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Cover page: Shown is the micromagnetic simulation of a switchable spin wave (SW) signal splitter based on
SW caustics. The SW caustics are created by opening the 1D input waveguide into the 2D magnetic film. Its
curvilinear propagation arises due to the inhomogeneous magnetization of the film. For more details see Section
4.11. a) and b) Channeling of SW energy into different output waveguides depending on the direction of the
applied DC-current. c) Suppression of the output signal, if no DC-current is applied.
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1 Preface

Chapter 1: Preface

Dear Colleagues and Friends,

we are happy to present our Annual Report 2016. This year, we
celebrate an anniversary - this is the 20th edition of our Annual
Report. If you are interested in our earlier Reports, they can be
found on our home page. This Report is now covering the period
November 2015 to October 2016.

Along this year we enjoyed several events important to us:

e Start of new Transregional Collaborative Research Center
TR173 Spin + X: Spin in its collective environment: In January
we had the official starting date. The initiative comprises 18 sci-
entific projects distributed between researchers in Kaiserslautern
and at the Johannes Gutenberg University in Mainz, plus a young
researcher college. My group is engaged in three projects.

e Innovation Award Rhineland-Palatinate: In January we received
the Innovationspreis des Landes Rheinland-Pfalz in the category
"cooperation” jointly with the company Sensitec GmbH and the Johannes Gutenberg University
Mainz for Magnetoresistive Sensors for the Internet of Things and for Industry 4.0.

e Funding from the European Research Council: In June Andrii Chumak started his ERC Starting
Grant Nanoscale magnonic circuits for novel computing systems (MagnonCircuits). I received an
ERC Advanced Grant on Supercurrents of Magnon Condensates for Advanced Magnonics (Super-
Magnonics). Work started in October. To provide the needed measurement capacities two new
Brillouin light scattering labs are currently installed. Both projects enable us to push forward fun-
damental and applied research in the field of magnonics and magnon spintronics, in particular by
testing new ideas and concepts.

e [FW Dresden: I accepted an offer for the position of the Scientific Director and Board of the
Leibniz Institute for Solid State and Materials Research in Dresden (IFW). I now share my time
between Kaiserslautern and Dresden. Our research work in Kaiserslautern continues full steam.
However, my teaching load and my involvement in committee work are reduced.

e Conferences and workshops: In January Andrii Chumak, jointly with our former group member
Helmut Schultheiss (now at Helmholtz-Zentrum Dresden-Rossendorf), organized a Wilhelm and
Else Heraeus-Seminar at the Physikzentrum Bad Honnef on Magnonics - Spin waves connecting
charges, spins and photons. In June, in Kaiserslautern we organized the 3rd Workshop of the Core-
to-Core Project Tohoku-York-Kaiserslautern New concepts for future spintronic devices. About 80
attendees mostly from Japan, the United Kingdom and Germany attended the event for three days.
Apart from the excellent science the excursion with an original steam engine train into the valley
of Elmstein including a wine tasting was a particular highlight.

New research highlights are:

e Magnon condensates and supercurrents: We have demonstrated for the first time the existence
of a supercurrent at room temperature. Our system is a Bose-Einstein magnon condensate act-
ing as a macroscopic quantum state carrying a magnonic supercurrent. We also investigated by
experiment and accompanying theory a novel condensation phenomenon mediated by magneto-
elastic interaction in a parametrically driven magnon gas - a spontaneous accumulation of hybrid
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magneto-elastic bosons at the intersection of the lowest magnon mode and a transversal acoustic
wave. We show that the population of these quasiparticles is determined by a bottleneck effect
in the magnon transfer from high to low energy states through the magnon-phonon hybridization
region.

e Auto-oscillations and spin Seebeck effect: We have studied the temporal evolution of the spin
Hall effect - spin transfer torque (SHE-STT) driven auto-oscillations in a YIG/Pt microdisc using
Brillouin light scattering (BLS) measurements. Furthermore, by time-resolved BLS we observed
magnetization auto-oscillations in nanostructured YIG/Pt waveguides driven by the spin Seebeck
effect due to a thermal gradient at the YIG/Pt interface. We also demonstrated the frequency de-
pendence of the spin Seebeck effect in YIG/Pt bilayers. Moreover, we found that the characteristic
response time is scaling approximately with the inverse thickness of the magnetic films.

e Magnon computing: We have experimentally realized a macroscopic spin-wave majority gate.
And, using micromagnetic simulations, we have studied a nano-scaled spin-wave directional cou-
pler in the form of two dipolar-coupled spin-wave waveguides separated by a gap. We also sim-
ulated a nano-scale reconfigurable magnonic crystal realized by using voltage-controlled perpen-
dicular magnetic anisotropy in ferromagnetic-dielectric hetero-structures.

e Magneto-plasmonics: We achieved progress in understanding the behavior of magneto-plasmonic
structures. By combining near and far-field measurements we were able to introduce the concept
of a magneto-plasmonic meta-material.

Again, there have been several changes in our group. Britta Leven has left us for taking a po-
sition in our Department of Physics, now responsible for the student lab classes. We thank her
for all her contributions, in particular to our applied research. Philipp Pirro returned to us after
concluding a post-doc with Stéphane Mangin at the Institut Jean Lamour, Université de Lorraine,
Nancy, France. He continues to act as a linking person for collaborations bringing together the ma-
terial science competences of the Nancy group with our competences in magnon physics. Andrii
Chumak received his habilitation on Magnonic Crystals and now has the status of Privatdozent.
Donata Passarello finished her Ph.D. thesis in the framework of a collaboration with the IBM
Almaden Research Center San José, U.S.A. in the group of Stuart Parkin. After completing his
diploma thesis in our group, Timo Noack joined us as a new Ph.D. student. We also welcome
Qi1 Wang, Pascal Frey and Halyna Musiienko-Shmarova as new Ph.D. students in our group, and
Michael Schneider, Martin Kewenig, Moritz Geilen, Bjorn Heinz, Jochen Greser, Alexander Kreil
and Ellen Wiedemann as new Diploma students.

Thomas Bricher was awarded the "Preis der Alumni-Vereinigung Physik" of the University of
Kaiserslautern. He currently is a postdoc at SPINTEC, Grenoble.

Our work would not have been possible without valuable collaborations with people all over the
world. They are too many to list them here all. In particular we would like to thank, in alphabeti-
cal order, Christoph Adelmann, Johan Akerman, Yasuo Ando, Antonio Azevedo, Christian Back,
Matthieu Bailleul, Gerrit Bauer, Arne Brataas, Yury Bunkov, Giovanni Carlotti, Florin Ciubotaru,
Frederick Casper, Sergej Demokritov, Thibaut Devolder, Bernard Dieny, Marco Doms, Rembert
Duine, Carsten Dubs, Ursula Ebels, Hajo Elmers, Jiirgen Fassbender, Gerhard Fecher, Claudia
Felser, Albert Fert, Mark Freeman, Sebastian Goennenwein, John Gregg, Hubert Grimm, Rudolf
Gross, Dirk Grundler, Gianluca Gubbiotti, Konstantin Gusliyenko, Jaroslav Hamrle, Uwe Hart-
mann, Thomas Hauet, Michel Hehn, Jos Heremans, Atsufumi Hirohata, Axel Hoffmann, Hans
Hiibel, Gerhard Jakob, Xiaofeng Jin, Martin Jourdan, Gleb Kakazei, Boris Kalinikos, Alexy
Karenowska, Sang-Koog Kim, Akihiro Kirihara, Olivier Klein, Mathias Kldui, Yuri Kobljan-
skyj, Peter Kopietz, Mikhail Kostylev, Volodymyr Kruglyak, Takahide Kubota, Ronald Lehn-
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dorff, Joseph Losby, Jorg Losch, Victor L’ Vov, Sadamichi Maekawa, Stéphane Mangin, Gennadiy
Melkov, Claudia and Tim Mewes, Shuichi Murakami, Hiroshi Naganuma, Sergei Nikitov, Jean-
Pierre Nozieres, Kevin O’Grady, Hideo Ohno, Tereo Ono, Mikihiko Oogane, Yoshichika Otani,
Stuart Parkin, Johannes Paul, Anna Pomyalov, Giinter Reiss, Sergio Rezende, Caroline Ross, Eiji
Saitoh, John R. Sandercock, Rudi Schifer, Gerd Schonhense, Helmut Schultheiss, Koji Sekiguchi,
Jairo Sinova, Andrei Slavin, Rolf Slatter, Bob Stamps, Yoshishige Suzuki, Igor Syvorotka, Koki
Takanashi, Vasyl Tiberkevich, Simon Trudel, Yaroslav Tserkovnyak, Ken-ichi Uchida, Alexey
Ustinov, Bart van Wees, Martin Weides and Mingzhong Wu.

Collaborations within the Fachbereich Physik at the University of Kaiserslautern (in particular
Martin Aeschlimann, James Anglin, René Beigang, Sebastian Eggert, Michael Fleischhauer, Georg
von Freymann, Jochen Kuhn, Herwig Ott, Hans-Christian Schneider, Volker Schiinemann, and
Arthur Widera and their groups), Michael Kopnarski and his team from the Institut fiir Oberflichen-
und Schichtanalytik, as well as Sandra Wolff and her team from the Nano Structuring Center have
been very stimulating. We are very grateful to be a member of the State Research Center for Optics
and Material Sciences OPTIMAS.

I would also like to thank all our sponsors, which are the Deutsche Forschungsgemeinschaft
(DFG), the Deutscher Akademischer Austauschdienst (DAAD), the European Union (7™ Frame-
work Programme, Horizon 2020, M-ERA.Net), the Carl Zeiss Foundation, the State of Rhineland
Palatinate and the University of Kaiserslautern. Concerning our projects in applied research, I
would like to express my gratitude to Sensitec GmbH as our strong partner in R&D on spintronic
Sensors.

My special thanks go to Sascha Keller, Dieter Weller and Sibylle Miiller for their help in preparing
this Report, and to the team from Photo-Repro-Druck, TU Kaiserslautern.

It is my special pleasure to greet all former group members. May this report help to stay in touch.
If you are interested in our work I would be happy to hear from you.

With all my best wishes for Christmas, and a Happy New Year,

Kaiserslautern, November 2016

Bl (L2 o A3
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Vorwort

Liebe Kolleginnen und Kollegen, Freundinnen und Freunde un-
serer Arbeitsgruppe,

ich freue mich sehr, Ihnen wieder unseren Jahresbericht prisen-
tieren zu diirfen. Diesmal feiern wir ein Jubildum - dies ist die
zwanzigste Auflage unseres Jahresberichts. Er deckt den Zeitraum
von November 2015 bis Oktober 2016 ab.

Wihrend dieses Jahres fanden viele fiir uns wichtige Ereignisse
statt:

e Beginn des neuen Sonderforschungsbereichs/Transregio TR173
Spin + X: Spin in its collective environment: Im Januar war der
offizielle Beginn. Die Zusammenarbeit umfasst 18 wissenschaft-
liche Projekte zwischen Wissenschaftlern in Kaiserslautern und
an der Johannes Gutenberg-Universitit in Mainz sowie eines Col-
leges fiir junge Wissenschaftler. Unsere Gruppe ist hierbei an drei
Projekten beteiligt.

e Innovationspreis Rheinland-Pfalz: Im Januar erhielten wir den Innovationspreis des Landes
Rheinland-Pfalz in der Kategorie "Kooperation" gemeinsam mit der Firma Sensitec GmbH und
der Johannes Gutenberg-Universitidt Mainz fiir Magnetoresistive Sensors for the Internet of Things
and for Industry 4.0.

e Finanzierung durch den Europdischen Forschungsrat: Im Juni begann Andrii Chumak seinen
ERC Starting Grant zum Thema Nanoscale magnonic circuits for novel computing systems (Magnon-
Circuits). Ich erhielt einen ERC Advanced Grant fiir Supercurrents of Magnon Condensates for
Advanced Magnonics (SuperMagnonics). Die Arbeit diesbeziiglich begann im Oktober. Um die
notigen Kapazititen fiir die erforderten Messungen bereitzustellen, werden zwei neue Brillouin-
Lichtstreu-Labore in Betrieb genommen. Beide Projekte ermdglichen uns, die Grundlagen- sowie
die anwendungsorientierte Forschung im Bereich der Magnonik und Magnon-Spintronik voranzu-
treiben, insbesondere im Hinblick auf das Austesten neuer Ideen und Konzepte.

e [FW Dresden: Ich akzeptierte ein Angebot fiir die Stelle des wissenschaftlichen Direktors und
Vorstands am Leibniz-Institut fiir Festkorperphysik und Materialwissenschaften (IFW) in Dresden.
Nun teile ich meine Zeit auf zwischen Kaiserslautern und Dresden. Unsere Forschung in Kaisers-
lautern wird jedoch mit voller Kraft fortgesetzt. Jedoch wird meine Beteiligung an der Lehre und
an Gremienarbeit reduziert.

e Konferenzen und Workshops: Im Januar organisierte Andrii Chumak gemeinsam mit unserem
ehemaligen Gruppenmitglied Helmut Schultheiss (nun beschéftigt am Helmholtz-Zentrum in Dres-
den-Rossendorf) ein Wilhelm- und Else-Heraeus-Seminar am Physikzentrum Bad Honnef zum
Thema Magnonics - Spin waves connecting charges, spins and photons. Im Juni organisierten wir
in Kaiserslautern den dritten Workshop des Core-to-Core-Projektes Tohoku-York-Kaiserslautern
mit dem Thema New concepts for future spintronic devices. Ungefahr 80 Teilnehmer, groftenteils
aus Japan, GroBbritannien und Deutschland, nahmen an der dreitéigigen Veranstaltung teil. Abge-
sehen vom exzellenten wissenschaftlichen Austausch war auch die Exkursion mit einer originalen
Dampfeisenbahn nach Elmstein mit einer anschlieBenden Weinprobe ein besonderes Highlight.

Unsere diesjdhrigen Forschungs-Highlights waren:
e Magnonenkondensate und -Suprastrome: Wir konnten zum ersten Mal die Existenz eines Supra-
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stroms bei Raumtemperatur nachweisen. Unser System ist ein Bose-Einstein-Magnonenkondensat,
welches einen makroskopischer Quantenzustand darstellt und einen magnonischen Suprastrom
trigt. Zusitzlich untersuchten wir durch Experimente und entsprechende Theorie ein neues Kon-
densationsphinomen vermittelt durch magnetoelastische Wechselwirkung in einem parametrisch
angeregten Magnonengas - eine spontane Ansammlung hybridisierter magnetoelastischer Boso-
nen am Schnittpunkt der tiefsten Magnon-Mode mit einer transversalen Schallwelle. Wir konnten
zeigen, dass die Besetzung dieser Quasiteilchen durch einen Engpass im Magnonentransfer von
hohen hin zu niedrigen Energiezustinden, verursacht durch die Magnon-Phonon-Hybridisierung,
bestimmt wird.

e Auto-Oszillationen und der Spin-Seebeck-Effekt: Wir untersuchten die zeitliche Entwicklung
der durch Spin-Hall-Effekt - Spin-Transfer-Torque (SHE-STT) angeregten Auto-Oszillationen in
einer YIG/Pt-Mikroscheibe mittels Brillouin-Lichtstreu- (BLS) Messungen. Wir beobachteten zu-
dem in zeitaufgelosten BLS-Messungen Auto-Oszillationen der Magnetisierung von nanostruk-
turierten YIG/Pt-Wellenleitern, welche durch den Spin-Seebeck-Effekt bei einem Temperaturgra-
dienten an der YIG/Pt-Oberflache ausgelost wurden. Ferner konnten wir die Frequenzabhingigkeit
des Spin-Seebeck-Effekts in YIG/Pt-Doppellagen nachweisen. Wir fanden heraus, dass die charak-
teristische Reaktionszeit ungefidhr mit der inversen Schichtdicke des magnetischen Films skaliert.

e Magnonen-Computing: Wir haben ein makroskopisches Spinwellen-Majorititsgatter experi-
mentell realisiert. AuBerdem untersuchten wir mittels mikromagnetischer Simulationen einen
raumlichen Spinwellen-Koppler auf der Nanometerskala, bestehend aus zwei dipolar gekoppel-
ten Wellenleitern, welche durch eine Liicke getrennt sind. Zudem simulierten wir einen rekon-
figurierbaren magnonischen Nanokristall durch spannungskontrollierte senkrechte magnetische
Anisotropie in ferromagnetisch-dielektrischen Heterostrukturen.

e Magnetoplasmonik: Wir erreichten einen Fortschritt im Verstdndnis des Verhaltens magneto-
plasmonischer Strukturen. Durch Kombination von Nahfeld- und Fernfeldmethoden war es uns
moglich, das Konzept eines magneto-plasmonischen Metamaterials zu prisentieren.

