Würzburg
Silicium-Verbindungen als Schlüssel zu innovativen
Werkstoffen (13.07.2010)
Prof. Dr. Iris Oppel, Institut für Anorganische Chemie,
RWTH Aachen
Nano Puzzle - molekulare Bausteine in der
Supramolekularen Koordinationschemie (19.10.2010)
Dr. Radovan Cerny, Ecole de Physique, Université de
Genève, , Suisse
Crystal chemistry of Metal borohydrides – hydrogen
storage materials (26.10.2010)
Dr. Anatoliy Senyshyn, Research Neutron Reactor ZWE
FRM-II, Munich University of Technology
High resolution neutron powder diffraction: application
and challenges (09.11.2010)
Prof. Dr. Ingo Krossing, Institut für Anorganische und
Analytische Chemie, Albert-Ludwigs-Universität
Freiburg,
Vom Superanion zur Supersäure...? Neues aus der
Chemie von und mit schwach koordinierenden Anionen
(14.12.2010)

Prof. Dr. Michael Widom, Department of Physics,
Carnegie Mellon University, Pittsburgh, Pennsylvania,
USA
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Lectures
2009
Dr. Nicholas Shannon, Department of Physics,
University of Bristol, UK
First numerical evidence for a U(1) liquid phase in a 3D
quantum dimer model: A story of diamonds, dominos
and Maxwell’s equations (08.01.2009)
Abhay Pasupathy Narayan, Department of Physics,
Columbia University, New York, NY, USA
Visualizing the atomic-scale onset of superconductivity
in the cuprates (15.01.2009)
Dr. Sylvie Roke, Max-Planck-Institut für
Metallforschung, Stuttgart
Molecular structure and functionality of buried
nanoscopic structures and interfaces (23.01.2009)
Prof. Dr. Jósef Spaáek, Jagiellonian University, Krakow,
Poland
Quantum critical behavior at the threshold of
metallization of a Kondo insulator and magnetite
(29.01.2009)
Prof. Masao Takeyama, Department of Metallurgy and
Ceramics Science, Graduate School of Science and
Engineering, Tokyo Institute of Technology, Tokyo,
Japan
Promising or Detrimental? - Fe2M Laves Phases As A
Strengthener For Austenitic Heat Resistant Steels –
(30.01.2009)
Dr. Catherine Pépin, Institut de Physique Théorique,
CEA – Saclay, Gif-sur-Yvette, France
Quantum criticality in heavy fermions in the context of
a selective Mott transition (26.02.2009)
Prof. Slavi Sevov, University of Notre Dame, Notre
Dame, Indiana, USA
Chemistry of Deltahedral Zintl Ions of Group 14
(03.03.2009)
Prof. David C. Johnson, Solid State Chemistry,
Materials Science Institute, University of Oregon,
Eugene, Oregon, USA
New Nanostructured Compounds with Unprecedented
Properties (24.03.2009)
Manjusha Inamdar, TIFR, Mumbai, India
Anisotropy in magnetic properties of RCrSb3
(02.04.2009)
Prof. Qimiao Si, PhD, Rice University, Houston, USA
Iron pnictides as a new setting for quantum criticality
(02.04.2009)
Dr. Violeta Guritanu, DPMC, Université de Genève,
Suisse
Optical study of strongly correlated electrons in metals
(03.04.2009)
PD Dr. Rossitza Pentcheva, Fakultät Geo- und
Umweltwissenschaften, Ludwig-MaximiliansUniversität, München
Role of the polar discontinuity in the emergence of
novel electronic behavior at transition metal oxide
interfaces (06.05.2009)
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Prof. Dr. Michael Lang, Physikalisches Institut, GoetheUniversität Frankfurt/Main
Molecular solids – model systems with variable manybody interactions (07.05.09)
Prof. Dr. Thomas Vojta, Department of Physics,
Missouri University of Science and Technology, Rolla,
MO, USA, z.Zt. MPI PKS, Dresden
Phase transitions and disorder: from Harris criterion to
infinite randomness and smearing (14.05.2009)
Markus Höhnen, Firma ADDITIVE GmbH
Workshop Origin 8 (08.06.2009)
Dr. Ivan Maggio-Aprile, Département de Physique de la
Matière Condensée, Université de Genève, Suisse
The spin-mediated pairing interaction of high Tc
superconductors: Clues from scanning tunnelling
spectroscopy” (11.06.2009)
Myfanwy Evans, Department of Applied Mathematics,
Australian National University, Canberra, Australia
Woven 3D nets on minimal surfaces (16.06.2009)
Prof. Premala Chandra, PhD, Center for Materials
Theory, Department of Physics and Astronomy, Rutgers
University, Piscataway, NJ, USA
Sleuthing hidden order in URu2Si2 (26.06.2009)
Prof. O. P. Sushkov, University of New South Wales,
Sydney, Australia
Coulomb Disorder Effects on ARPES and NQR Spectra
in Cuprates (06.07.09)
Prof. Michael Baskes, Los Alamos National Laboratory,
New Mexico, USA
“Atomic Level Simulations of Complex Mechanisms in
Metals and Alloys Using Embedded Atom Method
Potentials (Numerical & Experimental Approaches to
Phase Transitions in the Solid State, 06.07.2009)
Prof. James D. Martin, Department of Chemistry, North
Carolina State University, Raleigh, North Carolina,
USA
Independent Measurement of Nucleation and Crystal
Growth in Condensed Matter: A new look at classic
nucleation theory (Numerical & Experimental
Approaches to Phase Transitions in the Solid State,
07.07.2009)
Prof. Marco Buongiorno-Nardelli, North Carolina State
University, Physics Department, Raleigh, North
Carolina, USA
Polarization Effects and Phase Equilibria in High
Energy Density PVDF-Based Polymers (Numerical &
Experimental Approaches to Phase Transitions in the
Solid State, 07.07.2009)
Prof. Christopher L. Henley, Cornell University, Ithaca,
USA
Spin order of the classical Kagome antiferromagnet: Via
effective Hamiltonians (07.07.2009)
Prof. Dr. Dirk K. Morr, University of Illinois at
Chicago, USA
Kondo Physics at the Nanoscale: from Kondo Droplets
to Kondo Holes (gemeinsames Seminar mit MPI PKS,
20.07.2009)
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Prof. Dr. Shin-ichi Kimura, UVSOR Facility, Institute
for Molecular Science and The Graduate University for
Advanced Studies, Okazaki, Japan
Origin of Middle-Infrared Peaks of Optical
Conductivity in Ce and Yb Compounds (22.07.2009)

Prof. Dr. Hideo Hosono, Tokyo Institute of
Technology, Yokohama, Japan
Two Families of Superconductors Discovered in Our
Materials Research: Iron pnictides and C12A7 electride
superconductors (02.12.2009)

Prof. Dr. Kaoru Kimura, Department of Advanced
Materials Science, University of Tokyo, Chiba, Japan
A Unified Picture for Boron- and Aluminium-based
Icosahedreal Cluster Solids (03.08.2009)

Dr. Andreas Rost, University of St. Andrews, UK
Entropy Landscape of Sr3Ru2O7 - Specific Heat and
Magnetocaloric Effect Studies of Phase Formation in
the Vicinity of Quantum Criticality (03.12.2009)

Prof. Hans Kroha, Physikalisches Institut, Universität
Bonn
High-temperature signatures of quantum criticality in
heavy fermion systems (gemeinsames Seminar mit
MPI-PkS, 11.08.2009)

Dipl.-Chem. Thomas Harmening, Institut für
Anorganische und Analytische Chemie, WestfälischeWilhelms Universität, Münster
NMR und Mößbauer Spektroskopie an
intermetallischen Verbindungen (03.12.2009)

Marcus Scheele, Institut für Physikalische Chemie,
Universität Hamburg
Thermoelectric properties of size-controlled bismuth
telluride nanoparticles (13.08.2009)

Dr. Stefano Agrestini, University of Rome, Italy
Neutron diffraction study of the magnetic ground state
of the frustrated spin chain system Ca3Co2O6
(10.12.2009)

Dr. Elena Smolentseva, Centro de Nanociencias y
Nanotecnologia, Ensenada, Mexico
Gold species supported on nanostructured Ce-Al-O
mixed oxides prepared by Sol-Gel method using organic
compounds (27.08.2009)