Wieder einmal gab es einige Verdnderungen in unserer Arbeitsgruppe. Britta Leven verlieB3 uns fiir
eine Anstellung im hiesigen Fachbereich fiir Physik, in der sie nun fiir die studentischen Labor-
praktika verantwortlich ist. Wir mochten ihr an dieser Stelle fiir ihre vielen Beitridge danken,
insbesondere beziiglich unserer angewandten Forschung. Philipp Pirro kehrte zu uns nach seinem
Postdoc bei Stéphane Mangin am Institut Jean Lamour, Universitit Lorraine in Nancy, Frankre-
ich zuriick. Er agiert auch weiterhin als eine Verbindungsperson fiir Zusammenarbeiten zwischen
den materialwissenschaftlichen Kompetenzen der Gruppe aus Nancy und unseren Kompetenzen
in Magnonenphysik. Andrii Chumak erhielt seine Habilitation zum Thema "Magnonic Crystals"
und hilt nun den Status eines Privatdozenten inne. Donata Passarello beendete ihre Doktorarbeit
im Rahmen einer Kollaboration mit dem IBM Almaden Forschungszentrum in San José, USA, in
der Gruppe von Stuart Parkin. Nach Fertigstellung seiner Diplomarbeit in unserer Gruppe begann
Timo Noack bei uns eine Doktorarbeit. Wir begriilen ebenfalls Qi Wang, Pascal Frey und Halyna
Musiienko-Shmarova als neue Doktoranden sowie Michael Schneider, Martin Kewenig, Moritz
Geilen, Bjorn Heinz, Jochen Greser, Alexander Kreil und Ellen Wiedemann als neue Diploman-
den.

Thomas Bricher erhielt den Preis der Alumni-Vereinigung Physik der Universitidt Kaiserslautern.
Er ist derzeit als Postdoc bei SPINTEC in Grenoble angestellt.

Unsere Arbeit wire nicht ohne wertvolle Kooperationen mit Partnern aus der ganzen Welt moglich
gewesen. Es sind zu viele um sie alle an dieser Stelle aufzulisten. Insbesondere mochten wir, in
alphabetischer Reihenfolge, danken: Christoph Adelmann, Johan Akerman, Yasuo Ando, Antonio
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Azevedo, Christian Back, Matthieu Bailleul, Gerrit Bauer, Arne Brataas, Yury Bunkov, Giovanni
Carlotti, Florin Ciubotaru, Frederick Casper, Sergej Demokritov, Thibaut Devolder, Bernard Di-
eny, Marco Doms, Rembert Duine, Carsten Dubs, Ursula Ebels, Hajo Elmers, Jiirgen Fassben-
der, Gerhard Fecher, Claudia Felser, Albert Fert, Mark Freeman, Sebastian Goennenwein, John
Gregg, Hubert Grimm, Rudolf Gross, Dirk Grundler, Gianluca Gubbiotti, Konstantin Gusliyenko,
Jaroslav Hamrle, Uwe Hartmann, Thomas Hauet, Michel Hehn, Jos Heremans, Atsufumi Hiro-
hata, Axel Hoffmann, Hans Hiibel, Gerhard Jakob, Xiaofeng Jin, Martin Jourdan, Gleb Kakazei,
Boris Kalinikos, Alexy Karenowska, Sang-Koog Kim, Akihiro Kirihara, Olivier Klein, Mathias
Kléui, Yuri Kobljanskyj, Peter Kopietz, Mikhail Kostylev, Volodymyr Kruglyak, Takahide Kub-
ota, Ronald Lehndorff, Joseph Losby, Jorg Losch, Victor L' Vov, Sadamichi Maekawa, Stéphane
Mangin, Gennadiy Melkov, Claudia and Tim Mewes, Shuichi Murakami, Hiroshi Naganuma,
Sergei Nikitov, Jean-Pierre Nozieres, Kevin O’ Grady, Hideo Ohno, Tereo Ono, Mikihiko Oogane,
Yoshichika Otani, Stuart Parkin, Johannes Paul, Anna Pomyalov, Giinter Reiss, Sergio Rezende,
Caroline Ross, Eiji Saitoh, John R. Sandercock, Rudi Schifer, Gerd Schonhense, Helmut Schult-
heiss, Koji Sekiguchi, Jairo Sinova, Andrei Slavin, Rolf Slatter, Bob Stamps, Yoshishige Suzuki,
Igor Syvorotka, Koki Takanashi, Vasyl Tiberkevich, Simon Trudel, Yaroslav Tserkovnyak, Ken-
ichi Uchida, Alexey Ustinov, Bart van Wees, Martin Weides und Mingzhong Wu.

Die Zusammenarbeit mit dem Fachbereich Physik der Technischen Universitit Kaiserslautern (ins-
besondere mit Martin Aeschlimann, James Anglin, René Beigang, Sebastian Eggert, Michael
Fleischhauer, Georg von Freymann, Jochen Kuhn, Herwig Ott, Hans-Christian Schneider, Volker
Schiinemann und Arthur Widera und ihren Arbeitsgruppen), Michael Kopnarski und seinem Team
des Instituts fiir Oberflichen- und Schichtanalytik sowie Sandra Wolff und ihrem Team des Nanos-
trukturzentrums waren sehr stimulierend. Wir sind sehr dankbar, Mitglied des Landesforschungs-
zentrums fiir Optik und Materialwissenschaften (OPTIMAS) zu sein.

Ich mochte auBerdem unseren Geldgebern danken: der Deutschen Forschungsgemeinschaft (DFG),
dem Deutschen Akademischen Austauschdienst (DAAD), der Europédischen Union (7. Forschungsrah-
menprogramm, Horizont 2020, M-ERA.Net), der Carl Zeiss-Stiftung, dem Land Rheinland-Pfalz
und der Technischen Universitit Kaiserslautern. In Bezug auf unsere Projekte in der angewandten
Forschung mochte ich meine Dankbarkeit gegeniiber der Sensitec GmbH, unserem starken Partner

in R&D von spintronischen Sensoren, zum Ausdruck bringen.

Mein besonderer Dank geht an Sascha Keller, Dieter Weller und Sibylle Miiller fiir ihre Hilfe beim
Erstellen dieses Berichtes und an das Team von Photo-Repro-Druck, TU Kaiserslautern.

Es ist mir eine besondere Freude, hiermit auch allen ehemaligen Gruppenmitgliedern einen Gruf}
zu senden. Moge dieser Bericht uns helfen, im Kontakt zu bleiben. Wenn Sie an unserer Arbeit
interessiert sind, wiirde ich mich freuen, von Ihnen zu horen.

Mit den besten Wiinschen fiir ein frohes Weihnachtsfest und ein gutes Neues Jahr,

Kaiserslautern, im November 2016

(Lr Dol 1l lksom A
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Chapter 2: Personnel

2.1 Members of the group

Group leader:
Prof. Dr. Burkard Hillebrands

Senior scientists:

Dr. habil. Andrii Chumak

Dr. Andrés Conca Parra

Dr. Britta Leven, Akad. Oberrétin
Jun. Prof. Dr. Evangelos Papaioannou
Dr. Philipp Pirro

Dr. habil. Alexander Serga

Dr. Vitaliy Vasyuchka

Postdocs and long-term guest scientists:

Dr. Peter Clausen

Ph.D. students:

M.Sc.

Dipl.-Phys.
Dipl.-Phys.
Dipl.-Phys.
Dipl.-Phys.
Dipl.-Phys.
Dipl.-Phys.
Dipl.-Phys.
Dipl.-Phys.
Dipl.-Phys.

M.Sc.
M.Sc.
M.Sc.

Dmytro Bozhko

Tobias Fischer

Pascal Frey

Frank Heussner

Sascha Keller

Thomas Langner

Viktor Lauer

Thomas Meyer

Timo Noack

Laura Mihalceanu

Halyna Musiienko-Shmarova
Donata Passarello (IBM Research lab)
Qi Wang

Diploma Students:

Moritz Geilen
Jochen Greser

Bjorn Heinz

Martin Kewenig
Alexander Kreil

Timo Noack

until 03/16

since 01/16

until 06/16

since 07/16

since 09/16
since 12/15
since 08/16
until 12/16
since 02/16

since 12/15
since 02/16
since 11/15
since 11/15
since 06/16
until 05/16
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Michael Schneider
Ellen Wiedemann

Student Assistants:

Moritz Geilen

Bjorn Heinz

Philipp Jaeger

Martin Kewenig

Dipl.-Phys. Laura Mihalceanu
Dipl.-Phys. Timo Noack
Hauke Georg Schifer

Michael Schneider

Matthias Schweizer

Steffen Steinert

Engineers and Technicians
Dipl.-Ing. (FH) Dieter Weller

Administration:

Sibylle Miiller
Dr. Isabel Sattler

since 11/15
since 10/16

until 11/15
until 10/15

until 10/15
until 11/15
05/16 - 08/16
until 10/15

since 01/16
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2.2 Visiting scientists, postdoctoral fellows and exchange students

(sorted by date of first arrival in our group)

Prof. Dr. Victor S. L’vov, Weizmann Institute of Science, Rehovot
Israel

During his visit we have established a strong scientific cooperation
between our groups and initiated joint work on theoretical studies
of the distribution of the magnon gas both in real and phase spaces
and on investigations of phase induced magnon transport in thermal

gradients, i.e. magnetic supercurrents.

Assoc. Prof. G. Vourlias, D. Karfaridis, Physics Department,
Aristotle University of Thessaloniki, Thessaloniki
Greece

the visit took place in the framework of the DAAD exchange pro-
gram Germany-Greece. During this visit the exchange of struc-
tural and magnetic measurements of magnetic multilayers was dis-

cussed.

Dr. Antonio Garcia-Martin, IMM-Instituto de Microelectronica de
Madrid, Madrid
Spain

He gave an invited talk in the Optimas seminar with the title:
"Resonant magnetoplasmonic structures: fundamentals and appli-
cations". During his visit intensive discussions took place with our
group as well as with the group of Prof. M. Aeschlimann in relation

to our SFB-TRR 173 SPIN+X-B07 project.

Dr. Christoph Adelmann, IMEC, Leuven
Belgium

He is a principal investigator addressing thin films for BEOL &
spintronics in IMEC. His primary interest is in the development of
novel computing systems as an alternative to CMOS. Magnonics
is of special interest in this view. During his visit we discussed
the progress within our joint investigations towards spin-wave logic
devices and magneto-acoustic cells required for the combination of

these devices with CMOS technology.

08.11. -22.11.2015

12.01. - 16.01.2015

21.01. - 22.01.2016

04.02. - 05.02.2016
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Dr. Andrey Drozdovskiy, Saint Petersburg Electrotechnical
University, Saint Petersburg

Russia

He is a member of the group of Prof. Boris Kalinikos with whom
we collaborate in the frame of the German-Russian DFG project
"Nonlinear spin wave dynamics in thin magnetic films and struc-
tures". During his stay Andrey experimentally studied the prop-
agation of coherent spin waves in ferromagnetic-ferrorelectric bi-
layered structures based on YIG single-crystal films.

Prof. Dr. Yury M. Bunkov, Institut Neel, CNRS, Grenoble

France

He visited our group in order to discuss our last findings in the field
of Bose-Einstein magnon condensates and supercurrents. Yury pre-
sented an invited talk "The spin superfluidity and magnon BEC",
where he reviewed the field of magnon condensates in super-
fluid *He and in the antiferromagnets with Suhl-Nakamura inter-
action (MnCO3, CsMnF3, RbMnFj3).

Dongwook Go, Theoretical Nanoscale Transport Lab,
Pohang University of Science and Technology, Pohang

South Korea

During a guest stay at the Forschungszentrum Jiilich in the group
of Stefan Bliigel, Dongwook Go, a PhD student of the Theoretical
Nanoscale Transport Lab of the Pohang University of Science and
Technology (POSTECH) of the Republic of Korea visited our labs.
During his stay he gave a talk on "Physics of Orbitronics: Orbital
Rashba and orbital Hall effects".

Prof. Andrei Slavin, Oakland University, Rochester, Michigan

USA

He visited our group as a Visiting MAINZ Professor in order to
jointly work on parametric and kinetic instabilities of a parametri-
cally driven dense magnon gas and on temporal dynamics of Bose-
Einstein magnon and magnon-phonon condensates. In frame of our
special group seminar Andrei gave two talks with titles "Mecha-
nism of spin current transfer through antiferromagnetic dielectrics"
and "Reconfigurable magnetic metamaterials for microwave signal
processing".

08.02. - 06.03.2016

04.04. - 07.04.2016

11.04. - 12.04.2016

04.05. - 20.05.2016
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Dr. Xavi Marti, Czech Academy of Sciences, Prague 02.06. - 03.06.2016
Czech Repulic

Dr. Xavi Marti visited our group to present his examples and vi-
sions concerning the transfer of innovation from the field of spin-
tronics into applications. In the framework of the laser and quan-
tum optics seminar, he gave a talk entitled "Spintronics from nano
to geo: antiferromagnetic memories, parkings and volcanoes".

Prof. Dr. Victor S. L’vov, Weizmann Institute of Science, Rehovot 25.07. -21.08.2016
Israel

During his second visit Viktor was focused on the development of
a theory of bottleneck accumulation of hybridized magneto-elastic
bosons in parametrically pumped YIG films. As well, he consulted
us concerning the theoretical studies of temporal properties of the
magnon mediated longitudinal spin Seebeck effect in YIG-Pt struc-
tures.

Dr. Anna Pomyalov, Weizmann Institute of Science, Rehovot 25.07. - 21.08.2016
Israel

She participated in the development of a theory of bottleneck accu-
mulation of hybridized magneto-elastic bosons and performed the
related numerical calculations. At our special group seminar she
presented results of her numerical studies of vortex creation and
development in the superfluid counterflow in a channel.

Prof. Andrei Slavin, Oakland University, Rochester, Michigan 25.07. - 09.08.2016
USA

During his second visit Andrei focused on the theoretical studies
of thermal magnon-phonon dipolar-exchange spectra measured in
arbitrarily magnetized YIG films by our new wavevector-resolved
BLS setup.

Tomosato Hioki, Institute for Materials Research, Tohoku University, 15.08. - 23.09.2016
Sendai
Japan

He is a graduate student from the group of Prof. E. Saitoh at
the Tohoku University in Sendai with whom we have a long and
productive cooperation. During his stay, Hioki performed BLS
wavevector-resolved measurements of the lutetium bismuth iron
garnet ((Lu,Bi)3(Fe,Ga)sO12) and iron borate (FeBO3) samples
which complement the results obtained in Sendai.

AG MAGNETISMUS 11
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Prof. Dr. Yury M. Bunkov, Institut Neel, CNRS, Grenoble

France

He has visited us a second time during the year in order to deeply
discuss the physics of magnon supercurrents in ferrite films of
yttrium-iron-garnet (YIG) and to plan joint experimental studies
of Bose-Einstein condensation of magnons in arbitrary magnetized
YIG films. Yury gave an invited talk in the OPTIMAS seminar with
the title: "Cosmology in superfluid 3He", where he showed many
analogies between the superfluid *He and the Universe, which can
be understood as quantum superfluid liquids with complex broken
symmetries and with a number of excitations, particles and defects.

Dr. Max Lein, Dr. Koji Sato, Advanced Institute of Materials Research,
Tohoku University, Sendai

Japan

They are theoretical physicists who discussed in Kaiserslautern to-
gether with Kei Yamamoto from the University of Mainz the pos-
sibility to use magnons as a model systems for topological bosons
and topology induced properties of classical wave systems.

Dr. Kei Yamamoto, Institut fiir Physik, Universitit Mainz, Mainz

Germany

Kei Yamamoto is a theoretical physicists who discussed in Kaisers-
lautern together with Max Lein and Koji Sato from the Tohoku Uni-
versity in Sendai the possibility to use magnons as a model systems
for topological bosons and topology induced properties of classical
wave systems.

Monika Mycroft, Oxford University, Oxford

United Kingdom

She has visited our group in the framework of our collaboration
with the group of Prof. John Gregg on studies of spin dynamics in
magnetic bilayers.

Kenji Fukuda, Tohoku University, Sendai

Japan

He visited our group in the context of the Core-to-Core collabora-
tion. During his stay, he presented his work on the fabrication and
characterization of ferrimagnetic Mn-based Heusler epitaxial thin
films and performed BLS measurements to further investigate the
properties of these films.

17.08. - 31.08.2016

17.08. - 18.08.2016

17.08. - 18.08.2016

29.08. - 05.10.2016

14.09. - 26.10.2016

12

AG MAGNET|SMUS
TU KAJSERSLAUTERN



2  Personnel

Dr. Florin Ciubotaru, IMEC, Leuven 21.09. - 30.09.2016
Belgium
Focusing on the realization of spin-wave logic elements, Florin vis-
ited our group to perform BLS measurements in order to investigate
the properties of confined spin-wave modes in scaled sub-micron
CoFeB waveguides.

Assoc. Prof. Georgios Vourlias and group members, Physics 09.10. - 21.10.2016
Department, Aristotle University of Thessaloniki, Thessaloniki
Greece

He and Dimitris Karfaridis, Kostantinos Symeonidis, Nikolaos Pli-
atsikas, Dimitris Chaliambalias and Evangelia Tarani visited our
group in the framework of the DAAD exchange program Germany-
Greece. Kostantinos presented his data on magnetometry for the
magnetic bilayers as well as for magnetic nanoparticles. Dimitris
Karfaridis together with Nikolaos presented in the group their re-
sults on x-rays diffraction, transmission electron microscopy and
x-rays photoelectron spectroscopy on Fe/MgO/Pt trilayers. Dim-
itris Chaliambalias together with Evangelia discussed their struc-
tural data with respect to our magnetic measurements.

AG MAGNETISMUS 13
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2.3 Guest seminars

Victor S. L'vov
16.11.2015

Tilmann Beck
14.12.2015

Antonio Garcia-Martin

21.01.2016

Dominik Marco
26.01.2016

Christoph Adelmann
04.02.2016

Manisha Kumari
10.02.2016

Andrey Drozdovskii
15.02.2016

Yury M. Bunkov

Weizmann Institute of Science, Rehovot, Israel
Freak Waves in the Ocean
Group seminar

Technische Universitidt Kaiserslautern, Kaiserslautern, Germany
Fatigue of metals under cyclic loading and its identification by
innovative measurement methods

Group seminar

IMM-Instituto de Microelectronica de Madrid, Madrid, Spain
Resonant magnetoplasmonic structures:fundamentals and
applications

OPTIMAS Laser- and quantum-optics seminar

Department of Magnetic Microstructures, IFW Dresden, Dresden,
Germany

Strayfield-induced Faraday contributions in wide-field Kerr
microscopy and -magnetometry

Special group seminar

IMEC, Leuven, Belgium
Computing with spin waves
OPTIMAS Laser- and quantum-optics seminar

Indian Institute of Technology, Delhi, India
Spin pumping in NiFe/Ta sputtered bilayers
Special group seminar

Saint Petersburg Electrotechnical University, Saint Petersburg,
Russia

Spin waves in ferromagnetic-ferrorelectric structures based on YIG
single-crystal films.
Special group seminar

Institut Néel, CNRS, Grenoble, France

05.04.2016 The spin superfluidity and magnon BEC
Special group seminar
Dongwook Go Theoretical Nanoscale Transport Lab, Pohang University of Science
11.04.2016 and Technology, Pohang, South Korea
Physics of orbitronics: orbital Rashba and orbital Hall effects
Special group seminar
14 AG MA GNET?SMUS
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Olena Gomonai
18.04.2016

Andrei Slavin
12.05.2016

Andrei Slavin
17.05.2016

Xavi Marti
03.06.2016

Olivier Rousseau
18.07.2016

Anna Pomyalov
18.08.2016

Richard Schlitz
29.08.2016

Yury M. Bunkov
30.08.2016

Tomosato Hioki
19.09.2016

Monika Mycroft
26.09.2016

Teruo Ono
26.09.2016

Johannes Gutenberg Universitidt Mainz, Germany
Spintronics with antiferromagnets: what’s new compared to
ferromagnets

Group seminar

Oakland University, Rochester, Michigan, USA

Mechanism of spin current transfer through antiferromagnetic
dielectrics

Special group seminar

Oakland University, Rochester, Michigan, USA
Reconfigurable magnetic metamaterials for microwave signal
processing

Special group seminar

Czech Academy of Sciences, Prague, Czech Republic

From nano to geo: Spin-orbit coupling applied to antiferromagnetic
memories, cars and volcanoes

OPTIMAS Laser- and quantum-optics seminar

Université Paris 13 Nord, Villetaneuse, France
Spin-wave interferometer for magnon logic
Group seminar

Weizmann Institute of Science, Rehovot, Israel

Spatiotemporal development of mesoscopic quantum vortex tangles
in counterflowing *He

Special group seminar

Walther-MeiBner-Institut, Miinchen, Germany
Spin Transport Experiments in Hybrid Nanostructures
Special group seminar

Institut Néel, CNRS, Grenoble, France
Superfluid 3He and Cosmology
Special OPTIMAS seminar

Institute for Materials Research, Tohoku University, Sendai, Japan
Time-resolved spin Seebeck effect in high magnetic fields
Special group seminar

Oxford University, Oxford, United Kingdom
Model of metallic bi-layer spin battery
Special group seminar

Institute for Chemical Research, Kyoto University, Japan

Spin dynamics in inhomogeneously magnetized systems

IEEE Magnetics Society distinguished Lecture, Special OPTIMAS
seminar
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2.4 Visits of group members at other laboratories

Sascha Keller

Laura Mihalceanu

Matthias Schweizer

Tobias Fischer

Evangelos Papaioannou

Evangelos Papaioannou

Timo Noack

Group of Assoc. Prof. Georgios Vourlias, Aristotle University, Thes-
saloniki, Greece

09.12.2015 - 16.12.2015

Host: Assoc. Prof. Georgios Vourlias

Group of Assoc. Prof. Georgios Vourlias, Aristotle University, Thes-
saloniki, Greece

09.12.2015 - 12.12.2015

Host: Assoc. Prof. Georgios Vourlias

Group of Assoc. Prof. Georgios Vourlias, Aristotle University, Thes-
saloniki, Greece

10.12.2015 - 16.12.2015

Host: Assoc. Prof. Georgios Vourlias

Group of Prof. Yasuo Ando, Tohoku University, Sendai, Japan
04.04.2016 - 30.05.2016
Host: Prof. Yasuo Ando and Mikihiko Oogane

Group of Assoc. Prof. Georgios Vourlias, Aristotle University, Thes-
saloniki, Greece

04.04.2016 - 07.04.2016

Host: Assoc. Prof. Georgios Vourlias

Group of Prof. Bjorgiv Hjorvarsson, Uppsala University, Uppsala,
Sweden

27.05.2016 - 30.05.2016

Host: Prof. Bjorgiv Hjorvarsson

Center for Materials for Information Technology (MINT), Alabama,
USA

01.06.2016 - 29.07.2016

Host: Prof. Dr. Takao Suzuki

Dmytro Bozhko Group of Prof. G.A. Melkov, Faculty of Radiophysics, Electron-
ics and computer systems, National Taras Shevchenko University of
Kyiv, Kyiv, Ukraine
17.08.2016 - 31.08.2016
Host: Prof. G.A. Melkov
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2.5 Group member photo gallery
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Dr. Andrii Chumak
Senior scientist
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Dmytro Bozhko
Ph.D. student
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Dr. Andrés Conca Parra
Senior scientist
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Moritz Geilen Jochen Greser

Diploma student Diploma student

Prof. Dr. Burkard Hillebrands
Group leader

Frank Heussner
Ph.D. student
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Dr. Peter Clausen
Postdoc

Pascal Frey
Ph.D. student

Bjorn Heinz
Student assistant

Philipp Jaeger
Student assistant
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Sascha Keller Martin Kewenig Alexander Kreil
Ph.D. student Diploma student Diploma student

i

Thomas Langner Viktor Lauer Dr. Britta Leven
Ph.D. student Ph.D. student Senior scientist

Thomas Meyer Laura Mihalceanu Halyna Musiienko-Shmarova
Ph.D. student Ph.D. student Ph.D. student

Sibylle Miiller Timo Noack JProf. Dr. Evangelos Papaioannou
Secretary Ph.D. student Senior scientist
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Donata Passarello Dr. Philipp Pirro Dr. Isabel Sattler
Ph.D. student Postdoc Administration

Hauke Georg Schifer Michael Schneider Matthias Schweizer
Student assistant Diploma student Student assistant

e

73

Qi Wang Dieter Weller Dr. Alexander Serga
Ph.D. student Mechanical engineer Senior scientist

Steffen Steinert Dr. Vitaliy Vasyuchka
Student assistant Senior scientist
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Chapter 3: Methods

3.1 Brillouin light scattering spectroscopy (BLS)

Brillouin light scattering spectroscopy (BLS) is the primary key technique in our laboratory to
investigate the dynamic properties of magnetic materials and devices. It is based on the interaction
of photons with the fundamental excitations of a solid such as magnons, the quanta of magnetic
excitations. The interaction can be understood as an inelastic scattering process of the incident
photons with magnons, taking into account energy and momentum conservation as indicated in
Fig. 1. This technique is sensitive for incoherent, thermal magnons as well as for externally excited,
coherent excitations.

Fig. 1: Scheme of inelastic scattering of an incident photon
by a magnon. Here, the annihilation process where the fre-
quency of the scattered photon is increased by the frequency
of the annihilated magnon is shown.

The detection of the inelastically scattered photons, i.e. the separation from the elastically scat-
tered photons and the determination of the transferred energy, requires an interferometric technique
with extremely high contrast and sensitivity. In our laboratory we implemented the (3+3) Tandem-
Fabry-Pérot-Interferometer, designed by John R. Sandercock and schematically shown in Fig. 2.
It consists of two Fabry-Pérot interferometers (FPI), each one passed three times by the inelasti-
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Fig. 2: Scheme of a (3+3)
tandem Fabry-Pérot inter-
. A [ A | ferometer, designed and
- ¥ ' N 7o build by John R. Sander-

: — : cock (JRS Scientific In-
struments, Mettmenstetten,
Switzerland)

scanning :
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Fig. 3: Schematic setup of a BLS-microscope. The
laser light is focused on the sample using a high res-
olution objective which is also collecting the scattered
photons. The LED light is used to monitor the position
of the laser focus on the sample by a CCD camera and
to apply active position control to the sample stage.

LED
455 nm

cally scattered light. This approach results in a contrast better than 10'0 for the separation of the
elastically and inelastically scattered photons in a frequency range from 500 MHz up to 1 THz.

In the last decade we made significant progress in the improvement of BLS spectroscopy. The
spatial resolution was pushed to the fundamental limit of classical optics by constructing a BLS
microscope (Fig. 3) with sophisticated active stabilization methods. In this way, spin-wave trans-
port phenomena can be investigated in micro-structures including time- and phase resolved mea-
surements. However, in the BLS microscope, the wave vector resolution is lost since the angle of
light incidence is not well defined anymore. Thus, wave vector resolved measurements like the
direct determination of the dispersion relation are conducted with conventional BLS which has a
typical spatial resolution of about 50 um.

In a further development during the past two years, our BLS equipment has been upgraded towards
the investigation of new material systems. Integrating a blue laser with a wavelength of 491 nm
into one of our micro-focus BLS setups opened up an access to the dynamics of thin YIG films
(with thicknesses of 100nm and below) by largely increasing the sensitivity since the effective
scattering cross section is much higher at this wavelength.

A further advancement regarding our standard BLS techniques is the pulsed probe laser beam
technique allowing for the detection of various evolution processes such as, e.g., the temperature
evolution inside a sample. The special feature of this technique is that the focused laser beam
combines the role of the magnon probe with the role of a local sample heater. The heating time
is adjusted using amplitude modulation of the probing laser beam by an acousto-optic modula-
tor (AOM). The scheme of the corresponding experimental setup, which consists of a YIG film
sample, a microwave circuit, and a BLS laser system, is shown in Fig. 4.

The following list gives an overview of the different BLS setups available in our group. In addition
to the optical elements, all setups are equipped with various microwave components to excite and
amplify spin waves.

BLS1: High-field electromagnet (1.2 T), conventional BLS spectroscopy (spacial resolution 50 um,
wave-vector resolution 8k = 0.2rad /um with maximal wave vector kyax =~ 23 rad/um). Time- and
phase resolution.
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M1

Microstrip  YIG BS1

Resonator
Reference
TFP
Microwave . Power Interferometer
Generator Switch Amplifier

Fig. 4: Schematic illustration of the BLS setup with pulsed probe laser beam technique. On the left hand side,
the microwave circuit consisting of a microwave source, switch and amplifier is shown. This circuit drives
a microstrip resonator, which is placed below a YIG film. The green dot illustrates the focus position of the
BLS laser. On the right hand side, the BLS laser beam path is indicated. The light of the laser is split by a
beam splitter (BS1). The sample beam is sent to an acousto-optic modulator and the reference beam to the
interferometer. The modulated sample beam is guided through the second beam splitter (BS2) and the mirror
(M1) to the YIG film where it scatters. The scattered light is reflected again at M1 and deflect by BS2 to the
Tandem Fabry-Pérot interferometer.

BLS2: BLS spectroscopy with microscope (250nm spatial resolution, kmax ~ 17rad/pm) and
positioning stage. Option for time- and phase resolution.

BLS3: High-field electromagnet (1.2T) and conventional BLS spectroscopy (wave-vector reso-
lution 8k ~ 0.2rad/pum with maximal wave vector km,x =~ 23rad/um). Microscope stage with
250 nm spatial resolution (kmax ~ 17rad/um) and electromagnet (0.1 T) for in-plane fields. Option
for time- and phase resolution as well as for an out-of-plane electromagnet.

BLS4: Electromagnet (0.1T), BLS spectroscopy with microscope (250 nm spatial resolution) with
green (A = 532nm) and blue laser (A = 491 nm). Option for time and phase resolution.

3.2 Microwave techniques

Brillouin light scattering (BLS) spectroscopy, as described in the previous section, is a power-
ful tool for the detection of spin waves and measurement of their characteristics. Nevertheless,
it does not allow for spin-wave excitation. Thus, in many of our experiments BLS spectroscopy
is combined with microwave techniques which ensure high-efficient generation of spin waves in
magnetic structures. Spin waves are emitted by nano- and micro-sized microstrip antennas placed
on the surfaces of magnetic thin films and is driven by a microwave signal in the GHz frequency
range [1,2]. Microwave sources in our laboratories generate signals of up to 70 GHz providing
access to spin-waves in a very wide range of frequencies and wavenumbers. Furthermore, large
powers (up to 200 W) provided by microwave amplifiers allow for the study of strongly nonlinear
spin-wave dynamics as well as for quantum effects in parametrically-driven magnon gases. The
microwave technique allows for the excitation of both, continuous spin waves as well as short
spin-wave packets. Among other advantages, the pulsed technique enables the realization of time
resolved (resolution down to 250ps) BLS spectroscopy [3] shown in Fig. 1. The continuous mi-
crowave excitation, by-turn, allows realization of phase-resolved BLS spectroscopy [4, 5].

Besides the excitation of spin waves, the microwave technique is intensively used for high-sensitive
(10~13W) detection. Using the same antennas the magnetization precession is converted into
microwave currents. These currents are amplified by low-noise amplifiers and analyzed using
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Fig. 1: Scheme of the microwave-assisted time- and space-resolved BLS setup

wide-band oscilloscopes, vector network analyzers or a spectrum analyzer. A vector network
analyzer is also used for the ferromagnetic resonance (FMR) measurements allowing determination
of such characteristics of the magnetic thin films as magnetization saturation, exchange constant,
and damping.

We gain from the modern microwave setup for broadband microwave analysis installed in our lab.
This setup, schematically shown in Fig. 2, consists of the following complementary devices: vec-
tor network analyzer, spectrum analyzer, microwave signal generator, two high-power microwave
amplifiers, and a magnet. It has a wide frequency bandwidth of up to 70 GHz which allows for the
microwave excitation of spin waves with wavelengths down to 30nm. This helps us to perform
measurements in the frame of modern nanometer-scale magnonics. The broadband microwave
analysis can be conducted in both the CW and pulsed regime. The possibility to switch between
CW and time-resolved measurements of the vector network analyzer gives us a unique opportunity
to separate spin-wave signals from much larger electromagnetic leakages.

Microwave Electromagnet — Fig. 2: Diagram of the experimen-
Generator Signal  Pumping tal setup for microwave analysis with
o — Channel Channel a wide frequency bandwidth up to
- 70GHz

Spectrum

A I . Analyzer

Vector

Network

Analyzer

Our microwave techniques have been recently amended by detection of spin waves and spin cur-
rents using the inverse spin Hall effect. During the last year a new microwave spin pumping
setup has been installed in our lab. It allows us to detect spin current-induced electric signals in a
ferromagnetlnormal-metal bilayers as dependence of the direction of the in-plane magnetic field.
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3.3 Magneto-optic Kerr effect magnetometry and microscopy (MOKE)

The magneto-optical Kerr effect (MOKE) is a well established technique to study magnetization
properties. The effect is based on the fact, that the plane of polarization of light is rotated when
the light is reflected from a magnetic material [1]. The physical origin of MOKE is the magnetic
circular dichroism effect: exchange and spin-orbit coupling in a magnetic material lead to differ-
ent absorption spectra for left- and right-circularly polarized light. Measuring the change of the
polarization of the reflected beam (often referred to as Kerr angle ®Oe,r) provides access to the
magnetization state of the sample.

photodiodes‘
N N ok

~

Fig. 1: Schematic setup of a longitudinal Kerr magnetometer.