Prof. Dr. John A. Mydosh, Leiden University,
Kamerlingh Onnes Laboratory, Leiden, Netherlands
Brainstorming Session: What is interesting about TiBe2?
(10.12.2009)

Dr. R. Shiina, Department of Physics, Kanagawa
University Yokohama, Japan Unconventional Charge
Density Wave, Fluctuating f Orbitals and MetalInsulator Transition in Skutterudite PrRu4P12
(27.08.2009)

Prof. Dr. John A. Mydosh, Leiden University,
Kamerlingh Onnes Laboratory, Leiden, Netherlands
Brainstorming Session: Unusual properties of CeRuSn?
(11.12.2009)

Prof. Swapan K. Pati, Theoretical Sciences Unit and
DST Unit on Nanoscience, JNCASR, Bangalore, India
Transport, magnetic, optical and gas storage Properties
of Graphene Nanoribbons/Graphene (14.09.2009)

Dr. Andreas Schnepf, Institut für Anorganische
Chemie, Universität Karlsruhe
Neue Strukturmotive auf dem Weg zu elementarem
Germanium: Metalloide Cluster als Modellverbindungen für den Grenzbereich zwischen Molekül und
Festkörper (15.12.2009)

Prof. Juhn-Jong Lin, Institute of Physics, National
Chiao Tung University, Hsinchu, Taiwan
Some signatures of dynamical structural defects in
several low-dimensional systems (05.10.2009)

Dr. habil. Martin Rotter, Department of Physics,
Clarendon Laboratory, University of Oxford, UK
Magnetic Structures, Magnetoelastic Effects and the
Magnetoelastic Paradox (22.12.2009)

Julia Dshemuchadse, ETH Zürich, Schweiz
Al-Cu-Ta family of complex metallic alloys
(05.11.2009)

2010

Prof. Prabhat Mandal, Experimental Condensed Matter
Physics, Saha Institute of Nuclear Physics, Calcutta,
India
First-order ferromagnetic transition in Sm1-xSrxMnO3
manganites (12.11.2009)
Vivien Zapf, Ph. D., National High Magnetic Field
Laboratory, Los Alamos National Laboratory, Los
Alamos, New Mexico, USA
Bose-Einstein Condensation in a quantum magnet
(12.11.2009)
Long Zhang, University of Vienna, Austria
Synthesis and Thermoelectric Properties of
Nanostructured Skutterudites for Energy Applications
(25.11.2009)
Cevriye Koz, Koc University, Istanbul, Turkey
The Improved Hydrogen Release of Sodium AmideSodium Borohydride System with Transition Metal
Additions (27.11.2009)

Prof. Dr. Thomas Dahm, Institut für Theoretische
Physik, Universität Tübingen
A realistic spin fluctuation model for the pairing
interaction in YBCO6.6 (13.01.2010, MPI CPfS +PKS)
Prof. Dr. Bo Brummerstedt Iversen, Department of
Chemistry, Aarhus University, Denmark
Energy Materials (15.01.2010)
Dr. Lucia Steinke, MPI CPfS, Dresden & WaltherMeissner-Institut, Garching
Magnetotransport of coupled Hall edges in a bent
quantum well (21.01.2010)
Prof. Qimiao Si, PhD, Rice University, Houston, TX,
USA
Magnetism and Superconductivity in the Iron Pnictides
(02.02.2010)
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Prof. Jun-ichi Igarashi, Faculty of Science, Ibaraki
University, Ibaraki, Japan
Theoretical analysis of resonant x-ray scattering from
strongly-correlated electron systems (09.02.2010)

Prof. Meigan Aronson, Stony Brook University and
Brookhaven National Laboratory, Upton, NY, USA
The Search for Novel Magnetic Phases near Quantum
Critical Points (10.06.2010)

Prof. Dr. Gertrud Zwicknagl, Institut für Mathematische
Physik, Technische Universität Braunschweig
YbRh2Si2: Field-induced suppression of the HeavyFermion state (18.02.2010)

Dr. David Portehault, MPI für Kolloid- und
Grenzflächenforschung, Potsdam-Golm
Novel chemical processes toward nanoscaled inorganic
materials (11.06.2010)

Dr. Yoshimitsu Kohama, Los Alamos, NM, USA
Thermodynamic Investigations on Spin-dimer Systems
in very High Pulsed and DC Magnetic Fields
(22.02.2010)

Yuan Luo, Chinese Academy of Sciences, Institute of
Coal Chemistry, China
Structure-properties relationship research on Cu/Febased higher alcohols synthesis catalyst (11.06.2010)

Prof. Dr. Arnold M. Guloy, University of Houston, TX,
USA
Mild Oxidation of Polar Intermetallics: A Novel
Chemical Approach to New Materials (22.03.2010)

Dr. Jeff Snyder, California Institute of Technology,
Pasadena, CA, USA
Zintl Chemistry for designing high efficiency
thermoelectric materials (21.06.2010)

Aiping Zhang, North China University of Technology,
Beijing, China
Synthesis and Characterization of Functional Materials
(25.03.2010)

Prof. Dr. Shin-Ichi Kimura, UVSOR Facility, Okazaki,
Japan
Optical study on pressure-induced valence transition of
CeIn3 (01.07.2010)

Dr. Viktor Yushankhai, Joint Institute for Nuclear
Research, Laboratory of Theoretical Physics, Dubna,
Russia,
Low-energy spin fluctuation in the metallic spinel
LiV2O4 (26.03.2010)

Prof. Dr. Gisela Schütz, MPI für Metallforschung,
Stuttgart
Magnetism in the Light of Circularly Polarized X-Rays
(15.07.2010)

Dr. Arno Hiess, Institut Laue-Langevin, Grenoble,
France
Magnetisation dynamics in the normal and
superconducting state of UBe13 (29.03.2010)
Prof. Dr. K. Neyman, Universitat de Barcelona,
Departament de Química Física, Barcelona, Spain
Density-functional studies of conventional and more
realistic nanoparticle models of mental catalysts: PdZn
and beyond (12.04.2010)

Prof. Ramaswamy Murugavel, IIT-Bombay,
Department of Chemistry, Mombai, India
A Building Block Approach to Porous Solids
(30.07.2010)

Dr. Heribert Wilhelm, Diamond Light Source
Ltd.Chilton, OX11 ODE, UK
Studies on the Magnetic Order in Cubic FeGe
(15.04.2010)

Prof. Cesar Pay Gómez, Department of Materials
Chemistry, Uppsala University, Ångström Lab, Sweden
Crystal Chemistry of Quasicrystals and related Complex
Metallic Alloys (26.08.2010)

Dr. Marcelo Jaime, National High Magnetic Field
Laboratory, Los Alamos National Laboratory, Los
Alamos, NM, USA
Anomalous Thermal Conductivity at Magnetic
Quantum Critical Points in NiCl2-4SC(NH3)2
(21.04.2010)

Prof. Dr. Hidenori Takagi, Department of Advanced
Materials, University of Tokyo, Kashiwa, Japan
Novel electronic phases produced by strong spin-orbit
coupling in 5d Ir Oxides (06.09.2010)

Dr. Ilya Elfimov, University of British Columbia,
Canada
Electrostatics and band alignment in polar structures
(06.05.2010)
Dr. Natalia Kovaleva, MPI Festkörperforschung,
Stuttgart
Spin-and-orbital effects in Mott-Hubbard optical bands
in two limits of Jahn-Teller instability: LaMnO3 vs.
YTiO3 (11.05.2010)
Dr. Heike Pfau, Institut für Festkörper und Werkstoffe,
Dresden
Setup of a Measurement System for Thermal Transport
down to 300 mK (10.06.2010)

222

Prof. Dr. C. Felser, Institute of Inorganic Chemistry and
Analytical Chemistry, Johannes Gutenberg University
Mainz
Multifunctional Properties in Heusler Compounds:
From Topological Insulators to Spintronics
(20.07.2010)