With MOKE it is possible to study quasi-static magnetization reversal properties and magnetic
anisotropies. When using a pulsed laser system it is also possible to study the time dependence of
the magnetization under the influence of, e.g., a pulsed magnetic field or a microwave field. Since
it is an optical technique it is non invasive, and the spatial resolution is only limited by the optical
resolution. Thus, we are able to study the static and dynamic properties of magnetic thin films and
magnetic structures with lateral dimension down to 1 pum.

Our group uses four different MOKE setups, all of them using the same principle. The light of a
laser source is s-polarized through a thin-film polarizer. The beam is focused onto the sample. The
polarization of the reflected light is analyzed by a detector unit that was developed and is built in
our laboratory. A Wollaston prism divides the beam into two orthogonally polarized beams, which
are monitored by a pair of photodiodes. The detector works as an opto-electrical bridge circuit to
increase the signal-to-noise ratio. The obtained normalized differential signal (I, — L) /(I + I) is
directly proportional to the Kerr angle Okey;.

AG MAGNETISMUS 25
TU KAJSERSLAUTERN



3 Methods

Four experimental setups are available to investigate different scientific aspects:

Longitudinal Kerr magnetometer: Longitudinal MOKE geometry to probe quasi-static prop-
erties of magnetic thin films. Optical resolution ~ 100um, magnetic field up to 2T, automated
sample positioning and rotation.

Microfocus Kerr microscope with rotation unit: Longitudinal MOKE geometry to probe quasi-
static properties of micro-structured magnetic elements. Optical resolution < 1 um, magnetic field
up to 0.6 T, automated sample positioning, rotation and stabilization.

Dual MOKE magnetometer: Two combined MOKE magnetometers working in parallel, one in
longitudinal and one in polar geometry to study the quadratic MOKE effects on magnetic thin
films. Optical resolution ~ 100um, two orthogonal pairs of magnet coils to provide any in-plane
field direction up to 0.25T, automated sample positioning and rotation.

Time resolved scanning Kerr microscope: Longitudinal or polar MOKE geometry to study
dynamic magnetization reversal properties of micro-structured elements. Optical resolution <
500nm, time resolution ~ 60ps, magnetic field up to 150mT, automated sample positioning and
stabilization.
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3.4 Molecular beam epitaxy (MBE)

The Molecular Beam Epitaxy (MBE) technique involves highly controlled evaporation of materi-
als in an ultra-high vacuum chamber (base pressure in the low 10~!! mbar region). This deposition
from the vapor phase can lead to single crystal film growth. For this reason MBE possesses a dom-
inant role in the world of nanotechnology regarding fabrication of materials for high performance
applications.

Our group operates two Molecular Beam Epitaxy (MBE) growth clusters. Both systems are
equipped with tools for cleaning the substrates, for controlling the evaporation from the sources
and the film deposition, for in-situ structural and chemical characterization, as well as sample
storage.

The first cluster is called MDA (Multidepositionsanlage). The MDA has been heavily loaded this
year with the growth of magnetic structures. The growth chamber contains two Knudsen cells, and
one electron gun with 5 crucibles that are used to heat and evaporate the materials. The growth
procedure is controlled in-situ by a quartz crystal. Additionally in-situ Low-Energy Electron
Diffraction (LEED) and Auger analytics can be performed. Furthermore, the linear construction
of the sample holder reduces the total time for sample preparation drastically.

Our second cluster, called MBE, contains two Knudsen cells, and one electron gun with 5 cru-
cibles. The growth procedure is also controlled in-situ by a quartz crystal. One of the great advan-
tages of our MBE system is the capability to control the in-situ growth by means of Reflection of
High-Energy Electron Diffraction (RHEED). The characteristics of the RHEED technique is not
to interfere with the deposition. An example of layer by layer deposition controlled by RHEED is
shown in Fig. 1. This renders it as a unique tool for real-time structural characterization of the sam-
ple during the growth process. There is also here the option for Low-Energy Electron Diffraction
(LEED) and Auger analytics.
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In addition to the aforementioned techniques and linked to the MBE, an scanning tunnelling mi-
croscope (STM) set-up is used for in-situ atomic probing. This increases further the capabilities
of our MBE chamber. STM is a unique tool for surface investigation of the evaporated samples.
The cluster includes furthermore a load chamber for inserting samples in vacuum and preparation
chamber. The latter is used for cleaning the samples since there is the possibility to heat up to
800°C the samples. Furthermore, there is an option for optical coatings. The ionization chamber
is equipped with a fine-focus noble gas keV ion source. A transfer chamber connects all the parts
of the growth cluster while a repository chamber is also available. The MBE chamber has another
unique feature: that of in-situ magnetic characterization with Brillouin light scattering (BLS) spec-
troscopy and Kerr effect magnetometry. The applied magnetic field can reach 1.2T. There is an
option for implementation of a cryostat.

The MBE evaporation technique offers unique advantages for the fabrication of patterned samples.
The good control of the film growth and the directionality of the beam renders MBE suitable to
grow materials on patterned masks. Patterned samples of extreme quality can be produced either
with pre- or post treatment techniques.

2016 was a very successful year for both of our growth chambers. We have produced a series of
fully epitaxial Fe/Pt bilayers, see Fig. 2, as well as Fe/Au, Fe/Pd, Fe/Rh, Co/Au, Ni/Au bilayers and
Pd/Fe/Pd, Fe/MgO/Pt trilayers for studies in magnetisation dynamics and magneto-plasmonics.
We have also used YIG substrates to evaporate Au and Pt on top.

Fig. 2: Cross-sectional high
resolution transmission electron
microscopy image of epitaxial
Fe/Pt bilayer grown on a MgO
substrate. Image is taken from
reference: Conca et al. PRB 93,
134405 (2016). The growth of
fully epitaxial bilayers was one
of the milestones regarding the
growth facilities of this year.
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Chapter 4: Reports on Experimental Results

A. Magnon Gases and Condensates

In ferromagnetic materials atoms having unpaired electrons act as individual magnets. Their mag-
netism is mostly caused by the magnetic moments of the uncompensated electron spins. Since
these atomic magnets tend to be oriented in the same direction due to quantum-mechanical ex-
change interaction, a macroscopic magnetic moment appears. As the atoms strongly interact, a
reversal of a single atomic magnetic moment is not spatially localized but spreads through the
solid as a wave of discrete magnetic momentum transfer. This wave is known as a spin wave,
and in frame of second quantization it is associated with a quasi-particle named magnon. Weakly
interacting magnons can be considered as a gas of magnetic bosonic quasi-particles and, therefore,
this is referred to as a magnon gas.

Nowadays magnon gases are recognized as an excellent model environment for the experimental
investigation of collective classical and quantum macroscopic properties of bosonic systems. Its
potential is due to the wide controllability of the magnon density as well as of the spectral proper-
ties influencing the magnon-magnon interaction. For example, the dispersion branch of a magnon
gas can be frequency shifted or otherwise modified by change in the strength or orientation of a bias
magnetic field. The magnon population density can be effectively controlled by means of electro-
magnetic parametric pumping (see Gurevich and Melkov, Magnetization Oscillation and Waves,
CRC, Cleveland, 1996). In the simplest case one photon of the pumping electromagnetic field
excites two magnons with half the energy/frequency that propagate in opposite directions. Such
a mechanism creates a huge quantity of phase correlated magnons, which are called a condensate
of photon-coupled magnon pairs. The behavior of parametrically created magnon condensates,
of gaseous magnon phases, and of Bose-Einstein condensates (BEC), which can be formed at the
lowest energy state of a magnon gas, constitutes a hot research topic. The main goal of our work
is to study the phase transition processes resulting in the formation of quantum macroscopic states
of a magnon gas and to understand the role of magnon-magnon and magnon-phonon interactions
in the properties of these correlated states of matter in comparison with the dynamics of ultra-cold
quantum gases and quantum spin systems. We investigate the dynamics of the magnon system in a
low-damping magnetic insulator (yttrium-iron-garnet, YIG) using wavevector- and time-resolved
Brillouin light scattering (BLS) spectroscopy with special attention on the free evolution of the
magnetic medium after pumping.

Magnonic BECs are described by a unique wavefunction, and thus they can be considered as a
macroscopic quantum state. In such a state transport of energy or momentum is possible via a
supercurrent mechanism, analogous to charge supercurrents in superconductivity or mass super-
currents in superfluidity. Using the concept of a magnonic macroscopic quantum state opens up
a new research field for us, which is the research subject of the ERC Advanced Grant we have
obtained this year.

Several very interesting findings are presented this year.

In Report 4.1 “Supercurrent in a room-temperature Bose-Einstein magnon condensate” we present
the further development in the theoretical understanding of magnon supercurrents excited in a
magnon BEC subject to a thermal gradient. The model is based on rate equations for the gaseous
and condensed magnons. It takes into account both the temperature induced magnon supercurrent
and a diffusion-like dispersive magnon counterflow. The high quantitative agreement between
the experimentally determined and the analytically modelled magnon behavior at the bottom of
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the magnon spectrum evidences the existence of a temperature induced supercurrent in the room-
temperature magnon BEC. The reported results have been recently published in D.A. Bozhko et al.,
“Supercurrent in a room temperature Bose-Einstein magnon condensate”, Nature Physics (2016).

In Report 4.2 “Bottleneck accumulation of hybrid bosons in a ferrimagnet” we report on the dis-
covery of a novel condensation phenomenon mediated by magneto-elastic interaction: A spon-
taneous accumulation of hybrid magneto-elastic bosonic quasiparticles at the intersection of the
lowest magnon mode and a transversal acoustic wave. The developed theory describes the for-
mation of the experimentally observed peak in the population of the magneto-elastic bosons as
a result of a bottleneck effect in the magnon transfer from high to low energy states through the
magnon-phonon hybridization region.

In Report 4.3 “Parametric excitation of magnons in YIG films at low temperatures” we investigate
the relaxation of parametrically excited dipolar and exchange magnons in the temperature range
from 40K to 340 K. We have done this to pave the way to deepen our insight into the mechanisms
underlying the formation of a magnon BEC. We have found that in a YIG film epitaxially grown on
a gallium-gadolinium-garnet (GGG) substrate the magnon lifetime strongly decrease at cryogenic
temperatures. The observed relaxation behavior is related to the magnetic damping caused by
dipolar coupling of magnons to the paramagnetic spin system of the GGG substrate.

A. Magnonengase und -kondensate

In ferromagnetischen Materialien treten Atome, die ungepaarte Elektronen haben, als einzelne
elementare Magnete auf. Thr Magnetismus wird in der Regel durch die magnetischen Momente
des nicht kompensierten Elektronenspins verursacht. Diese atomaren Magnete richten sich hiufig
aufgrund der quantenmechanischen Austauschwechselwirkung in einem Ferromagneten parallel
zueinander aus. Daher beobachtet man ein makroskopisches magnetisches Moment. Da die Atome
stark miteinander wechselwirken, wird das Umklappen eines einzelnen atomaren magnetischen
Moments nicht rdumlich lokalisiert sein, sondern breitet sich als Welle mit einem diskreten mag-
netischen Moment iiber den gesamten Festkorper aus. Diese Welle wird als Spinwelle bezeich-
net und ist im Rahmen der zweiten Quantisierung mit einem Quasiteilchen, dem so genannten
Magnon, verbunden. Schwach miteinander wechselwirkende Magnonen konnen als Gas von mag-
netischen bosonischen Quasiteilchen angesehen werden und werden daher auch als Magnonengas
bezeichnet.

Magnonengase sind unlidngst als hervorragendes Modellsystem erkannt worden und dienen zur
Untersuchung von korrelierten bosonischen Systemen mit sowohl klassischen Eigenschaften als
auch makroskopischen Quanteneigenschaften. Thr Potenzial liegt dabei in der guten Kontrollier-
barkeit der Magnonendichte und den Eigenschaften des Spektrums, welches die Magnon-Magnon-
Wechselwirkung beeinflusst. Zum Beispiel kann durch die Anderung der Richtung oder der Stirke
eines externen Magnetfelds das Spektrum des Magnonengases in der Frequenz verschoben oder
auch stark verdndert werden. Der wirkungsvollste Mechanismus, die Dichte eines Magnonengases
zu erhohen, ist parametrisches Pumpen mittels Mikrowellen (s. Gurevich und Melkov, Magneti-
zation Oscillation and Waves, CRC, Cleveland, 1996). Im einfachsten Fall erzeugt ein Photon
des elektromagnetischen Pumpfeldes zwei Magnonen mit je der Hélfte der Energie/Frequenz des
Photons, die sich in entgegengesetzte Richtungen ausbreiten. Dieser Mechanismus erzeugt eine
grofle Anzahl von phasenkorrelierten Magnonen, ein sogenanntes Kondensat von photonengekop-
pelten Magnonenpaaren. Die Verhaltensweisen parametrisch erzeugter Magnonenkondensate, gas-
formiger Magnonenzusténde, und von magnonischen Bose-Einstein-Kondensaten (BEC), welche
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im Zustand niedrigster Energie des Magnonengases erzeugt werden konnen, bilden ein aktuelles
Forschungsthema. Das Hauptziel unserer Forschung ist die Untersuchung der Phaseniiberginge,
die zu der Bildung von Zustinden mit makroskopischen Quanteneigenschaften in Magnonenga-
sen fithren, und das Verstindnis der Funktion der Viel-Magnonen-Wechselwirkungen in diesen
korrelierten Zustinden der Materie im Vergleich mit der Dynamik von ultrakalten Quantenga-
sen und Quanten-Spinsystemen. Wir untersuchen die Dynamik des Magnonensystems in einem
magnetischen Isolator mit niedriger Ddmpfung (Yttrium-Eisen-Granat, YIG) mit Hilfe von wellen-
vektor- und zeitaufgeloster Brillouin-Lichtstreuspektroskopie mit besonderem Augenmerk auf die
pumpfreie Entwicklung des magnetischen Mediums nach dem Pumpprozess.

Magnonische BECs werden durch eine wohldefinierte Wellenfunktion beschreiben. Daher kann
man sie als einen makroskopischen Quantenzustand auffassen. In solch einem Zustand kann
Transport von Energie oder Drehimpuls durch einen Suprastrom-Mechanismus stattfinden, ana-
log zu einem Ladungs-Suprastrom in der Supraleitung oder zu einem Teilchen-Suprastrom in der
Suprafluiditdt. Das Konzept eines magnonischen makroskopischen Quantenzustands 6ffnet fiir uns
ein neues Forschungsfeld. Dies ist auch der Forschungsgegenstand des in diesem Jahr eingewor-
benen ERC-Advanced Grants.

Dieses Jahr werden einige sehr interessante Ergebnisse vorgestellt.

Im dem Bericht 4.1 “Supercurrent in a room-temperature Bose-Einstein magnon condensate”
priasentieren wir die Verbesserung des theoretischen Verstindnisses von Magnonen-Suprastromen,
die durch einen thermischen Gradienten in einem Magnonen-BEC angeregt werden. Das Model
basiert auf den Ratengleichungen fiir die gasférmigen und kondensierten Magnonen. Es beriick-
sichtigt beides, die durch die Temperatur induzierte Magnonen-Suprastrome sowie den diffusion-
sihnlichen dispergierenden Magnonen-Gegenstroms. Die hohe quantitative Ubereinstimmung
zwischen den experimentellen Daten und dem analytisch modellierten Verhalten der Magnonen
am Boden des Spektrums, weist auf die Existenz von Temperatur induzierten Suprastrémen hin,
welche in Magnonen-BECs bei Raumtemperatur auftreten. Die gezeigten Resultate wurden kiirz-
lich in D.A. Bozhko et al., “Supercurrent in a room temperature Bose-Einstein magnon condesate”,
Nature Physics (2016) veroffentlicht.

Im Bericht 4.2 “Bottleneck accumulation of hybrid bosons in a ferrimagnet” zeigen wir die Ent-
deckung eines neuen Kondensationsphdnomens welches durch die magnetoelastische Interaktion
entsteht: Eine spontane Ansammlung von hybriden magnetoelastischen bosonischen Quasiteilchen
an dem Schnittpunkt der untersten Magnonenmode und einer transversalen akustischen Welle. Die
entwickelte Theorie beschreibt die Bildung des experimentell beobachteten Anstiegs der Magnonen-
population, der magnetoelastischen Bosonen als Resultat des Engpasses im Transfer der Magnonen
von hohen zu niedrigen Engeriezustinden, dabei wird der Engpass durch die Magnonen-Phononen
Hybridisierungsregion verursacht.