Dr. Vasiliy Glazkov, Institute for Solid State Physics,
ETH Zürich, Switzerland
Modes of magnetic resonance of S=1 dimer chain
compound NTENP (16.09.2010)
Dr. Roland Widmer, EMPA, Thun, Suisse
Surface and Electronic Structure of Complex Metallic
Alloys (15.10.2010)
Dr. Panchanan Khuntia, IIT Bombay, India
NMR probe of magnetism and spin dynamics in
molecular magnets: Cu6, Cu6Fe and NiNd (21.10.2010)
Dr. Alexander Komarek, II. Physikalisches Institut,
Universität zu Köln; Technische Universität München,
Physik-Department E21
Charge ordering in titanates and cuprates (04.11.2010)

ADDENDUM

Prof. Dr. Dariusz Kaczorowski, Polish Academy of
Sciences, Institute of Low Temperature and Structure
Research
Heavy-fermion superconductivity and magnetic fieldinduced quantum criticality in Ce2PdIn8 (08.11.2010)
Prof. Dr. Rhett Kempe, Inorganic Chemistry II,
Universität Bayreuth,
Some progress in metal-metal bonding (10.11.2010)
Prof. Dr. Jörg Kröger, TU Ilmenau, Institut für Physik
Charge and Spin Transport through Magnetic Atoms
adsorbed to Surfaces (11.11.2010)
Prof. Andrew Boothroyd, Clarendon Laboratory,
Department of Physics, Oxford University
Emergent electronic order in strongly-correlated oxides
(25.11.2010)
Dr. Kamran Behnia, Laboratoire Photons et Matière
(LPEM), Paris, France
Phase diagram of bismuth in the extreme quantum limit
(25.11.2010)
Dr. Dirk Manske, Max Planck Institute for Solid State
Research, Stuttgart
Contrasting phonons with spin fluctuations in hightemperature superconductors: kinks and d-wave pairing
(16.12.2010, Festkörperphysikalisches Kolloquium
Gemeinsames Seminar MPI CPfS und MPI PKS)

Lukasz Bochenek, W. Trzebiatowski Institute of Low
Temperature and Structure Research, Polish Academy
of Sciences, Wroclaw, Poland
Milica Bukorovic, University of Belgrade, Serbia
Prof. Lidong Chen, Chinese Academy of Sciences,
Shanghai Institute of Ceramics, China
Dona Cherian, Department of Physics, Indian Institute
of Science, Bangalore, India
Dr. Roman Demchyna, Department of Analytical
Chemistry, Chemical Faculty, Ivan Franko Lviv State
University, Ukraine
Thorsten Alexander Dunitza, Institut für Anorganische
Chemie, RWTH Aachen, Germany
Prof. Liang Fang, Key Laboratory of New Processing
Technology for Nonferrous Metals and Materials,
Guilin University of Technology, China
Dr. Anatolii Fedorchuk, Institute of Inorganic
Chemistry, Lviv State University, Ukraine
Dr. Volodymyr Filipov, Frantsevich Institute for
Problems of Materials Science, Ukraine
Prof. Dr. Andrey Gippius, Department of Physics,
Lomonosov Moscow State University, Russian
Federation
Prof. Dr. Robert Glaum, Institut für Anorganische
Chemie, Rheinische Friedrich-Wilhelms-Universität,
Bonn, Germany
Prof. Dr. Arnold M. Guloy, Department of Chemistry,
University of Houston, USA

Gäste (Forschungsaufenthalte) /
Visiting Scientists
Selçuk Acar, Department of Chemistry, Koç University,
Istanbul, Turkey
Dr. Alireza Akbari, Institut für Theoretische Physik III,
Ruhr-Universität Bochum, Germany
Dr. Lev Akselrud, Department of Inorganic Chemistry,
Ivan Franko Lviv National University, Ukraine
Prof. Dr. Jantsandorj Amgalan, Institute of Chemistry
and Chemical Technology, Ulaanbaatar, Mongolia
Prof. Meigan Aronson, Department of Physics,
Brookhaven National Laboratory, Stony Brook
University, USA
Ali Baú, Department of Chemistry, Koç University,
Istanbul, Turkey
Merve Baúöz, Department of Chemistry, Koç
University, Istanbul, Turkey
Dr. Ariunaa Batsaikhan, Faculty of Chemistry, National
University of Mongolia, Ulaanbaatar, Mongolia
Thomas Bielz, Department of Inorganic Chemistry, Fritz
Haber Institute of Max-Planck Society, Germany
Prof. Dr. Michael Binnewies, Institut für Anorganische
Chemie, Universität Hannover, Germany

Prof. Dr. Vladimir Gurin, Ioffe Physical-Technical
Institute, Russian Academy of Sciences, St. Petersburg,
Russian Federation
Gökçe Güven, Department of Chemistry, Koç
University, Istanbul, Turkey
Prof. Dr. Frank Haarmann, Institut für Anorganische
Chemie, RWTH Aachen, Germany
Prof. Christopher L. Henley, Laboratory of Atomic and
Solid State Physics, Cornell University, Ithaca, New
York, USA
Prof. Dr. Zakir Hossain, Department of Physics, Indian
Institute of Technology Kanpur, India
Hui-Lin Huang, Chemistry Department, National Tsing
Hua University, Taiwan
Dr. Ya-Xi Huang, Department of Materials, Xiamen
University, China
Takuya Iizuka, UVSOR Facility, Institute fpor
Molecular Scinece and Graduate University for
Advanced Studies, Okazaki, Japan
Dr. Marcelo Jaime, Los Alamos National Laboratory,
USA
Goran Janjic, University of Belgrade, Serbia
Dr. Hirale S. Jeevan, I. Physikalisches Institut, GeorgAugust-Universität Göttingen, Germany
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Dr. Peter Jegliþ, Solid State Physics Department, Jožef
Stefan Institute, Ljubljana, Slovenia

Dr. Oliver Michael Oeckler , Department Chemie,
Ludwig-Maximilians-Universität München, Germany

Dr. Michelle Johannes, Center for Computational
Materials Science, Code 6390, Naval Research
Laboratory, USA

Antje Ota, Department for Inorganic Chemistry, Fritz
Haber Institute of Max-Planck Society, Germany

Prof. Cesar Pay Gómez, Department of Materials
Chemistry, Uppsala University, Ångström Lab, Sweden

Dr. Koji Kaneko, Advanced Science Research Center,
Japan Atomic Energy Agency, Japan

Prof. Dr. Vitalij Pecharsky, Ames Laboratory, Jewa
State University, Ames, Iowa, USA

Bariú Karabiyik, Department of Chemistry, Koç
University, Istanbul, Turkey

Dr. Pablo Pedrazzini, University of Geneva,
Switzerland

Dr. Panchanana Khuntia, Department of Physics,
Indian Institute of Technology Bombay, India

Dr. Catherine Pépin, SPhT, CEA-Saclay, France

Lien Kim, Institut für Festkörperphysik, Universität
Wien, Austria

Predrag Petrovic, University of Belgrade, Serbia

Emma-Sophie Persoon, RWTH Aachen, Germany

Prof. Dr. Shin-ichi Kimura, UVSOR Facility, Institute
for Molecular Science and The Graduate University for
Advanced Studies Okazaki, Japan

Dr. Adam Pikul, W. Trzebiatowski Institute for Low
Temperature and Structure Research, Polish Academy
of Sciences, Poland

Simon Kokolakis, Physikalische Chemie I, TU
Darmstadt, Germany

Milica Raduloviü, University of Belgrade, Serbia

Mihail V. Konovalov, Ioffe Physical-Technical Institute,
Russian Academy of Sciences, Russian Federation
Dr. Mukul Laad, Theoretische Physik I, Technische
Universität Dortmund, Germany
Dr. Sophie Le Gallet, Institut Carnot de Bourgogne
(ICB), Université de Bourgogne, Dijon, France
Stefan Lebernegg , FB Materialforschung & Physik,
Abteilung Mineralogie, Universität Salzburg, Austria
Prof. Dr. Klaus Lüders, Fachbereich Physik, FU Berlin,
Germany
Dusan Malenov, University of Belgrade, Serbia
Dr. Marek Mihalkovic, Institute of Physics, Slovak
Academy of Sciences, Bratislava, Slovakia

Dr. A.K. Rajarajan, Solid State Physics Division, ModLab II Floor, Bhabha Atomic Research Centre, India
Christoph Rameshan, Institute of Physical Chemistry,
University of Innsbruck, Austria
John H Roudebush, Department of Chemistry,
University of California Davis, USA
Dr. Suja Elizabeth Saji, Department of Physics, Indian
Institute of Science, Bangalore, India
Marcus Scheele, Institut für Physikalische Chemie,
Universität Hamburg, MIN Fakultät, Germany
Prof. Dr. Hans Schmid, Universtät Genf, Schweiz
Jennifer Schmitt, Institut für Anorganische Chemie und
Analytische Chemie, Johannes Gutenberg-Universität
Mainz, Germany

Ana Miltojeviü, University of Belgrade, Serbia

Dr. Astrid Schneidewind, PANDA – Kaltes
Dreiachsenspektrometer, Forschungs-Neutronenquelle
Heinz Maier-Leibnitz, Germany

Dr. Nandang Mufti, University of Groningen, The
Netherlands

Thorsten Schröder, Department Chemie, LudwigMaximilians-Universität München, Germany

Prof. Dr. Jens Müller, Center for Materials Research
and Technology, Florida State University, USA

Prof. Julian Sereni, Low Temperature Laboratory,
Centro Atomico Bariloche, Argentina

Prof. Dr. Hohn Mydosh, Kamerlingh Onnes Laboratory,
Leiden University, Netherlands

Dr. Nicholas Shannon, H H Wills Physics Laboratory,
Department of Physics, University of Bristol, U.K

Gizem Narin, Department of Chemistry, Koç
University, Istanbul, Turkey

Dr. Lidong Shao, Department for Inorganic Chemistry,
Fritz Haber Institute of Max-Planck Society, Germany

Dr. Ramesh Nath, IISER Trivandrum, CET Campus,
India

Dr. Ryousuke Shiina, Department of Material Science
and Technology, Niigata University, Japan

Dragan Ninkovic, University of Belgrade, Serbia

Prof. Qimiao Si, Department of Physics and Astronomy,
Rice University, Houston, USA

Sonja Milic, University of Belgrade, Serbia

Prof. Dr. George Nolas, Department of Physics,
University of South Florida, USA
Dr. Agustinus Agung Nugroho, Department of Physics,
Institut Teknologi Bandung, Indonesia
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Dr. David Parker, Oak Ridge National Laboratory,
USA

Prof. Dr. Dariusz Kaczorowski, Institute of Low
Temperature and Structure Research, Polish Academy
of Sciences, Wroclaw, Poland

Dr. Olga Sichevych, Ukrainian State University of
Forestry And Wood Technology, Institute of Chemistry,
Lviv, Ukraine

ADDENDUM

Dr. Alsu Skvortsova, Theoretical Physics Department,
Kazan State University, Russian Federation
Dr. Elena Smolentseva, Nanocatalysis Department,
Centro de Nanociencias y Nanotecnologia, Ensenada,
Mexico

Prof. Diego Venegas-Yazigi, Departamento. de Química
de los Materiales, Universidad de Santiago de Chile,
Chile
Alena Vishina, Theoretical Physics Department, Kazan
State University, Kazan, Russian Federation

Prof Mehmet Somer, Department of Chemistry, Koç
University, Istanbul, Turkey

Aditya Wagh, Department of Physics, Indian Institute of
Science, Bangalore, India

Prof. Evgenia Spodine Departamento. de Químíca
Inorgánica y Analitica, Universidad de Chile, Chile

Prof. Russell Walstedt, Department of Physics and
Astronomy, The State University of New Jersey, USA

Dusan Sredojevic, University of Belgrade, Serbia

Dr. Franz Weitzer, Institut für Physikalische Chemie
Universität Wien, Austria

Dr. Adam I. Stash Karpov, Institute of Physical
Chemistry, State Scientific Center of Russian
Federation, Moscow, Russian Federation

Prof. Dr. Helmut Werheit, Universität Köln, Germany

Dr. Lucia Steinke, Walther Meissner Institut, Garching,
Germany

Prof. Dr. Michael Widom, Department of Physics,
Carnegie Mellon University, Pittsburgh, Pennsylvania,
USA

Prof. André M Strydom, Physics Department, Rand
Afrikaans University, Johannesburg, Southafrica

Prof. Dr. Maw-Kuen Wu, Institute of Physics, Academia
Sinica, Taiwan

Dr. Tetsuya Takimoto, Asia Pacific Center for
Theoretical Physics, Pohang, Korea

Dr. Victor Yushankhai, Joint Institute of Nuclear
Research, Laboratory of Theoretical Physics, Dubna,
Russian Federation

Prof. Dr. Arata Tanaka, ADSM, Hiroshima University,
Japan
Dr. Yoshifumi Tokiwa, I. Physikalisches Institut,
Universität Göttingen, Germany

Vivien Zapf, Ph.D., National High Magnetic Field
Laboratory, Los Alamos National Laboratory, Los
Alamos, New Mexico, USA

Ahmet Topçu, Department of Chemistry, Koç
University, Istanbul, Turkey

Prof. Dr. Snezana Zaric, Department of Chemistry,
University of Belgrade, Belgrade, Serbia

Dr. Alexander Tsirlin, Department of Chemistry,
Moscow State University, Russian Federation

Prof. Jing-Tai Zhao, State Key Lab of High
Performance Ceramics and Superfine Microstructure,
Shanghai Institute of Ceramics, Chinese Academy of
Sciences, Shanghai, China

Prof. Dr. Vladimir G. Tsirelson, Department of
Quantum Chemistry, Mendeleev University of
Chemical Technology, Moscow, Russian Federation
Burcu Uslu, Department of Chemistry, Koç University,
Istanbul, Turkey

Qiang Zheng, State Key Lab of High Performance
Ceramics and Superfine Microstructure), Shanghai
Institute of Ceramics, Chinese Academy of Sciences,
Shanghai, China

Paulina Valencia, Departamento De Química
Inorgánica y Analítica, Universidad de Chile, Chile

Yan Zhou, Colleague of Materials, Xiamen University,
China

Dr. Leonid Vasylechko, Semiconductor Electronics
Department, Lviv Polytechnic National University,
Ukraine
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Eingeladene Vorträge
Invited Talks

Juri Grin
Clathrate mittels SPS
Fraunhofer Institut für Fertigungstechnik und
Angewandte Materialforschung, IT Dresden
(02/2009)

Chemical bonding and preparation of intermetallic
clathrates: achievements and challenges
Ivan Franko National University of Lviv, Department of
Inorganic Chemistry, Ukraine (06/010)
Chemical bonding and thermoelectric activity of new
intermetallic clathrates
29th International Conference on Thermoelectrics,
Shanghai, China (06/2010)

Redox reactions and intermetallic compounds: dreams
and realities
Ivan Franko National University of Lviv, Department of
Inorganic Chemistry, Ukraine (04/2009)

Chemical bonding and thermoelectric features of new
intermetallic clathrates
National Institute for Materials Science, Tsukuba, Japan
(06/010)

Redox Reactions for Preparation of Intermetallic
Compounds
Canadian Society for Chemistry Conference, Hamilton,
Ontario, Canada (05/2009)

New intermetallic cage compounds: chemical bonding
and thermoelectric properties
3rd International Symposium on Structure-Property
Relationships in Solid State Materials, Stuttgart
(06/2010)

Spark Plasma Sintering on thermoelectric materials
8th Pacific Rim Conference on Ceramic and Glass
Technology, Vancouver, British Columbia, Canada
(06/2009)
Spark plasma sintering applications on thermoelectric
materials
28th International Conference on Thermoelectrics;
7th European Conference on Thermoelectrics, Freiburg
(07/2009)
“Organic” Chemistry of Intermetallic Clathrates
Chinese Academy of Sciences, Shanghai Institute of
Ceramics, China (11/2009)
Intermetallic compound: applications potentials and
basic research challenges
Universidad de Valparaiso, Chile (01/2010)
Clathrates
Thermoelectric Winter School, Bremen (02/2010)
Intermetallic clathrates as thermoelectric materials
Wilhelm and Else Heraeus Seminar on “Nanostructured
Thermoelectric Materials”, Bad Honnef (02/2010)