Im Bericht 4.3 “Parametric excitation of magnons in YIG films at low temperatures” untersuchen
wir die Relaxation parametrisch angeregter Magnonen im Dipol- und Austauschregime in einem
Temperaturbereich von 40K bis 340K. Das Ziel dabei ist ein tieferes Verstddnis des zugrun-
deliegenden Prozesses fiir die Erzeugung von Magnonen-BECs zu gewinnen. Wir fanden heraus,
dass sich in einer YIG Schicht, die epitaktisch auf einem Gallium-Gadolinium-Granat (GGG)
Substrat gewachsen ist, die Lebenszeit der Magnonen fiir tiefe Temperaturen stark verringert.
Das beobachtete Relaxationsverhalten ist mit der magnetischen Ddmpfung verkniipft, diese beruht
dabei auf der Dipolkopplung zwischen Magnonen und dem paramagnetischen Spinsystem des
GGG Substrates.
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4.1 Supercurrent in a room-temperature Bose-Einstein magnon condensate
D.A. Bozhko, A.A. Serga, P. Clausen, V.I. Vasyuchka, F. Heussner, and B. Hillebrands

In collaboration with A. Pomyalov and V.S.L’vov, Department of Chemical Physics,
Weizmann Institute of Science, 76100 Rehovot, Israel;

G.A. Melkov, Faculty of Radiophysics, Electronics and Computer Systems, Taras
Shevchenko National University of Kyiv, 01601 Kyiv, Ukraine

A supercurrent is a macroscopic effect of a phase-induced collective motion of a quantum con-
densate. So far, experimentally observed supercurrent phenomena such as superconductivity and
superfluidity have been restricted to cryogenic temperatures. Recently, we reported on the dis-
covery of a supercurrent in a Bose-Einstein condensate (BEC) of magnons prepared in a room-
temperature yttrium iron garnet (YIG) film [1,2]. The magnon condensate was formed in a para-
metrically pumped magnon gas and was subject to a thermal gradient created by local laser heating
of the film. The appearance of the supercurrent driven by a thermally induced phase shift in the
condensate wavefunction is evidenced by analysis of the temporal evolution of the magnon density
measured by means of Brillouin light scattering (BLS) spectroscopy. Laser heating locally changes
the saturation magnetization and, thus, induces a weak frequency shift 6 . between different parts
of the magnon condensate. In the course of time this frequency shift results in an increasing phase
gradient in the magnon BEC. As a result, a phase-gradient-induced magnon current or, in other
words, a magnon supercurrent, flowing out of the hot region of the focal spot, is excited. This
efflux reduces the density of the magnon BEC in the probing point. After some time, the enhanced
decrease in the magnon density results in the disappearance of the condensate, and thus in the
disappearance of the supercurrent. Consequently, this leads to the recovery of the conventional
relaxation dynamics which exists in the residual incoherent gaseous magnon phase.

In this Report we present a quantitative model to describe our experimental findings [1,2]. To quan-
tify our interpretation, that a magnon supercurrent is acting, recall that a BEC of magnons can be
described by the Gross-Pitaevskii equation for the complex wave function C(r,t) = v/Ncexp(i@),
where N.(r,t) and @(r,t) are the magnon number density per unit volume and the BEC phase,
respectively. This equation is the well known equation for the envelope of a narrow wave packet
(see e.g. Refs. [3,4]). It conserves the total number of condensed magnons .4; = f Nc(r,t)dr and
leads to the continuity equation for the BEC density N (r,?):

N
o1 =5 Z aq,aq, ar, =

Here J(r,t) is a supercurrent formed by the BEC magnons. In the (x,y)-plane of a YIG film (see
Fig. 1) it has two components Jy = N.Dyd ¢ /dx, J, = N.Dyd @ /dy, where D, = d*w(q)/(2dq?)
and Dy = d*w(q)/(2 dq%) are the anisotropic dispersion coefficients. At our experimental con-
ditions Dy ~ 21Dy and, thus, J, > J,. This allows us to neglect Jy in the global balance of the
magnon numbers and to simplify the problem to a 1D case along the x-axis, see Fig. 1b,c.

This work has been recently published in Nature Physics [2].
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Fig. 1: a) Magnon spectrum of a
5.6 um-thick in-plane magnetized YIG
film. The arrow illustrates the magnon
injection process by means of par-
allel parametric pumping. N, — to-
tal number of parametrically excited
magnons at (op/Z; N. — number of
BEC magnons at @, = Onin; Ny —
number of gaseous magnons near W,
and gpin; Ng — number of magnons in
the parametrically overpopulated gas
of magnons below @,/2. b) The ge-
ometry of the in-plane magnon wave-

" vector ¢, the bias field H, and the
G ' N, - Magnon BEC pumping microwave magnetic field.
<“—¥FF—ft > ¢) The schematic illustration of a
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C) Magnon supercurrent
in a hot laser spot

15 10 5 0 5 10 15 supercurrent flowing in the magnon
Wavenumber ¢ (10°rad cm”) BEC subject to a thermal gradient.

There are two reasons for the x-dependence of the BEC phase ¢ in our experiment. The first one
is the already mentioned temperature dependence of @.. Within the hot spot of radius R centered
at x = 0 (i.e. for |x| < R) the temperature 7 (x) is higher than the temperature T of the rest of the
film. (Fig. 1c). Since in an in-plane magnetized YIG film dw(T)/dT < 0, the BEC frequency
in the spot is smaller than outside: d@(x) = @.(T (x)) — @.(Tp) < 0. Correspondingly, the phase
accumulation §¢(x) = dw.(x)r inside of the spot is smaller than in the surrounding cold film.
Therefore, the phase gradient dd¢(x)/dx is positive for x > 0 and negative for x < 0. It means
that a thermally induced supercurrent flows out from the spot (mostly in x-direction) as it is shown
by solid arrows in Fig. lc: Jy(x) = NocDyxd(8w.t)/dx. This outflow decreases the magnon BEC
density N (x) in the spot, |x| < R, with respect of that in the cold film, where N.(x > R) = N0.

Spatial deviations in the density N.(x) of the magnon condensate constitute the second reason
for the variation of its phase d¢@/dx # 0. It results in an additional contribution to the supercur-
rent given by Eq. (1), which can be named a “dispersive" current Jgis. In order to estimate Jgis
notice that the 1D Gross-Pitaevskii equation has the self-similar solution C(x,7) = .Z (&) with
& = x?/(Dyt), where the function .7 (&) satisfies the ordinary differential equation £d.% /dE =
i(dF |dE +2Ed>.F /dE?). Tt describes the well known phenomenon of dispersive spreading of
a wave packet with the width 6x = \/D,f permanently increasing in time. It is worth to no-
tice that exactly the same law is satisfied by the diffusion process with the diffusion current
Jait(x) = Dy(dN:(x)/9dx). Ignoring the difference between the self-similar profiles in the disper-
sion and the diffusion processes (it is well below the resolution of our experiment), we can estimate
the dispersive current Jgs by its diffusion counterpart: Jgis(x) ~ —D, dN(x)/dx. This current is
directed to the lower N(x) region, i.e. towards the hot spot as shown in Fig. 1c by dashed arrows.

We describe the evolution of a parametrically driven magnon system towards BEC by rate equa-
tions for the total number of magnons in particularly chosen parts of the g-space shown in Fig. 1a.
The first part is the BEC with density N, (solid dot at the bottom of the magnon spectrum in
Fig. 1a). The second one is the magnon gas with density N, at the bottom of the magnon spectrum
in close vicinity to the BEC (semi-circle area Ry, surrounding the BEC point in Fig. 1a). These
parts are directly coupled via four-magnon scattering processes (R, — BEC) and are simultane-
ously detected due to the finite resolution of our frequency- and wavenumber-resolved BLS setup.
The third part is given by the magnon gas area Ry above Ry. In our simplified model the parametri-
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cally injected magnons of density N, (open dot in Fig. 1a) populate first the gas area Ry (N, — Ry)
and afterwards move to the bottom part Ry, of the magnon spectrum due to four-magnon scattering
processes between these areas (Rg = Ry).

In the rate equations for the magnon numbers N, N, and N, we have to account that the kinetic
equations for the four-magnon scattering processes conserve the total number of magnons and that
the leading term for the magnon flux from the j to the i sub-system is proportional to N 13 and can
be written as A; jN]3 with A;; being dimensional (s~1) phenomenological constants. Thus, the rate
equations take the following form:

oNg _

= F=-TeNe+ ToNpe 10 — AN, + ApgNg (2-a)
INy 3 3 3 A3
7 = —FbNb +Angg _Angb _Abc (Nb —Ncr)G)(Nb _Ncr) ) (2—b)
ON. aJ

atc == _FCNC +AbC(N€ - Ngr)®(Nb - Ncr) - a . (2-0)

Here I'y, I', and I'; are relaxation frequencies of corresponding magnons in the processes that
do not conserve magnon numbers (mainly caused by spin-orbit interaction). Their experimental
values are close enough and for simplicity are replaced by the same mean value I' = 6.1 MHz.

The second term in the right-hand-side of Eq. (2-a) represents the external magnon source and is
proportional to the number of parametrically pumped magnons Np,. The factor exp(—I'of) models
the processes of magnon thermalization after the end of the pump pulse. The terms o« A;; in Egs. (2)
describe the magnon fluxes between the chosen spectral areas, leading finally to the population of
the BEC state. The flux Ry — R contains the Heaviside function ®(N, — N;) that involves Ne,—
a critical number of magnons at which the chemical potential u of the magnon gas reaches @py;p.
The function ®(N, — N¢r) = 1 for Ny — Ny > 0 and 0 otherwise. Therefore, for N, < N, there is
no flux of magnons to the condensate. For N, > N, this flux appears and an excess of magnons
Ny — N populates the condensate.

In a numerical solution of this model we have chosen the initial BEC value N. = O because the
gaseous magnons do not populate the lowest energy state in the case of powerful pumping [5]. In
such cases, no magnon condensation occurs during the pump action and the BEC in the global
energy minimum (@m;n,gmin) 1S formed after the termination of the pump pulse. The initial value
of Ny = 135 (in units of BLS counts) was taken from our experiment (measured value Ny + N,
at t = 0 in Fig. 2). The initial values N, = 250 and Ny = 1000 are found from the best fit to the
reference case of no heating, shown by the first solid line in Fig. 2.

As we have discussed above, the supercurrent J in Eq. (2-¢) consists of two parts: J = Jr 4 Jgis.
Their modelling is, probably, the most delicate issue. We adopt the simplest version, assuming a
constant temperature gradient from the center (x = 0) of the heated spot to R:

J = —BsN St + Bgis (N2 — N. ), where B ~ Bgis ~ —D,/R. (3)

The results of the numerical solution of Egs. (2) and (3) for different 7 in the center of the hot spot
and, accordingly, for different d (T ), are shown in Fig. 2 by smooth solid lines together with the
respective experimental data. One clearly sees the good agreement between the theoretical and
experimental curves. The initial rise of the theoretical curves occurs faster than in the experiment.
This is likely due to our simplified model with only three zones in the g-space. We ignore here the
multistage character of the N, — Ry magnon transfer.
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In the comparison of our model with experiments performed at different spot temperatures 7, we
used only one T-dependent parameter d @, (T), related to the temperature dependence of the satu-
ration magnetization M (T') of YIG at standard ambient conditions dM(T)/dT ~ —4G/K giving
dao./dT = —116kHz/K. For the largest frequency shift (6 . = 550kHz), assumed in our calcu-
lations, it requires a rather mild heating of the spot by about 4.7K. This value agrees well with a
numerically found temperature rise of 5.7 K in the center of the focal spot. This value was obtained
by solving a 3D heat conduction model in the COMSOL Multiphysics simulation package using
known values of the light absorption coefficient, heat capacity, duration of the laser pulse, etc.

To summarize, we proposed and analyzed a model based on rate equations for the gaseous and con-
densed magnons, taking into account both the temperature induced magnon supercurrent and the
diffusion-like dispersive magnon counterflow via the boundary of the hot spot. The high quantita-
tive agreement between the measured data and the analytically modelled magnon evolution at the
bottom of the magnon spectrum serves as strong support in favor of the existence of a temperature-
induced supercurrent in the Bose-Einstein magnon condensate.

Financial support from the Deutsche Forschungsgemeinschaft (project INST 161/544-3 within the
SFB/TR 49 and project VA 735/1-2 within the priority programme SPP 1538) and from EU-FET
(Grant InSpin 612759) is gratefully acknowledged. D.A.B. is supported by a fellowship of the
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4.2 Bottleneck accumulation of hybrid bosons in a ferrimagnet

D.A. Bozhko, P. Clausen, V.I. Vasyuchka, A.V. Chumak, B. Hillebrands, and A.A. Serga

In collaboration with A. Pomyalov and V.S.L’'vov, Department of Chemical Physics,
Weizmann Institute of Science, 76100 Rehovot, Israel;

G.A. Melkov, Faculty of Radiophysics, Electronics and Computer Systems, Taras
Shevchenko National University of Kyiv, 01601 Kyiv, Ukraine

Our studies of the magnon Bose-Einstein condensate (BEC) in a film of yttrium iron garnet
(Y3FesO12, YIG) resulted in the discovery of a novel condensation phenomenon mediated by
magneto-elastic interaction: A spontaneous accumulation of hybrid magneto-elastic bosonic quasi-
particles at the intersection of the lowest spin-wave mode and a transversal acoustic wave.

We studied a magnon gas populated by parametric microwave pumping in an in-plane magnetized
6.7um thick YIG film by wavevector-resolved Brillouin light scattering spectroscopy (BLS) [1].
The pumping circuit (see Fig. 1a) is fed with 1.5 us long microwave pulses with a carrier frequency
Jp =13.62GHz. A microstrip resonator with a width of 0.5 mm creates an alternating Oersted field
along the direction of a bias magnetic field, realizing, thus, parallel parametric pumping [2].

BLS intensity maps showing the population of the pumped magnon spectrum (an example is shown
in Fig. 1b as a function of frequency and wavenumber are presented in Fig. 2a-b for two different
bias magnetic fields and a relatively small pumping power of 2.6 W. In spite of the fact that the
threshold of magnon BEC formation is still not reached at such power levels one can see a strong
and sharp population peak, which appears in the region of the hybridization between the magnon
and the transversal acoustic phonon dispersion branches (see white lines in Fig. 2). When the bias
magnetic field is shifted from 17350e to 1265 Oe, the population peak shifts in frequency and
wavenumber together with the magneto-elastic crossover region. At the same time, there are no
peculiarities in the thermal spectrum, measured at the same conditions, but without application
of pumping (see Fig. 2c). It means that the observed phenomenon is associated with the accu-
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Fig. 2: Magnon-phonon spectra and their population under different pumping conditions. White dashed lines
represent the calculated dispersion relation for the lowest magnon branch (q || H), hybridized with a transversal
acoustic mode. Strong population of states at the magnon-phonon hybridization area is clearly visible in the
parametrically pumped spectra. No distinct peculiarities in the thermal magnon spectrum are detected.

mulation of hybrid magnon-phonon quasi-particles at the crossover region in the process of the
thermalization of an externally populated magnon gas.

A microwave electromagnetic field with frequency @, and wavenumber k;, ~ 0 excites parametric
magnons distributed over the isofrequency surface at @5 = @, /2. Due to 2 = 2 four-magnon
scattering, which satisfies the conservation laws @y} + @y = Oy + 0y, and q1 +q2 = q3 + qa,
parametrically exited magnons redistribute over the entire q-space such that the magnon number
n(q) moves toward lower frequencies. At relatively high frequencies the main contribution to the
scattering amplitude Ty, q,:qs.q, iS given by the exchange interaction for which T, = Ty q:q.q =< ¢*-
Therefore, the most efficiently thermalized magnons have the largest wavenumbers ¢ and, thus, for
the case of an in-plane magnetized YIG film, belong to the lowest magnon mode with q || H [3,4].