Chemical bonding and SCES in intermetallic
compounds
International Conference on Strongly Correlated
Electron Systems, Santa Fé, New Mexico, USA
(07/2010)
Chemistry of Strongly Correlated Systems
Workshop on Principles and Design of Strongly
Correlated Systems, Trieste, Italy (08/2010)
Chemistry and physics of the new cage compounds
Advanced Research Workshop: New materials for
thermoelectric applications – theory and experiment
Hvar, Croatia (10/2010)
Chemische Bindung und katalytische Eigenschaften
intermetallischer Verbindungen
Lemberg, Ukraine (12/2010)
Neuartige thermoelektrische Materialien
Dresdner Werkstoffsymposium (12/2010)

Chemical bonding and thermoelectric properties of new
cage compounds
Technische Universität Wien, Institut für
Festkörperphysik , Österreich(04/2010)

Rüdiger Kniep
Biominerale als anorganisch-organische
Nanokomposite: Über biomimetische Zähne und
Gehörsteine
GDCh Jungchemiker-Forum, Münster (Februar 2009)

Some facets of structural complexity (with time- and
space-resolved links to Sven Lidin
Sven Lidin Symposium, University of Stockholm,
Sweden (04/2010)

Principles of Biomineralisation/Biomimetic
Mineralisation
DFG-Projekttreffen, Universidad de Chile, Santiago de
Chile (03/2009)

Intermetallische Verbindungen: Vergangenheit,
Gegenwart und Zukunft
Kolloquium des GDCh-Ortsverbandes Dresden
(05/2010)

Borophosphates: History and Trends
DFG-Projekttreffen, Universidad de Chile, Santiago de
Chile (03/2009)

Chemistry and physics of thermoelectric materials
Polish Academy of Sciences, W. Trzebiatowski Institute
of Low Temperature and Structure Research, Wrocáaw
Poland (05/2010)
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Redox reactions in SPS
Ensicaen Caen, France (05/2010)

The beauty of complexity: Shape development and
hierarchical structures of gelatine-based
nanocomposites
Geburtstagssymposium Prof. Nesper. Exploring the
Solid State: Synthesis, Properties and Applications,
ETH Zürich (04/2009)
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Prinzipien der Biomineralisation: Über biomimetische
Zähne und Gehörsteine
Studium Generale „Faszination der Elemente“, PhilippsUniversität Marburg (07/2009)

Biomineralisation: Mimicking Functional NanoComposite-Materials of the Human Body
Institute for Low Temperature and Structure Research,
Wrocáaw, Polen (08/2010)

Biomimetic Morphogenesis and Structure of Calcite
Statoliths (Otoconia): An Approach towards Deeper
Understanding of a Bio-Sensor and its Function
42nd IUPAC Congress, Glasgow (08/2009)

Advances in Biomineralisation: Mimicking Functional
Nanocomposite-Materials of the Human Body
(Bone/Teeth and Otoconia)
Mongolian-German Workshop on Advanced Materials,
National University of Mongolia, Ulan Bator (09/2010)

Principles of Biomineralisation
National University of Mongolia, Ulan Bator, Mongolei
(09/2009)
Embryonic States of Fluorapatite-GelatineNanocomposites and Their Intrinsic Electric Field
Driven Morphogenesis: The Missing Link on the Way
from Molecular Dynamics Simulations to Pattern
Formation on the Meso-Scale
EUROMAT 2009, Glasgow (09/2009)
Principles of Biomineralisation
Nan-Qiang Forum for Distinguished Scientists Lecture,
Xiamen University, China (11/2009)
Embryonic states of fluorapatite-gelatinenanocomposites and their shape development to
hierarchical mesostructures: Experiment and Theory
International Conference on Nanomaterials, Kerala,
Indien (04/2010)
Biomimetische Mineralisation: Wachstum und Struktur
von bio-analogen Nanokompositen
GDCh-Vortrag, Karlsruhe (05/2010)
Knochen, Zähne, Ohrenstaub: Bildung und Struktur von
biomimetischen Nanokompositen
GDCh-Vortrag, Universität Hamburg (06/2010)

Biomimetische Mineralisation: Wachstum und Struktur
von bio-analogen Nanokompositen
Plenarvortrag
15. Vortragstagung der Wöhler-Vereinigung der GDCh,
Freiburg i. Br. (09/2010)
Prinzipien der Biomineralisation
GDCh-Vortrag, Universität Siegen (11/2010)
Biomimetische Mineralisation: Wachstum und Struktur
von bio-analogen Funktionsmaterialien des
menschlichen Körpers
Vortrag, Universität Würzburg (12/2010)
Frank Steglich
Interplay between quantum criticality and
superconducting in heavy electrons
International Workshop on ''Quantum Critical
Phenomena and Novel Phases in Superclean Materials"
(PSM2009WS)
East West Center, University of Honolulu, Hawaii, USA
(01/2009)
Superconductivity of heavy-fermion electrons: The quest
for coupling mechanisms
Kolloquiumsvortrag TU Wien (01/2009)

Biomimetic Morphogenesis and Nano-Composite
Structure of Calcite Statoliths (Otoconia): An Approach
towards Deeper Understanding of a Bio-Sensor and its
Function
ISOPE International Offshore (Ocean) and Polar
Engineering Conference, Peking, China (06/010)

Superconductivity in heavy Fermions: Does quantum
criticality help?
Aist-Riken Joint Workshop "Emergent Phenomena of
Correlated Materials"
Bankoku Shinryoukan, Okinawa, Japan (03/2009).

News from the Systems AE-TE-C/N
3rd International Symposium on Structure-Property
Relationship in Solid State Materials, Max-PlanckInstitut für Festkörperforschung, Stuttgart (06/010)

Interplay between quantum criticality and heavyfermion superconductivity
Symposium celebrating the 75th birthday of Prof. Klaus
Andres, TU München, München (06/2009)

Embryonic States of Fluorapatite-GelatineNanocomposites and Their Intrinsic Electric Field
Driven Morphogenesis
Nanofair 2010, Fraunhofer IWS, Dresden (07/2010)
(zusammen mit Elena Rosseeva)

Superconductivity near heavy-fermion quantum critical
points
Summer Cargèse Workshop on ''Emergent Quantum
Phenomena from the Nano to the Macro World''
Institut d'Études Scientifiques de Cargèse, Cargèse,
Corsica (07/2009)

Von Einkristallen anorganischer Phasen zu biorelevanten Nanokompositen
GDCh-Vortrag, Dresden (07/2010)
Biomimetic Morphogenesis and Nano-Composite
Structure of Calcite Statoliths (Otoconia): An Approach
towards Deeper Understanding of a Bio-Sensor and its
Function
International Conference “Minerals as Advanced
Materials II”, Kirovsk, Russland (07/2010)

Superconductivity versus quantum criticality: what can
we learn from heavy fermions?
Int. Conf. on Magnetism (ICM 2009)
Congress Center Karlsruhe (07/2009)
Heavy fermion quantum criticality: the strange case of
YbRh2Si2
Workshop on "Correlated Behavior and Quantum
Criticality in Heavy Fermion and Related Systems"
Aspen Center for Physics, Aspen, USA (08/2009)
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Interplay between quantum criticality and
superconducting in heavy fermions
Colloquium during the workshop on "Correlated
Behavior and Quantum Criticality in Heavy Fermion
and Related Systems"
Aspen Center for Physics, Aspen, USA (08/2009)
Are superconducting and quantum criticality convoluted
in heavy-fermion metals?
Workshop in honor of Prof. Kazuo Ueda, on New
Developments in Strongly Correlated Electron Systems
ETH, Zürich, Schweiz (09/2009)
Evolution of the T-B phase diagram of YbRh2S2 under
chemical pressure
ECOM COST P-16 Meeting: International Workshop
on Emergent Behaviour in Correlated Systems: Present
and Prospects
Jagiellonian University, Krakow, Poland
(09/2009)
Open Meeting of the Max-Planck Partner Group on
Nonmagnetic Kondo Effect
W. Trzebiatowski Institute, Polish Academy of
Sciences, Wrocáaw, Poland (09/2009)
Global phase diagram of the quantum critical heavyfermion metal YbRh2Si2
2009 Hangzhou Workshop on "Quantum Matter"
Zhejiang University, Hangzhou, China (10/2009)
Interplay between antiferromagnetic quantum critical
point and selective Mott transition in pure and doped
YbRh2Si2
Koll. Vortrag, Rice University, Houston, Texas, USA
(11/2009)
Interplay between antiferromagnetic and Kondobreakdown quantum critical points in pure and doped
YbRh2Si2
APS March Meeting, Oregon Convention Center,
Portland, USA (03/2010)
Unconventional quantum criticality in YbRh2Si2
2010 Hangzhou Workshop on “Quantum Matter”
Zhejiang University, Hangzhou, China (05/2010)

How far does superconductivity accompany quantum
criticality in heavy-fermion metals?
11th Japanese-German Symposium on New Quantum
States and Phenomena in Condensed Matter
Aki Grand Hotel, Hiroshima, Japan (09/2010)
Break up of heavy fermions near an antiferromagnetic
instability
International Conference on Heavy Electrons
(ICHE 2010)
Tokyo Metropolitan University, Tokyo, Japan (09/2010)
Antiferromagnetic instability and Kondo breakdown in
YbRh2Si2
Workshop on Resonating Valence Bond Physics: Spin
Liquids and Beyond (in memory to Patrik Fazekas)
Hungarian Academy of Sciences, Research Institute for
Solid State Physics and optics, Budapest, Hungary
(10/2010)
Marc Armbrüster
Intermetallic Compounds as Highly Selective Catalysts
for the Semi-Hydrogenation of Acetylene
Surfaces of Complex Metallic Alloys III – Plenary Talk
Berlin (04/2009)
Intermetallic Compounds in Catalysis
Ludwig-Maximilians-Universität München
München (07/2009)
Intermetallische Verbindungen in der Katalyse
Technische Universität München
München (07/2009)
Intermetallic Compounds in Catalysis EMPA
Thun (07/2009)

Incipient magnetism and superconductivity in rareearth-based 122 compounds
9th International Conference on Spectroscopies in Novel
Superconductors (SNS 2010)
Fudan University, Shanghai, China (05/2010)

Intermetallic Compounds in Catalysis
1st International Conference on Complex Metallic
Alloys and their Complexity (C-MAC-1; together with
Yu. Grin, R. Schlögl)
Nancy (10/2009)

Heavy electrons: Quantum criticality, superconductivity
and spin-related transport
European Symposium on Nanospintronics
University of Hamburg (06/2010)

Intermetallic Compounds as Heterogeneous Catalysts –
Chance for a Knowledge-Based Development and
Understanding?
Technische Universität Berlin
Berlin (07/2010)

Incipient magnetism and Kondo breakdown in heavy
fermions
Workshop on Physics of New Materials (Batlogg-Fest)
ETH, Zürich, Schweiz (08/2010)
Heavy fermions – superconductivity, incipient
magnetism and Kondo breakdown
Joint European Magnetic Symposia (JEMS 2010)
Jagiellonian University, Krakow, Poland (08/2010)
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To which extent does incipient antiferromagnetism
assist heavy-electron superconductivity?
Theoretical and Experimental Magnetism Meeting,
organized by Centre for Materials Physics and
Chemistry (STFC), ISIS Facility and the Institute of
Physics Magnetism group, Cosener’s House, Abingdon,
UK (09/2010)

Intermetallic Compounds in Catalysis
Karlsruhe Institute of Technology
Karlsruhe (08/2010)
Pd-Ga Intermetallic Compounds in Catalysis
Universität Innsbruck
Innsbruck (09/2010)
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Intermetallic Compounds as Platform Materials in
Heterogeneous Catalysis and the COST Action CM0904
C-MAC Industry Days, Dresden (11/2010)

Huge first order type metamagnetic transition in the
large N heavy fermion system CeTiGe
Institut Nanoscience et Cryogénie, SPSMS / IMAPEC,
CEA Grenoble, France (10/2010)

Manuel Brando

Huge first order type metamagnetic transition in the
large N heavy fermion system CeTiGe
11th Japanese-German Symposium: New Quantum
States and Phenomena in Condensed Matter, Hiroshima,
Japan (09/2010)

Dagli Heavy-Fermions verso Nuovi Stati Fondamentali
della Materia
University of Camerino, Camerino, Italy (06/2009)
Kondo-Cluster-Glass state near a FM QPT in
CePd(1-x)Rh(x)
International Conference on Magnetism, Karlsruhe,
Germany (09/2009)
Kondo-Cluster-Glass state near a FM QPT in
CePd(1-x)Rh(x)
Hangzhou Workshop on Quantum Matter 2009,
Hangzhou, China (10/009)
Quantum Phase Transitions in Simple Metals: The
puzzling Case of NbFe2
University of Göttingen(01/2010)
Kondo-Cluster-Glass state near a FM QPT in
CePd(1-x)Rh(x)
9th Prague Colloquium of electron Systems, Prague,
Czech Republic (06/2010)
Quantum Critical Fluctuations in the Frustrated Kondo
Lattice PrIr2O7
12th International Conference On Modern Materials &
Technologies, Montecatini Terme, Italy (06/2010)
Quantum Phase Transitions in Band Magnets: The
puzzling Case of NbFe2
Maximillians University of Munich, Munich, Germany
(07/2010)
Kondo-Cluster-Glass state near a FM QPT in
CePd(1-x)Rh(x)
International Conference on Magnetic Materials 2010,
Kolkata, India (08/2010)

Huge first order type metamagnetic transition in the
large N heavy fermion system CeTiGe
9th Prague Colloquium on f-Electron Systems, Charles
University Prague, Prague, Czech Republic (06/2010)
Huge first order type metamagnetic transition in the
large N heavy fermion system CeTiGe
Focus Workshop on Dual Nature of f-electrons, MPIPKS, Dresden, Germany (05/2010)
Deepa Kasinathan
Relation of structure, magnetism, doping and pressure
in AFe2-xTxAs2 (A = Ca, Sr, Ba, Eu and T = Co, Ru, Mn)
Workshop on "Electronic Structure of Fe-based
Superconductors"
Max-Planck-Institute for Solid State Research, Stuttgart
(05/2010)
Relation of structure, magnetism, doping and pressure
in AFe2-xTxAs2 (A = Ca, Sr, Ba, Eu and T = Co, Ru, Mn)
Center for Computational Materials Science,
Institute of Physics of the Academy of Sciences of the
Czech Republic, Prague (04/2010)
Orbital Order is low dimensional spin-1/2 systems
First Goettingen-India Physics Workshop on Frontiers
in Condensed Matter and Complex systems
University of Göttingen, Göttingen (11/2009)
Guido Kreiner

Wilder Carrillo-Cabrera
Structure of Ba10Ge50 from electron diffraction/X-ray
powder diffraction data.
26th European Crystallographic Meeting, ECM 26,
Darmstadt (08/2010)
Christoph Geibel
CeTiGe: Kondo lattice with first oder metamagnetic
transition and large orbital degeneracy
International Workshop on Emergent Behaviour in
Correlated Systems: Present and Prospects, Jagiellonian
University, Institute of Physics, Krakow, Poland
(08/2009)
Magnetism, Structural Instability and Superconductivity
in Layered FeAs Systems
International Conference on the Applications of the
Mössbauer Effect, Vienna, Austria (07/2009)

Phase Stability, Disorder Phenomena and Modeling of
Complex Metallic Alloy Phases
Gemeinsames Kolloquium für Anorganische Chemie
der Universität Stuttgart und dem Max-Planck-Institut
für Festkörperforschung, Universität Stuttgart, Germany
(12/2010)
Phase Stability, Disorder Phenomena and Modeling of
Complex Metallic Alloy Phases
German-Mongolian Meeting 2010, Mongolia,
Ulaanbataar (09/2010)
Structural Disorder in Nb-based Laves-Phases
Green Chemistry and Applied Science, Ulaanbataar,
Mongolia (10/2010)
Phase Stability, Disorder Phenomena and Modeling of
Complex Metallic Alloy Phases
European Crystallographic Meeting, Darmstadt,
(08/2010)
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Michael Nicklas
Ground-state properties of Platinum-Germanium-based
Filled Skutterudites
Seminarvortrag am Hochfeld-Magnetlabor Dresden,
(02/2010)
Interplay of 4f magnetism and superconductivity in
EuFe2As2
2009 Hangzhou Workshop on Quantum Matter,
Hangzhou, China (10/2009)
Quantum criticality and emerging phases: Pressuretuning of heavy-fermion metals
Symposium "Physik korrelierter Elektronensysteme in
Festkörpern", Ruprecht-Karls-Universität Heidelberg
(04/2009)
Pressure tuning of the ground-state properties in heavyfermion metals
Kolloquium des Sonderforschungsbereichs 608,
Universität zu Köln (05/2009)