In the presence of magnon-phonon coupling the unperturbed magnon @g' and phonon a)g spectra,
shown in Fig. 3a by dashed lines, split up in the Upper and Lower Magneto-Elastic Modes (U-
MEM, Qz and L-MEM, Q;), shown in Fig. 3a by solid lines. The population dynamics of these
modes is determined by both intramodal (2L.=2L, 2U=-2U) and intermodal (2L=-2U) scattering
of hybrid magneto-elastic bosons with the following conservation laws and interaction amplitudes:

L L L L LL
Qq+Qq = T2, T ggsan (1a)
U U U U uu
qu + qu - QQS T Q‘14 ’ qu 142393:94 (1b)
L L U U LU
Q‘h + QQZ - Q(IB + Q(M v T arasa - (le)
Allinteraction amplitudes 7 ... . originate from the four-magnon interaction amplitude 73, 4,:45 4,

and, thus, are proportional to the magnon contribution to MEMs. It can be shown that this contri-
bution is given by cos @, regarding the L-MEM and sin ¢, regarding the U-MEM, whose values
are determined by the dimensionless frequency distance from the crossover o,:

cos gy =/ (1+04(02+1)71/2)/2, 0g = (@ — @)/A, @)

U L. . . .
where A = Q' —Q, is the magneto-elastic frequency and qo is the crossover wavevector at which
wfl’o = Wy, = ®. In particular

LL LU .
I, =T cost @, , I, =1, cos” @, sin” @, , 3)
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Fig. 3: Theory. a) Calculated magnon-phonon spectrum near the hybridization region. b) Interaction amplitudes
TqUU, TqLL and TqUL, normalized by Tp, vs dimensionless distance from the hybridization crossover o. c)-e)
Schematic representation of the scattering and cross-scattering 4-particle processes in the hybridization region.
f) Dimensionless L-MEM density JI{]L, for different values of parameter a.

and TqUU ~T, sin* ¢,, where Té“ = Té;g; e Plots of TqL L, TqLU and TqUU VvS. 04 are shown in Fig. 3b.

As expected, for positive o (when g > ¢qg), the L-MEM becomes a pure magnon mode and TqLL —
T, while TqUU — 0 because the U-MEM becomes a pure phonon mode (see Figs. 3a and 3b. The

cross-amplitude TqLU requires the presence of magnon parts both in the L- and U-MEMs, therefore
its value is significant only in the hybridization region, where |o| < 1, as shown by the solid line
in Fig.3b. As it is clear from Fig.3b, for o > 1 we can take into account only the intramodal
2L=-2L scattering described by Eq. (1a), which conserves the total number | N;dq of L-MEM

quasi-particles. This allows us to write the balance equation for N; in the form of the continuity
equation

8N; (t)/dt+9d ,LL; /dq =0, where i, is the L-MEM flux towards the hybridisation area.  (4)

Using a classical Hamiltonian approach we estimated y, in the vicinity of the hybridization as
L LL L
Ky = aqp(T, )2 (Ny)* o . (5)
In the steady-state Eq. (4), which neglects the intermodal 2L.=-2U scattering described by Eq. (1c),
the flux ;,L; should be g independent. Together with Eq. (3) this gives

-2/3 1/(0088/3 (Pq) _ [(1 +0q(02+ 1>71/2)/2 *4/3, ©)

LL)

L
Ny e <Tq

i.e. a fast population increase, as shown in Fig.3f by curve 1. We call this effect “bottleneck
accumulations of magneto-elastic bosons in the hybridization region”.

When @ goes down below @y, the magnon part in the L-MEM goes to zero and N; — oo. However,
the direct particle transfer from lower to higher MEMs makes N; finite. This effect is proportional

to \TqLU |2, shown in Fig. 3b by the solid line. In the presence of this process the steady-state balance
equation (4) takes the form:

dys/dq=F," (7)
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LU . L U . . LU
where F, is the transport rate N, — N, caused by the intermodal 2L=-2U scattering. The F}
can be estimated as . .

F = (1)) () )N oy, (®)

where N is the density of U-MEMs at a sufficiently large negative o, say for o >~ —5. Using
estimates (3), (5) and (8) the balance Eq. (7) can be presented as:

d .
dq cos® @, (J/qL)3 =3a (Jl{IL)Z cos* @, sin* @, . 9)

Here, %L = N; /N]; is the dimensionless L-MEM density, normalized by the density Ni at a

sufficiently large positive o, say at o ~ +5. The dimensionless damping parameter a = bN' /NJLr
contains the dimensionless coefficient b (presumably of the order of unity) comprising numerical
parameters that were not controlled in the estimates (5) and (8). The ordinary differential equation

(9) can be solved in quadratures with the boundary conditions li_r>n ,/VqL =1, giving the relative
q {ee]

L-MEM population in the hybridization region

oo+ 4
%L:s;/s[l—“/ %}. (10)
cos®/> @, g COs*> @,

Solutions of Eq. (10) for different values of a are shown in Fig. 3f. For a = 0 we return to Eq. (6)
which corresponds to the maximum possible (asymptotic) bottleneck accumulation of the L-MEM
density in the hybridization region giving an infinite grow of %L o< |q|8/ 3 for large negative o. For
finite a this growth is suppressed. However, when the transfer of quasi-particles from the L-MEM
to the U-MEM is small (a < 1), the L-MEM density accumulation is quite significant. For large
a ~ 1 (see the two lower lines in Fig. 3f for a = 1 and 0.5), there is practically no MEM accumula-
tion. It is necessary to note that the increase in the population of the U-MEM in the course of the
BEC formation must lead to the suppression of the bottleneck effect and to the consequent satura-
tion of the MEM population peak. This effect is clearly visible in our previous observations [5].

Concluding, our model describes the formation of the experimentally observed peak in the MEM
population and, thus, evidences that this accumulation appears due to the bottleneck effect in the
transfer of magneto-elastic bosons from high to low frequencies through the hybridization region.

Financial support from the Deutsche Forschungsgemeinschaft (project INST 161/544-3 within
the SFB/TR 49) and from EU-FET (Grant InSpin 612759) is gratefully acknowledged. D.A.B. is
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4.3 Parametric excitation of magnons in YIG films at low temperatures

L. Mihalceanu, V.I. Vasyuchka, D.A. Bozhko, T. Langner, A.A. Serga, and B. Hillebrands

Parametric pumping is one of the most efficient ways to excite magnons in a wide range of
wavenumbers [1] and is a powerful tool for the investigation of fundamental properties of mag-
netization dynamics. Nowadays its importance is becoming even more evident since the efficient
injection of magnons into the spin system of low damping yttrium-iron-garnet (Y3FesOj2, YIG)
films allows for the observation of such prominent phenomena as magnon Bose-Einstein conden-
sates (BECs) [2] and magnon supercurrents [3]. Up to date all experiments with magnon con-
densates and supercurrents have been performed at normal ambient conditions. At the same time,
it is expected that the density of a magnon BEC can be significantly increased and the critical
pumping power decreased at lower temperatures [4]. Moreover, since the magnon relaxation time
increases with temperature decrease [5] the related prolongation of the BEC’s lifetime will allow
to investigate the BEC’s dynamics at long-time intervals and will help to reveal such relatively
slow effects as Josephson oscillations, etc. As the first step on the way to the investigation of the
dynamics of magnon BECs at cryogenic temperatures we have studied the parametric excitation
of magnons in the temperature range from 40K to 340K. To be able to directly correspond our
findings with magnon BEC experiments we utilised parallel parametric pumping applied to an in-
plane magnetized YIG film epitaxially grown in the (111) crystallographic plane on a gadolinium-
gallium-garnet (GGG) substrate. Specifically, we address the impact of temperature on the satura-
tion magnetization 4wM;, and further derive an estimate for the behavior of the magnon-relaxation
parameter I'; on the low-temperature scale.

Figure 1a provides a sketch of the experimental setup. A microwave pump pulse of 10us duration
is generated by a microwave source at a frequency of 13.76 GHz with 10 ms repetition time and is
subsequently amplified. A rotary-vane attenuator allows for the precise regulation of the applied
pumping power B, up to 2.5W. After passing a Y-circulator (Fig. la, port 1— port2) the pump
pulse feeds a 50 um-wide microstrip resonator inside a closed cycle refrigerator system. Here, a
6.7um thick YIG film having a ferromagnetic resonance (FMR) linewidth of 0.6Oe at 3 GHz is
placed on a resonator as it is shown in Fig. 1b. The reflected microwave signal is directed by the Y-
circulator (Fig. 1a, port 2—port 3) to a semiconductor detector and an oscilloscope for rectification
and observation.

The concept of parallel parametric pumping is based on the excitation of two magnons with a
frequency w, and opposite wavevectors =q by the annihilation of a microwave photon with the
frequency of @, = 2®,. The microstrip resonator induces an Oersted field h;,, which is parallel
to the bias magnetic field H (see Fig. 1b and is coupled to the longitudinal component of the

a) b) Fig. 1: a) Parametric
pumping setup. b) Res-
onator on top of mag-
netic sample with applied
magnetic fields. Adapted
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rounding the sample rep-
resents the implemented
cryogenic station.
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Fig. 2: Threshold curves Py (H) measured at different temperatures in the temperature ranges: a) 40 — 180K
and b) 180 —340K. The minima of the threshold curves at H = H, correspond to the excitation of dipolar
magnons with wavenumbers g =2 0 near the frequency of the ferromagnbetic resonance. Dipolar-exchange and
exchange magnons are excited at H < H.

dynamic magnetization M ||H. When the threshold condition A, = Ay, is reached, the action of
the microwave Oersted field completely compensates the spin-wave damping and gives rise to the
parametric excitation process. The increasing absorption of the microwave energy in course of this
process detunes the resonator and a kink, which indicates a threshold microwave power P, = Py,
appears at the end of the reflected signal (schematically shown on the oscilloscope in Fig. 1a.

By changing the bias field H the threshold power Py can be measured for different areas of the
magnon spectrum. Figure 2 presents the dependencies Py, (H) recorded for a number of tempera-
tures in the range from 40K to 340 K. At the critical field H = H, spin waves with ¢ = 0 are excited
near the frequency of the ferromagnetic resonance wpyr. In Fig. 2 this situation corresponds to
the minima of the threshold curves Py (H). The sharp jump up in the threshold power just above
H_. is due to the transition from the parallel to the perpendicular parametric excitation regimes in
the confined pumping geometry realized by the narrow microstrip resonator [6].

The dashed arrows in Fig. 2 indicate the shift of the critical point Py (H.) with temperature. In
Fig. 2a a decrease of the threshold power with increasing temperature is shown in the range of 40K
to 180K. On the contrary, Fig. 2b shows an increase in the threshold power with further increasing
temperature. At the same time, the experimentally determined critical field H, monotonically
increases with temperature along the whole temperature range. We use this dependence to calculate
the effective saturation magnetization 4TM¢T by applying the Kittel formula:

®,/2 = WpMR = Y\/Hc(Hc + 4MET), (1)

where 7y is the gyromagnetic ratio. Here, 47rMSeff includes contributions of cubic and uniaxial
anisotropies of the YIG film, which have been previously found to be smaller of 100e over the
temperature range in our experiments [7]. A small demagnetizing effect caused by a stray magnetic
field induced by the paramagnetic GGG substrate is also expected at temperatures below 100K [8].
Figure 3a shows the almost linear decrease of the effective saturation magnetization 47rM§'ff with
increasing temperature. The rate of A(4xMT) /AT = —3.05+0.08G/K is in good agreement
with previously reported results [9, 10].

The variation of the saturation magnetization directly affects the coupling between the microwave
pumping field h;, and a longitudinal component of the precessing magnetization M. As a result, the
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Fig. 3: a) Dependence of the effective saturation magnetization on the temperature. Line — the linear approx-
imation of the experimental data. b) Temperature dependence of the threshold pumping field for magnons
parametrically excited near the FMR frequency. Squares — the hff]‘f values are determined using the measured
threshold powers Py,. Circles — the Ay, values are calculated using Eq. 2 for the experimentally determined val-
ues of 47M(T) in the assumption that AH, = const. The inset shows the calculated relaxation parameter I';.

threshold field Ay, which depends on both the spin-wave relaxation and the parametric coupling,
is influenced by temperature. This influence can be estimated using the equation for the threshold
field from Ref. [11]:

wpAH,

hipy = min
)
Wy sin” 6,

2)

Here, v = y47Ms, and 6, is the angle between the magnon wavevector ¢ and the magnetization
direction. For the parametric excitation near and above the FMR frequency (H < H.), we can
assume 6, ~ 90°. AH, is the width of a linear resonance curve of the parametrically excited spin-
wave mode with the wavenumber g. It is defined as AH, = 1/(yT;) =T,/y, where T, and I, are
the relaxation time and the relaxation parameter, respectively.

By assuming the value of AH, in Eq. 2 to be constant over the entire temperature range and taking
into account the experimentally determined values of 471:Mseff we have calculated the normalized
temperature dependence of the threshold field, which is solely determined by the change in the
parametric coupling strength. This dependence is shown by the circles in Fig. 3b.

The experimental threshold field A, ”, which contains the information about the relaxation of para-

metrically excited magnons, can be found from the measured threshold powers using the relation
hfgf = C\/Ppr. The parameter C depends on the pumping frequency @y, the geometry and the
quality factor of the pumping resonator. As the resonance frequency and the quality factor of
our microstrip resonator do almost not change with temperature we assume C to be a constant.
The experimental values of the dimensionless threshold field normalized to the reference value at
the temperature of 340K are plotted in Fig. 3b (squares) for magnons excited near the FMR fre-
quency (H = H.). Its behavior is visibly non-monotonic: down to 180K the threshold field hfgf
slightly decreases, while below 180K it increases up to 5 times compared to the reference value.
The comparison of the calculated (hy,(7T), circles) and experimental (hf}ff (T), squares) threshold
dependencies clearly evidences that the high temperature part (77 > 180K) of the experimental

dependency is mostly determined by the variation in the parametric coupling strength.

On the contrary, the strong increase of hte}ff in the low-temperature range (7 < 180K) is caused by
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the spin-wave relaxation. The inset in Fig. 3b shows the dimensionless relaxation parameter I',
calculated with help of Eq. 2 using Ay, (T) and 47ME™(T) derived from the experimental data. It
becomes evident that for the temperature decrease from 180K to 60K the relaxation parameter I';
increases more than 7.5 times. This increase is considered to be untypical for pure YIG, for which
a monotonic decrease of I'; is expected with decreasing temperature [5]. The observed relaxation
behavior at low temperatures can be related either to the contribution of fast-relaxing rare-earth
ions contaminating the chemical composition of YIG [12] or to the magnetic losses caused by the
dipolar coupling of magnons with the spin-system of the paramagnetic GGG substrate [13]. Taking
into account the quality of the used YIG film the latter cause seems to be the most probable.

In summary, in the temperature range from 40K to 340K we have investigated the relaxation of
parametrically excited dipolar and exchange magnons in a YIG film epitaxially grown on a GGG
substrate. We have found that the magnon lifetime strongly decreases at cryogenic temperatures.
The observed relaxation behavior can be related to the magnetic damping caused by dipolar cou-
pling of magnons to the paramagnetic spin system of the GGG substrate. These results show that
low-temperature magnon BEC experiments must be performed in chemically-pure and substrate-
free YIG samples.
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SFB/TR 49, and projects VA 735/1-2 and SE 1771/4-2 within SPP 1538 “Spin Caloric Transport™)
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B. Insulator Magnon Spintronics

The field of science that refers to information transport and processing by spin waves is known as
magnonics. This name relates to the magnon — the spin-wave quantum associated with the flip of
a single spin. The usage of magnonic approaches in the field of spintronics, hitherto dealing with
electron-carried spin currents, gave birth to the field of magnon spintronics [Nat. Phys. 11, 453
(2015)]. This field is currently emerging, and considers magnon-based data buses, data process-
ing elements operating with analogous and digital information, as well as converters between the
magnon subsystem and the electron-carried spin and charge currents. In this context, a magnetic
insulator such as yttrium iron garnet (YIG) is of particular interest for magnon spintronics due to
its extremely small damping parameter that ensures transport of spin information over macroscopic
distances up to centimeters. Moreover, a magnetic insulator provides Joule-heat-free transfer and
processing of spin information.

The first Report (Report 4.4) is devoted to the experimental studies of the temporal evolution of
pulsed Spin Hall Effect - Spin Transfer Torque (SHE-STT) driven auto-oscillations in a YIG/Pt
microdisc using time-resolved BLS measurements. The focus lies on the temporal evolution of the
spin dynamics in the microstructure as soon as the anti-damping STT overcompensates the intrinsic
Gilbert damping in the system. It was demonstrated that the intensity, frequency, and the temporal
evolution of the SHE-STT-excited magnetization precession behave differently in different regions
of the investigated microstructure. Furthermore, the BLS intensity is found to saturate on a time
scale of 25 ns or longer, dependent on the current density. For this reason, our findings suggest that
a proper ratio between the voltage and the pulse duration is of crucial importance for the potential
STT-based devices.

A majority gate is of especial interest for spin-wave based data processing since it can perform
majority logic operations as well as AND, OR, NAND, and NOR operations. In Report 4.5 we
present the experimental realization and investigation of a macroscopic spin-wave majority gate,
which on the microscopic scale has already been investigated numerically in our group (see Annual
Reports 2014 and 2015). A majority gate features three inputs and one output and was fabricated
from micron-thick YIG. The input logic signals were defined by the phases of O or 7 of the applied
microwave signals. The operation of the device as a majority gate was proven using microwave
techniques - the output phase of the signal was defined by the majority of the input phases. Ad-
ditional time-resolved measurements have shown that the majority gate can switch logic output
within approximately 11 ns.