Chemistry and Physics of Intermetallic Compounds:
Novel Silicon and Germanium Networks
International Summer School on Quantum Materials,
Max-Planck-Institut für Metallforschung und MaxPlanck-Institut für Festkörperforschung, Stuttgart
(10/2010)
Neuartige Siliziumnetzwerke
Seminar am Institut für Anorganische Chemie,
Universität zu Köln (12/2010)
Jörg Sichelschmidt
Electron Spin Resonance in Kondo lattice compounds
SCES '08 conference, Búzios, Brazil (08/2008)
Electron Spin Resonance in Kondo lattice compounds
1. Physikalisches Institut, Universität Stuttgart
(06/2009).
Paul Simon

Elena Rosseeva
A biomimetic approach for getting close relations to the
structural and morphological complexity of biological
hard tissues: Carbonated apatite-(CaF)-protein nano composites
XI RMS General Meeting “Modern mineralogy: from
theory to practice” combined with the Fedorov Session
2010, Saint Petersburg, Russia (10/2010)
Martin Rotter
Going beyond the dipole approximation to improve the
refinement of magnetic structures by neutron diffraction
University of Salzburg, Austria (12/2010)
Ulrich Schwarz
Festkörperchemie bei hohen Drücken
Kolloquium am Institut für Anorganische Chemie,
Universität Marburg (05/2009)
Tayloring electronic properties by high pressure
1st Extreme Conditions Workshop, HASYLAB at
DESY, Hamburg (05/2009)
Workshop DFT meets Solid State Chemistry and 8th
Tutorial Hands-on-FPLO,
Institut für Festkörper- und Werkstoffforschung,
Dresden (11/2009)
New Silicon and Germanium Networks
ESRF User Meeting and Workshop,
Prof. Dr. Vitalij Pecharsky, Grenoble, France (02/2010)
Novel silicon and germanium networks at extreme
conditions
Extreme Conditions Research – Large Volume Press at
Petra III, Lüneburg (10/2010)

Biomineralisation and application of electron
holography in materials science
Seminar: Institut für Neue Materialien, Saarbrücken,
(invited by Prof. E. Arzt) (10/2009)
Electron Holography and TEM: Applications to
Materials Questions with Emphasis on
Biomineralisation and Detection of Electric or
Magnetic Nanofields
University of Glasgow, Großbritannien, Department of
Condensed Matter Physics (Invited by Prof. A. Long)
(10/2009)
Calcium carbonate phases in biomimetic and natural
composites
W. Carrillo-Cabrera, H. Cölfen, C. Lausser, H. Ehrlich,
E. Brunner, G. Muricy, Y.X. Huang, R. Kniep
Euromat 2009, Glasgow, Great Britain (Invited by Prof.
Fiona Meldrum) (09/2009)
Electron Microscopy and Holography of Nanobricks of
Si and Ge Clathrates
Wilder Carrillo-Cabrera, Zhongjia Tang, Katherine
Chiong, Michael Baitinger, Yuri Grin, Arnold M. Guloy
Nanofair 2010, 8th International Nanotechnology
Symposium, New Ideas For Industry, Dresden,
(07/2010)
Peter Thalmeier
Feedback Spin Exciton Formation in Unconventional
Superconductors and Related Materials
7th International Conference on New Theories,
Discoveries and Applications of Superconductors and
Related Materials, Bejing, China (05/2009)
Frustrated Magnetism in Vanadium Oxides
Forschungszentrum Rossendorf, Dresden (05/2009)
Frustrated Magnetism in Vanadium Oxides
Faculty of Science, Ibaraki University, Mito, Japan
(09/2009)
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Effect of f Electron Excitations in Heavy Fermion and
Unconventional Superconductor
International Conference on Superconductivity and
Magnetism, Antalya, Turkey (04/2010)
Effect of f Electron Excitations in Heavy Fermion and
Unconventional Superconductors
Academia Sinica, Taipei, Taiwan (09/2010)
Steffen Wirth
Magnetotransport in heavy fermion metals CeMIn5
(M = Co, Ir) and CeCo(In1-xCdx)5: Influence of
antiferromagnetic fluctuations
invited at Hangzhou Workshop on Quantum Matter,
China (10/2009)
Magnetotransport and tunneling in heavy fermion
metals CeMIn5
plenary talk at International Conference on Strongly
Correlated Electron Systems SCES2010, Santa Fe, USA
(06/07/2010).
Magnetotransport and Tunneling in heavy fermion
metals
Seminar at MARTECH, Florida State University
(07/2010)
Magnetotransport and tunneling in heavy fermion
metals
invited talk at workshop Principles and Design of
Strongly Correlated Materials, Trieste, Italy
(08/2010)
Scanning Tunneling Microscopy on strongly correlated
materials
invited seminar at Physics Dept., IISc, Bangalore, India
(09/2010)
Progress in Scanning Tunneling Microscopy
Colloquium at IISER, Pune, India (09/2010)
Magnetotransport and Tunneling in heavy-fermion
metalsCondensed

Matter and Materials Science seminar, TIFR, Mumbai,
India (09/2010)
Scanning Tunneling Microscopy on strongly correlated
materials
SFB Seminar at the Physical Institute, University of
Frankfurt (12/2010)
Rastertunnelmikroskopie an stark korrelierten Elektro nensystemen
Kolloquium am Institut für Physik, Technische Univer sität Ilmenau (01/2011)
Hui Zhang
Thermoelectric properties of Yb0.75Eu0.25Zn2Sb2 and
Yb0.5Eu0.5Zn2Sb2
MRS Spring 2010 meeting, San Francisco, California,
USA (04/2010)

Posterauszeichnungen /
Best Poster Awards
Rigaku poster award for the best powder diffraction
poster to Marija Borna: Synthesis and Crystal Structure
of the Isotypic Rare Earth (RE) Thioborates Re6B3.33S14
(RE = Ho, Tm, Lu)
Marija Borna, Jens Hunger, Alim Ormeci, Dirk Zahn,
Wilder Carrillo-Cabrera and Rüdiger Kniep
(1st prize), presented at the 25th European
Crystallographic Meeting
Istanbul, Turkey 16-21 August 2009
On the occasion of the 7th International Conference on f
Elements, ICfE-7 (Cologne, 23-27 August 2009), Viktor
Bezugly and Frank R. Wagner “Quantum Mechanical
TE-RE Bonding Analysis in Position Space:
Methodology and Application”, honoured with an
Excellent Poster Award.
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Lehrveranstaltungen
University Lectures

TU Dresden inklusive 65 Aktivitäten
(School of Solid State Sciences Saxony)
Vorlesungen
Einführung in die Strukturchemie
SS 2009, SS 2010, SS 2011
Juri Grin
4 SWS, (gemeinsam mit Prof. Bernd Kieback)
Supraleitung / Superconductivity
SS 09
Manuel Brando
2 SWS
Magnetismus II: stark korrelierte Elektronen-Systeme
SS 2010
Christoph Geibel
2 SWS
Streumethoden
SS 2010, SS 2011
Oliver Stockert
2 SWS
Physik in hohen Magnetfeldern
WS 2009/2010
Oliver Stockert (gemeinsam mit Prof. Jochen Wosnitza)
2 SWS
Physik unter extremen Bedingungen
SS 2009, SS 2010
Steffen Wirth
2 SWS
Methods of Computer Simulation in Chemistry, Physics
and Materials Science
WS 2008/2009
Dirk Zahn
2 SWS
Chemie für Physiker, Werkstoffwissenschaftler und
Geographen
WS 2008/2009, WS 2009/2010, WS 2010/2011
Guido Kreiner
4 SWS Vorlesung (gemeinsam mit Enkhtsetseg Dashjav
und Marc Armbrüster)
1 SWS Seminar (gemeinsam mit Dozenten der TU
Dresden)
Chemie für Wirtschaftsingenieure
SS 2009, SS 2010, SS 2011
Ulrich Schwarz
2 SWS
Einführung in die heterogene Katalyse
WS 2010/2011
Marc Armbrüster
(Vertretung für W. Reschetilowski, 2 Termine)
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Seminare
Seminar zur Allgemeinen und Anorganischen Chemie
für Chemieingenieure
WS 2009/20010, WS 2010/2011
Marc Armbrüster
1 SWS
Seminar zur Anorganischen Chemie für Studierende der
Ingenieurstudiengänge Wasserwirtschaft, Abwasser
und Altlasten
WS2008/2009, WS 2009/2010, WS 2010/2011
Ulrich Schwarz, Stefano Leoni (jetzt TU Dresden), Jens
Hunger
1 SWS