Finally, in Report 4.6 we use micromagnetic simulations to study a spin-wave directional coupler
in the form of two dipolarly-coupled spin-wave waveguides separated by a gap. A spin wave ex-
cited in one waveguide transfers all its energy into the second waveguide after the propagation of
a certain distance. This distance is defined by the strength of the coupling between the waveguides
and can be tuned by a variety of parameters. In particular, the waveguides magnetized in parallel
or anti-parallel configurations have different coupling strengths what opens access to the reconfig-
urability of the device functionality. Our studies show that the directional coupler can be used as
a crossing for magnonic conduits as well as a power and frequency splitter for microwave signal
processing.
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B. Isolator-Magnon-Spintronik

Die Magnonik umfasst das Fachgebiet, das sich mit der Informationsiibertragung und -verarbeitung
mittels Spinwellen befasst. Die Bezeichnung bezieht sich auf das Magnon, das Quant einer Spin-
welle, welches einem einzelnen Spin-Flip entspricht. Die Verwendung magnonischer Konzepte
in der Spintronik, welche sich bis dahin nur ladungsgebundener Spinstréome bediente, brachte das
Fachgebiet der Magnon-Spintronik hervor [Nat. Phys. 11, 453 (2015)]. Dieses Forschungsfeld
befindet sich momentan im groen Wachstum und befasst sich mit magnon-basierter Dateniiber-
tragung und Komponenten zur Verarbeitung von analogen und digitalen Informationen, sowie mit
Umwandlern an den Schnittstellen zwischen dem magnonischen Untersystem und den elektronen-
basierten Spin- und Ladungsstrémen. In diesem Zusammenhang ist ein magnetischer Isolator wie
das Yttrium-Eisen-Granat (YIG) besonders interessant, da dieses Material aufgrund seiner duf3erst
geringen Spinnwellen-Dampfung den Transport von Spin-Informationen iiber makroskopische Ent-
fernungen bis in den Zentimeterbereich ermdglicht. Zudem erlaubt ein magnetischer Isolator die
Ubertragung und Verarbeitung von Spin-Informationen ohne Beeintriichtigung durch Joulsche Er-
wirmung.

Bericht 4.4 beschiftigt sich mit der experimentellen Untersuchung der Zeitentwicklung von Auto-
Oszillationen in YIGIPt-Mikroscheiben, welche gepulst durch ein Spintransfer-Drehmoment ge-
trieben werden. Dieses Spintransfer-Drehmoment wird durch einen Spinstrom verursacht, welcher
in der Platinschicht aufgrund des Spin-Hall-Effekts erzeugt wird. Die Messungen wurden hier-
bei mithilfe der zeitaufgelosten BLS-Spektroskopie durchgefiihrt. Dabei liegt das Hauptaugen-
merk auf der Zeitentwicklung der Spindynamik in den Mikrostrukturen fiir den Fall, dass das der
Gilbertdimpfung entgegenwirkende Spintransfer-Dreh-moment selbige kompensiert. Es wurde
gezeigt, dass die Intensitit, die Frequenz und die Zeitentwicklung der angeregten Prédzession der
Magnetisierung innerhalb der Mikrostruktur lokal variieren. Zudem wurde festgestellt, dass die
ermittelte BLS-Intensitidt abhidngig von der Stromdichte auf einer Zeitskala von 25 ns oder mehr
sattigt. Diese Ergebnisse weisen auf die enorme Bedeutung eines geeigneten Verhiltnisses zwi-
schen Spannung und Pulsdauer fiir die Umsetzung von Anwendungen hin.

Ein Majoritétsgatter ist von besonderem Interesse fiir die spinwellenbasierte Datenverarbeitung,
da damit sowohl die logische Majoritdtsoperation, als auch die Operationen AND, OR, NAND
oder NOR implementiert werden konnen. Wir stellen im Bericht 4.5 die experimentelle Real-
isierung und Untersuchung eines makroskopischen Spinwellen-Majorititsgatters vor, welches auf
mikroskopischer Ebene in unserer Gruppe bereits numerisch untersucht wurde (s. Jahresberichte
2014 und 2015). Das Majorititsgatter besitzt drei Einginge und einen Ausgang und wurde aus
einem YIG-Film mit einer Dicke im Mikrometerbereich hergestellt. Die logischen Zustinde der
Eingangssignale wurden iiber eine Phase von 0 oder 7 der entsprechenden Mikrowellensignale
definiert. Auch die Untersuchung des Gatters erfolgte mithilfe von Mikrowellentechnik - die
Phase des Ausgangssignals wird definiert durch die Majoritidt der Eingangsphasen. Zusétzliche
zeitaufgeloste Messungen zeigen, dass das Umschalten des logischen Ausgangszustandes inner-
halb von etwa 11 ns stattfindet.

Abschlieend werden in Bericht 4.6 die Ergebnisse mikromagnetischer Simulationen zur Unter-
suchung eines Spinwellen-Richtkopplers in der Form zweier dipolar gekoppelter und rdumlich
separierter Spinwellen-Wellenleiter vorgestellt. Eine in einem der Wellenleiter angeregte Spin-
welle transferiert nach einer gewissen Distanz in den benachbarten Wellenleiter. Diese Distanz ist
durch die Stirke der Kopplung bestimmt und kann durch eine Vielzahl von Parametern eingestellt
werden. Im Speziellen besitzen parallel oder antiparallel zueinander magnetisierte Wellenleiter
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unterschiedliche Kopplungsstirken, womit die Moglichkeit einer rekonfigurierbaren Funktionali-
tdt eroffnet wird. Unsere Untersuchungen zeigen die mogliche Verwendung des Richtkopplers
als Knoten in magnonischen Schaltkreisen oder als Leistungs- und Frequenzweiche in der mikro-
wellenbasierten Signalverarbeitung.
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4.4 Temporal evolution of auto-oscillations in a YIG/Pt microdisc driven by
spin-transfer torque induced by the spin Hall effect

V. Lauer, M. Schneider, T. Meyer, T. Brdcher*, P. Pirro, B. Heinz, B. Ldgel, B. Hillebrands,
and A.V. Chumak

In collaboration with M.C. Onbasli and C.A. Ross, Department of Materials Science
and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts

02139, USA

*Current affiliation: Univ. Grenoble Alpes, CNRS, CEA, INAC-SPINTEC, 17, rue
des Martyrs 38054, Grenoble, France

Magnetization auto-oscillations in magnetic microstructures driven by spin-transfer torque (STT)
[1], which is induced by the spin Hall effect (SHE) [2] in an adjacent heavy metal layer, attracted
attention in the last few years [3]. First successful experiments were performed on patterned all-
metallic bilayers of NiFe/Pt [4] and, later, also on bilayers of the ferrimagnetic insulator yttrium
iron garnet (YIG) and Pt [5,6]. YIG is known for its very low Gilbert damping and thus is im-
portant for fundamental research in magnonics and for potential future application. Up to now,
experiments have been typically performed by applying continuous direct currents to the Pt layer
in such a way that the generated spin current exerts an anti-damping STT on the magnetization in
the magnetic layer. To the best of our knowledge, only in the experiments of Ref. [7] the temporal
behavior of SHE-STT-driven spin dynamics have been investigated so far, where a time resolution
of 20ns has been achieved. However, pulsed excitation of the magnetization precession using a
pulse duration of a few nanoseconds or shorter is more realistic to the working regime of future
spintronic devices. Therefore, further time-resolved investigations of the onset of auto-oscillations,
which provide insight into the processes of SHE-STT-driven spin dynamics, are of great interest.

(a) (b) Bj Fig. 1: a) Sketch of the investigated YIG/Pt disc
d H lasij
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- charge and the SHE-STT-generated spin current

YIG\O o
~—g densities (jo and js) for the exertion of anti-

damping STT on the magnetization in the YIG
layer.

This Report addresses the experimental investigation of pulsed SHE-STT-driven auto-oscillations
in a YIG/Pt microdisc by using time-resolved BLS measurements. The focus lies on the tem-
poral evolution of the spin dynamics in the microstructure as soon as the anti-damping STT [8]
overcompensates the intrinsic Gilbert damping in the system. The probed YIG/Pt microdisc has
a diameter of 1um, and the layer thicknesses of YIG and Pt are dyjg = 20nm and dp; = 7nm,
respectively. In order to fabricate the microstructures, a YIG film was grown by pulsed laser depo-
sition on a gadolinium gallium garnet substrate [9]. Subsequently, a Pt film was deposited on top
by means of sputter deposition. Microwave-based ferromagnetic resonance measurements yielded
a Gilbert damping parameter of otyjg = 1.2 x 1073 for the YIG film before the Pt deposition, and
an increased damping value of Qyig/py = 5.7 X 103 for the YIG/Pt bilayer. The subsequent struc-
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turing of the microdiscs was achieved by electron-beam lithography and argon-ion milling [10].
Eventually, tapered Au leads on top of the microdisc with a spacing of 50nm (see Fig. 1a) were
patterned by using electron-beam lithography and vapor deposition to allow for the application of
high current densities.

Time-resolved BLS measurements are performed by using a probing laser with a wavelength of
491 nm and a power of 2mW, focused down to a laser-spot diameter of approximately 400nm on
the structure under investigation. In the experiment, 75 ns long dc voltage pulses with a repetition
rate of 500ns are applied to the Au leads that results in a corresponding charge current flowing
in the Pt layer of the microdisc. An external biasing field of pygHexi = 110mT magnetizes the
microdisc perpendicular to the current flow direction. An exemplary configuration of the biasing
field Hey relative to the charge current density j., and the SHE-STT-generated spin current density
Js are depicted in Fig. 1b for the case of a resulting anti-damping STT on the magnetization in
the YIG layer. It should be mentioned that a threshold-like onset of auto-oscillations for a certain
field polarity is observed above a critical voltage value of V. = (0.7 £0.1) V only for the current
direction which is expected to generate an anti-damping STT according to the theory of the SHE.
Such a behavior is consistent with other experimental findings as, e.g., in Refs. [4-6]. These
observations moreover prove that, unlike in Report 4.13, the auto-oscillations cannot originate
from the spin Seebeck effect (SSE) due to a thermal gradient, since the SSE is known to excite
magnetization precession for both current orientations. As discussed in Report 4.13, the Au leads
on top of the Pt layer are assumed to prevent the formation of sufficiently large thermal gradients
required for triggering of auto-oscillations due to the SSE.
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Fig. 2: a) Frequency-integrated BLS intensity detected in the center of the microdisc as a function of time for
different applied dc voltage pulses above the threshold. The pulse duration of 75ns is depicted by the grayish
areas. b) The maximum BLS intensity reached during the pulse as a function of the applied voltage. c) The
saturation time of the BLS intensity within the pulse duration before reaching saturation.

Figure 2a shows the temporal evolution of excited auto-oscillations (represented by the BLS inten-
sity) detected in the center of the microdisc for different applied voltages above the critical voltage.
Spin dynamics are apparently excited during the pulse duration of 75 ns illustrated by the grayish
areas in the graphs. We find that for voltages higher than 1V the BLS intensity saturates within
the pulse duration. Nonlinear magnon scattering processes could be responsible to limit further in-
crease. It is noteworthy that the BLS intensity maximum saturates also as a function of the applied
voltage (see Fig. 2b). Furthermore, the saturation time values (as indicated by the dashed lines in
Fig. 2a) are plotted in Fig. 2¢c. This saturation time drops with the applied voltage and saturates at
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a value of approximately 23 ns at high voltages.

Our findings, moreover, suggest that there is an optimization potential for the signal output of
pulsed auto-oscillations regarding energy consumption, by choosing an ideal ratio between operat-
ing voltage and pulse duration (compare Fig. 2b and Fig. 2c¢). In the structure under investigation,
the pulse duration must not fall below 23 ns and the optimal operating voltage is at approximately
1.3V, that corresponds to a current density of 2.1 x 102 A /m? in the center of the disc. The im-
portance of the appropriate voltage value in particular is emphasized by the temporal behavior
observed at rather low and rather high voltages. For applied voltages below 1V, but still above the
threshold, such as, e.g., for 0.8V shown in the upper left graph of Fig. 2a, the pulse duration is
too short to reach saturation. On the other hand, for high voltages of, e.g. 2.2V, as shown in the
lower right graph of Fig. 2a, the BLS signal slowly drops within the pulse duration after reaching
its maximum after 23 ns. This intensity decrease over time within the pulse duration is assumed to
result from a decrease in the spin-mixing conductance due to the increase in the total temperature
in the microdisc [11], which consequently leads to a reduced injection of the SHE-generated spin
current, and to a reduction of the anti-damping STT. These crucial features need to be considered
for potential spintronics applications based on pulsed SHE-STT-driven nano-oscillators.
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Fig. 3: a) Linescan perpendicular to the current flow direction showing the time- and frequency-integrated BLS
intensity. b) Frequency-integrated BLS intensity as a function of time in the center and at the edge of the disc,
respectively. ¢) Time-integrated BLS intensity during the pulse as a function of the BLS frequency, normalized
to the BLS intensity when the pulse is switched off. The solid lines are Lorentzian fits.

A linescan at an applied voltage of 1.3V is performed across the disc in the direction perpendicular
to the current flow in order to investigate the spatial distribution of SHE-STT-driven spin dynam-
ics. The BLS intensity integrated during the pulse over all investigated BLS frequencies is plotted
in Fig. 3a as a function of the position along the disc. It shows a maximum in the disc center, and
moderate intensities at the disc edges. This observation can be understood in terms of the inhomo-
geneous current distribution in structures such as the one investigated here [4] and, additionally,
due to the finite size of the laser spot which is partially outside the microstructure when the disc
edge is probed. In order to discuss the differences in the spin dynamics driven during the pulse in
the disc center compared to the disc edge, Fig. 3b shows the frequency-integrated BLS intensity as
a functions of time, and Fig. 3¢ shows the time-integrated BLS intensity as a functions of the BLS
frequency. As it can be seen in Fig. 3b, the BLS intensity at the disc edge saturates at a lower level,
and shows a much longer saturation time. The lower intensity level is attributed to the finite spot
size of the laser as mentioned before. However, the longer saturation time cannot be explained by
the spot size, but in terms of the current distribution in the microdisc. As already discussed, the
saturation time depends on the applied voltage, viz. it depends on the current density. According
to Fig. 2c, the saturation time extracted from measurements in the disc center does not reach its
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saturation value of 23 ns for voltages below 1.3V, which is the value used for the linescan data
in Figs. 3a-c. Due to the decreased current density at the disc edge, the corresponding saturation
time is expected to be in a regime below saturation, and thus, is expected to be longer then in
the disc center. This is in agreement with the experimental findings in Fig. 3b. Furthermore, the
BLS frequency in the disc center is lower compared to the edge, as can be seen in Fig. 3c, which
we believe is a consequence of the inhomogeneous current distribution. A decrease in the BLS
frequency with an increase of the current has been observed in various comparable experiments in
Refs. [4,6,7].

In summary, we used time-resolved BLS measurements to investigate the onset of pulsed SHE-
STT-driven magnetization auto-oscillations in a YIG/Pt microdisc. The BLS intensity is found
to saturate on a time scale of 23ns or longer, dependent on the particular current density which
originates from the applied voltage and the position on the microdisc. Furthermore, both the max-
imum intensity and the saturation time saturate with increasing operating voltage. For this reason,
our findings suggest that a proper ratio between the voltage and the pulse duration is of crucial
importance for the power consumption of potential devices based on pulsed auto-oscillations. It
was demonstrated that the intensity, frequency and the temporal evolution of the SHE-STT-excited
magnetization precession behave differently in different regions of the investigated microstructure.

This research has been supported by the EU-FET Grant InSpin 612759, and by the ERC Starting
Grant 678309 MagnonCircuits.

References

[1] J.C. Slonczewski, Current-driven excitation of magnetic multilayers, J. Magn. Magn. Mater. 159, L1-L7 (1996).

[2] J.E. Hirsch, Spin Hall effect, Phys. Rev. Lett. 83, 1834 (1999).

[3] A.V.Chumak, V.I. Vasyuchka, A.A. Serga, B. Hillebrands, Magnon spintronics, Nature Phys. 11, 453 (2015).

[4] V.E. Demidov, S. Urazhdin, H. Ulrichs, V. Tiberkevich, A. Slavin, D. Baither, G. Schmitz, S.0. Demokritov,
Magnetic nano-oscillator driven by pure spin current, Nature Mater. 11, 1028-1031 (2012).