CPfS Lecture Series on the
Physical Chemistry of Solids
Spectroscopic Methods in Solid State Chemistry –
from Bulk to Surface
SS 2010, SS 2011
Koordination: Marc Armbrüster
Übungen: Marc Armbrüster, Enkhtsetseg Dashjav,
Guido Kreiner
1 SWS
Vorlesungen: Marc Armbrüster, Enkhtsetseg Dashjav,
Guido Kreiner, Ulrich Schwarz
1 SWS
Prof. Bernard Coqblin, Laboratoire de Physique des
Solides, Université Paris-Sud, Orsay, France
From the Underscreened Kondo Lattice model for
Uranium compounds to the spin glass-Kondo
competition for disordered Cerium alloys (11.03.2010)

Praktika
Studiengang Chemie-Ingenieurwesen (Diplom)
Grundpraktikum Chemie-Ingenieurwesen
SS 2009
Marc Armbrüster
20 SWS (sechs Wochen täglich ganztägig)
Studiengang Chemie (Bachelor) und Chemie
(Master)
Koordination der Mitarbeit des MPI CPfS:
Ulrich Schwarz
 Spezielle Anorganische Chemie (Betreuungsverhältnis
1:4)
SS 2009, SS 2010, SS 2011
8 SWS
 Vertiefte Anorganische Chemie (Betreuungsverhältnis
1:2)
WS 2009/2010, WS 2010/2011
Module: Raul Cardoso, Enkhtsetseg Dashjav, Thorsten
Goebel, Frank Haarmann, Peter Höhn, Jens Hunger,
Alexander Kerkau, Guido Kreiner, Yigit Öztan, Oliver
Pecher, Yurii Prots, Elena Rosseeva, Paul Simon, Rico
Berthold, 10 SWS
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Studiengang Physik
Grundpraktikum Physik
WS 2008/2009, SS 2009, WS 2009/2010, SS 2010,
WS 2010/2011
Versuchsbetreuung: Christoph Bergmann, Thomas
Gruner, Ariane Haase, Alexander Herzog, Anton
Jesche, Stefan Lausberg, Heike Pfau, Alexander
Steppke
2 SWS

Aktivitäten außerhalb der TU
Dresden und 65
Activities beyond the TU Dresden and Σ 5
Lehrstuhlvertretung (Gastprofessur) an der TU
Göttingen
Steffen Wirth
WS 2009/2010
Phases and Excitations in 2D Quantum Spin Systems
Vorlesung an der Goethe-Universität Frankfurt
Oktober 2010
Praktikum zum industriellen Training
Elite Master Studiengang Advanced Materials Science
Ulrich Schwarz gemeinsam mit Wolfgang Schmahl
(LMU München)
WS 2010/2011
20 SWS (sechs Wochen täglich ganztägig) mit Cevriye
Koz
Sonderprogramm Serbien  Forschungspraktika in
Deutschland für Studierende und Graduierte aus
Serbien
Horst Borrmann für die Universität Belgrad
SS 2009, SS 2010
12 SWS  36 SWS (ein bis drei Monate täglich
ganztägig)
Vortrag “Electric Dipole Field induced Morphogenesis
of Fluoroapatite with Gelatine: A Model System for
General Principles of Biomineralisation?”
Paul Simon
Vortrag “Principles of Biomineralization”
Elena Rosseeva

Akademische Qualifikationen
Academic Qualifications
Diplomarbeiten / Diploma Theses
Bei den Diplomarbeiten handelt es sich um sogenannte
gemeinsame Diplomarbeiten, bei denen die
Diplomanden gemeinsam von einem Dozenten der
genannten Universität/Hochschule und einem
Wissenschaftler / einer Wissenschaftlerin am MPI CPfS
betreut wurde.
2009
Sarah-Virginia Ackerbauer
Ternäre äquiatomare MPtSi und MPtGe-Verbindungen
(M = Übergangsmetall): Untersuchungen der
Kristallstrukturen und der physikalischen Eigenschaften
Universität Wien (2009)
Janina Jentsch
Chemischer Transport von Rhodium- und Kupfer-OxoVerbindungen
Hochschule für Technik und Wirtschaft Dresden (2009)
Christoph Klingner
Entwicklung des antiferromagnetischen Zustandes im
System Yb(Rh1-xCox)2Si2
Technische Universität Dresden (2009)
Theodor Milek
Theoretische Untersuchung der Strukturorganisation
ausgewählter metallischer Systeme bei der Abscheidung
aus der Gasphase
Technische Universität Dresden (2009)
Carola Müller
Hochdrucksynthesen von Lanthanoidpolychalkogeniden
und deren strukturelle und physikalisch-chemische
Charakterisierung. Technische Universität Dresden
(2009)
Michael Schöneich

Syntheseoptimierung von germaniumreichen
Seltenerd-/Edelmetallverbindungen
Technische Universität Dresden (2009)
Evelin Semke
Überprüfung des Konzepts der isolierten aktiven
Zentren an isostrukturellen intermetallischen
Verbindungen. Technische Universität Dresden (2009)
Maik Wagner
Synthese von nanostrukturierten Ba8Ga16Ge30-Typ-IClathraten
Technische Universität Dresden (2009)
Michael Wedel
Zur phasenreinen Synthese von RuAl2.
Technische Universität Dresden (2009; M. Ruck TUD
und H. Borrmann MPI CPfS)
Gregor Wowsnick
Nanopartikuläre Darstellung intermetallischer Pd-GaVerbindungen. Technische Universität Dresden (2009)
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2010
Thomas Gruner
Untersuchung der Elektronenspinresonanz in den
Kondo-Gitter-Systemen YbT2Si2 (T = Co, Rh, Ir)
Technische Universität Dresden (2010; Frank Steglich)
Franziska Jach
Synthese und Charakterisierung von Sr3[Co(CN)3]
Technische Universität Dresden (2010)
T. H. Duong Nguyen (Baitinger, TU Dresden)
Substitution intermetallischer Clathrate mit Elementen
der 9. Gruppe. Technische Universität Dresden (2010)

Dissertationen / PhD Theses
2009
Joanna Katarzyna Bendyna
New Developments in Nitridometalates and
Cyanamides: Chemical, Structural and Physical
Properties
Technische Universität Dresden (26.10.2009)
Salah Eddine Boulfelfel
Atomic Scale Investigation of Pressure Induced Phase
Transtions in the Solid State
Technische Universität Dresden (27.11.2009)
Eva-Maria Brüning
Kernspinresonanzuntersuchungen in Cer-basierten
Kondo-Gitter-Systemen
Technische Universität Dresden (14.08.2009)

Annu Thomas
Biometic Growth and Morphology Control of Calcium
Oxalates
Technische Universität Dresden (16.11.2009)
Harald Tlatlik
Neue Untersuchungen zu Wachstum und Struktur von
Fluorapatit-Gelatine-Nanokompositen
Technische Universität Dresden (03.04.2009)
Tanja Westerkamp
Quantenphasenübergänge in den Schwere-FermionenSystemen Yb(Rh1– x Mx)2Si2 und CePd1– x Rhx
Technische Universität Dresden (06.04.2009)
Aaron Wosylus
Synthese und in-situ Untersuchungen dreimensionaler
Silicium – und Germaniumnetzwerke unter Druck
Technische Universität Dresden (04.05.2009)
2010
Julia Arndt
Wechselspiel von Magnetismus und Supraleitung im
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