[5] M. Collet, X. de Milly, O. d’Allivy Kelly, V.V. Naletov, R. Bernard, P. Bortolotti, J. Ben Youssef, V.E. Demidov,
S.0. Demokritov, J.L. Prieto, M. Mufioz, V. Cros, A. Anane, G. de Loubens, O. Klein, Generation of coherent
spin-wave modes in yttrium iron garnet microdiscs by spin-orbit torque, Nat. Commun. 7, 10377 (2016).

[6] V.E. Demidov, M. Evelt, V. Bessonov, S.0O. Demokritov, J.L. Prieto, M. Mufoz, J. Ben Youssef, V.V. Naletov,
G. de Loubens, O. Klein, M. Collet, P. Bortolotti, V. Cros, A. Anane, Direct observation of dynamic modes
excited in a magnetic insulator by pure spin current, Sci. Rep. 6, 32781 (2016).

[7] V.E. Demidov, S. Urazhdin, E.R.J. Edwards, M.D. Stiles, R.D. McMichael, S.O. Demokritov, Control of mag-
netic fluctuations by spin current, Phys. Rev. Lett. 107, 107204 (2011).

[8] V. Lauer, D.A. Bozhko, T. Bricher, P. Pirro, V.I. Vasyuchka, A.A. Serga, M.B. Jungfleisch, M. Agrawal,
Yu.V. Kobljanskyj, G.A. Melkov, C. Dubs, B. Hillebrands, A.V. Chumak, Spin-transfer torque based damp-
ing control of parametrically excited spin waves in a magnetic insulator, Appl. Phys. Lett. 108, 012402 (2016).

[9] M.C. Onbasli, A. Kehlberger, D.H. Kim, G. Jakob, M. Klidui, A.V. Chumak, B. Hillebrands, C.A. Ross, Pulsed
laser deposition of epitaxial yttrium iron garnet films with low Gilbert damping and bulk-like magnetization,
APL Mater. 2, 106102 (2014).

[10] P. Pirro, T. Briacher, A.V. Chumak, B. Ligel, C. Dubs, O. Surzhenko, P. Gornert, B. Leven, B. Hillebrands,
Spin-wave excitation and propagation in microstructured waveguides of yttrium iron garnet/Pt bilayers, Appl.
Phys. Lett. 104, 012402 (2014).

[11] K. Uchida, T. Kikkawa, A. Miura, J. Shiomi, E. Saitoh, Quantitative temperature dependence of longitudinal
spin Seebeck effect at high temperatures, Phys. Rev. X 4, 041023 (2014)

50 AG MAGNET[SMUS
TU KA[SERSLAUTERN



4  Reports on Experimental Results

4.5 A macro-scaled YIG Majority Gate

T. Fischer*, M. Kewenig, D.A. Bozhko*, A.A. Serga, B. Hillebrands, and A.V. Chumak
*Graduate School Materials Science in Mainz, Staudingerweg 9, 55128 Mainz, Germany

In collaboration with I1. Syvorotka, Department of Crystal Physics and Technology,
Scientific Research Company Carat, Lviv, Ukraine

Over the last decades, CMOS-based devices have seen permanent technological progress result-
ing in steadily increasing speed and capabilities in computational technology [1]. However, with
miniaturization of circuitry [2], handling the increasing power density in processing units becomes
more challenging and, thus, requires for future technologies favorably making use of transport
mechanisms other than electric currents. Under these aspects, the concept of magnonics [3—6]
and spin wave-based logic [7, 8] provides a promising draft to compete with challenges related to
future information processing. This technology allows for wave-based computing and data pro-
cessing rates in the region of characteristic spin-wave frequencies, which can be extended to the
upper GHz region. Small logic elements can be realized by accessing the exchange region of
the spin-wave spectrum featuring wavelengths in the nanometer range [9]. The highly versatile
dispersion relation depending on material parameters as well as magnetization and field config-
uration [6] makes spin waves useful in a wide range of devices [10, 11]. By allowing for new
logics concepts based on the interference of waves, a significant reduction of the number of logic
elements compared to the number of transistors in CMOS-based concepts is possible [12].

We present here the experimental realization and investigation of a macroscopic spin-wave ma-
jority gate, which on the microscopic scale has already been investigated numerically in our
group [13]. In general, a majority gate features three inputs and one output [14]. For the ma-
jority operation, the output state represents the majority of the input states, which is illustrated in
Table 1. In our experiments, the information is encoded in the phase of the spin waves and, without
loss of generality, we use a phase of ¢(?) = 0 for a logic ‘0" and ¢(!) = 7 for a logic “1°.

illllpuitzphaigs Logic input state  Output
0O 0 O 000 0
0O 0 =& 001 0
0O = O 010 0
T 0 O 100 0
T 0 =& 101 1
T w© O 110 1
0O n =« 011 1
T T N 111 1

Table 1: Truth table of the majority operation. In the case of a spin-wave majority gate, the logic state is encoded in
the phase of the waves.

A photograph of the device investigated in this work is shown in Fig. 1b. The magnetic struc-
ture has been fabricated from a LPE-YIG (Yttrium Iron Garnet, Y3Fe50;) film with a thick-
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Fig. 1: (a) Sketch of the microwave setup used in the experiments, (b) photograph of the device under test. The
input signals are conditioned with respect to phase and amplitude. When passing the copper striplines (red),
the RF signals excite spin waves in the respective waveguide and the output signal is probed with a separate
stripline and measured employing a fast oscilloscope.

ness of 5.4um on a Gallium Gadolinium Garnet substrate by means of photolithography and wet-
chemical etching. Before the patterning process, the linewidth of the ferromagnetic resonance of
the full film has been determined to tgAHy =0.062mT. All spin-wave waveguides feature a width
of w, =1.5mm and spin waves can be excited inductively by RF currents sent through copper
striplines featuring a width of w, =75um. The magnetic structure is depicted in Fig. 1a together
with the microwave setup employed for signal conditioning and the excitation of spin waves. The
input RF current is provided by a single microwave generator and split into three input signals. A
phase shifter in each channel allows for encoding the logic information into the phase of the spin
waves. Attenuators are used to level out the different transmission characteristics of the equipment
and the different spin-wave excitation efficiencies of the respective input striplines. The propa-
gation of waves through the bended waveguides into the combiner and the output waveguide is
expected to feature comparably larger losses. However, it has been shown that propagation of spin
waves through bended structures is possible [15]. Propagating through the output waveguide, the
spin waves will evoke a signal in a copper stripline which can be mapped directly by using a fast
oscilloscope.
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Operation of the device is performed in the regime of Backward Volume Magnetostatic Spin Waves
(BVMSW) [6] with the external field applied parallel to the waveguides. However, we have also
tested the device in the configuration of Magnetostatic Surface Spin Waves. Although the trans-
mission spectra differ, the operational characteristics appear to be qualitatively the same. In order
to determine a suitable working point for an efficient operation of the device, spin-wave transmis-
sion through each of the channels towards the output is measured with a Vector Network Analyzer.
The input power is kept at a level of —3dBm to avoid the occurence of nonlinear effects. Figure 2
shows the recorded transmission spectra. With an externally applied field of poHexi =142.9mT, for
all three spectra the BVMSW transmission characteristic is visible with the FMR frequency lying
at about fryMr ~6.06 GHz. Variations of the attenuation mainly depend on the anisotropic charac-
ter of spin waves in in-plane magnetized films: The transmission through the combiner requires a
modification of the wavenumber in the bends. However, a certain part of energy is expected to be
reflected.

We subsequently choose an operational spin-wave carrier frequency of f. =6.035 GHz. Neverthe-
less, our studies have shown that the choice of the working point is not critical and the majority
gate can be operated in a wide range of frequencies. Besides equality of the signal amplitudes in
each channel, the desired phases of 0 and 7 for each signal have to be defined consistently with
the phases of the remaining channels. Therefore, a signal whose phase is defined as O is directly
provided to the input i2 serving as the reference channel. Applying a signal with equal amplitude
to one of the remaining channels and continuously adjusting its phase, the amplitude of the output
signal exhibits maxima and minima which allows for assigning phase shifts of 0 and 7 to the input
signal. We employ a fast oscilloscope with a sampling rate of 40GSa/s allowing for a direct map-
ping of the signal evoked in the stripline by the output spin wave. In our experiments, all possible
logic states have been applied to the input of the device and the corresponding output signals are
presented in Fig. 3. Since the phase of the signal serves as the carrier of information, this quantity
is most important to the output signal. For the case of a logic input state ‘100’ (full downward
triangles) and ‘011’ (hollow squares), respectively, Fig. 3 reveals

Fig. 3: Measured time traces of the
output signals corresponding to the re-
spective input logic states. The exper-
imental setup is depicted in Fig. la.
The dependence of the output phase
on the majority of the input phases is
clearly visible.

80 '

IS
o
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i
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-80 4

Time (ns)

that with shifting all input signals by 7, the phase of the output signal phase accordingly shifts by
7. Assigning a logic ‘0’ and ‘1’ to the respective output phases, a reliable operation of the device
is possible with the phase of the output signal representing the majority of the phase of the input
signals. However, these measurements also resemble a major drawback of the characteristics of
the majority gate which is the dependence of the output amplitude on the input state: In the case of
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an input state of ‘111°, the output signal amplitude at the oscilloscope is U, ~75mV whereas for
the input state ‘110’ it only amounts to U, ~25mV. Nevertheless, this challenge will only become
relevant for the construction of integrated magnon circuits and might, for instance, be solved by
employing nonlinear effects in the output waveguide.

All in all, we succeeded in the experimental realization of a majority gate logic device based on
the interference of spin waves. However, further improvement is needed on the route towards
the implementation of spin-wave logic circuits. A promising concept could be a phase control by
electric fields as described in the work by Ustinov et al. [16] or by spin-polarized currents. Progress
in the production of ultra-thin YIG films with low Gilbert damping constant as well as the possible
use of alternative materials such as Heusler compounds [17] might facile the realization of a spin-
wave majority gate on the microscale.

T.F. and D.A.B. have been supported by a fellowship through the Excellence Initiative (DFG/GSC
266). A.V.C. gratefully acknowledges financial support by the European Union within the ERC
Starting Grant 678309 MagnonCircuits. This work was also supported by the European Union
within the EU-FET grant InSpin 612759.
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4.6 Spin-wave directional coupler

Q. Wang, P. Pirro, B. Hillebrands, and A.V. Chumak

In collaboration with Roman Verba, Institute of Magnetism, National Academy of
Sciences of Ukraine, Kyiv 03142, Ukraine and Andrei Slavin, Department of Physics,
Oakland University, Rochester, MI 48309, USA

The research field of magnonics attracts growing attention due to its potential applications in spin-
tronics devices in which spin waves carry information instead of electrons [1,2]. Several novel
concepts of spin-wave logic devices have been proposed recently [3,4]. However, although data
transfer and processing have been successfully demonstrated in independent devices, the connec-
tion of different spin-wave elements in a magnon circuit is still a bottleneck. Crossing structures,
in which two independent magnon conduits cross each other without interaction, are a prerequi-
site for the realization of complex integrated two-dimensional spin-wave circuits [5,6]. A simple
X-type crossing [6] does not satisfy the requirements at the nanometer scale because the crossing
part of the structure acts as a spin-wave re-emitter into all four spin-wave channels.

In this Report, we use micromagnetic simulations to study a spin-wave directional coupler in the
form of two dipolarly-coupled spin-wave waveguides separated by a gap. This scenario is remi-
niscent to coupling between two optical waveguides with narrow spacing in integrated optics [7].
A spin wave excited in one waveguide transfers all its energy into the second waveguide after the
propagation of a certain distance. This distance is defined by the strength of the coupling between
the waveguides and can be tuned by a variety of parameters.
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Fig. 1: A schematic view of the dipolarly-coupled spin-wave waveguides (a) and a snapshot of the spin-wave
amplitudes in them (b). The variation of the spin-wave power in both waveguides as a function of distance x for
the case of zero damping (c) and for the real damping parameter & (d). Dispersion characteristics for the case
of the isolated single spin-wave waveguide (e) and for the same waveguide but coupled to a second one (f).
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In particular, the waveguides magnetised in parallel or anti-parallel configurations have different
coupling strengths what opens access to the reconfigurability of the device functionality. Our
studies show that the directional coupler can be used as a crossing for magnonic conduits as well
as a power and frequency splitter for microwave signal processing.
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Fig. 2: Coupling length L as a function of (a) the distance between the waveguides &, (b) the wavevector &,
(c) the thickness ¢, and (d) the width w, obtained by means of numerical simulations (symbols) and analytics
(lines). The inset in panel (d) shows the dependence of the effective width of the waveguide on the real width
w (the line is a guide to the eyes).

The structure under investigation is schematically shown in Fig. 1a. Two parallel waveguides of
100 um length, of width w in the range from 100 to 300nm, and of thickness ¢ in the range from 10
to 50 nm are placed with a gap 6 in between from 10 to 100nm. The simulations are performed
for the parameters of a Yttrium Iron Garnet (YIG) nanometer-thick film [8]: saturation magne-
tization Mg = 1.4 x 10° A/m, exchange constant A = 3.5pJ/m, Gilbert damping @ = 2 X 1074,
The Gilbert damping o at the ends of the waveguides exponentially increases to 0.5 in order to
prevent spin-wave reflection. The simulation is performed using Mumax3 [9]. The cell size is
10 x 10 x ¢t nm? (¢ is the thickness). A small external magnetic field poHex; = 10mT is applied along
the waveguides (in x direction). In order to excite spin waves, a sinc field pulse &, = hosinc(27 fct)
is applied in the center of the waveguide 2 within an 20 nm wide area (see the area shown in
Fig. 1a), with ypho = 1 mT and a cutoff frequency of f. = 20GHz.

Figure 1b shows the snapshot of the amplitude of the spin wave in the coupled waveguides of width
w = 100nm, gap 6 = 100nm, and thickness ¢t = 50nm. The frequency of the spin wave in this case
is 2.96 GHz. That corresponding to a wavevector k, = 0.02872rad/nm. One can see, that after
the spin wave is excited in waveguide 2, its energy is transferred completely to the waveguide 1
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after the propagation of a certain distance. We refer to this distance as to the coupling length L -
see Fig. 1b. Figure 1c and Fig. 1d show the variations of the spin-wave intensities in the coupled
waveguides as a function of distance x for the case of zero damping and for the case of a nonzero
damping parameter, respectively. The coupling length L = 11.85um can be easily extracted from
Fig. Ic and Fig. 1d. The simulations performed for the damping-free waveguides clearly show
that the spin-wave energy oscillates between the waveguides without any losses. The line is a
fit to the data using P, = Psin?(mx/(2L)), where P, is the power launched into the waveguide 2
and P; is the power in the waveguide 1. For the case of real spin-wave damping, the spin-wave
intensity gradually decreases as expected. The results can be fitted by a similar model including the
damping term P, = Psin®(7tx/(2L))exp(—|2x|/ Xfreepath)» WHere Xfreepath = 88 um is the exponential
decay length.

Figure 2 shows the dependence of the coupling length L on the gap size 6 — Fig. 2a, the spin-wave
wavevector k — Fig. 2b, the waveguides thickness ¢ — Fig. 2c and the width w — Fig. 2d. The
calculation parameters are shown in the panels. In general, one can clearly see that the increase
in the dipolar coupling between the waveguides results in a decrease of L. The coupling can be
increased by a decrease in the gap 6 between the waveguides, by an increase in their thickness z, by
a decrease in their widths w, and finally by a decrease in the spin-wave wavenumber k. The results
obtained by micromagnetic simulations (circle points) and analytic theory (lines, not discussed in
this Report) are practically consistent. The effective widths due to the spin pinning at the edges of
the waveguides were calculated by simulations and used for the analytic calculations. The inset in
Fig. 2d shows the dependence of the effective width on the geometrical width w of the waveguides.
The effective width strongly increases with the decrease in w due to the transfer from pinned to
unpinned states at the edges of the waveguides [10].

Next, we present the dependence of the coupling lengths L on the magnetization orientation of
the waveguides. In order to build the anti-parallel configuration, the external field is removed.
Panel a and b of Fig. 3 show the dispersion characteristics obtained by micromagnetic simulation
(color map) and analytic theory (dash lines) for the parallel configuration, when both waveguides
are magnetised in the same direction, and for the anti-parallel configuration. The dispersions for
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the anti-parallel configuration have a pronounced difference compared to the parallel case. The
mode splitting due to the dipolar interaction is larger for the anti-parallel case. That means that
the waveguides are stronger coupled in such a configuration. The same conclusion is supported by
the dependences of the coupling length L on the gap 6 and on the spin-wave wavevector k shown
in Figure 3c and Figure 3d, respectively. The coupling length for the anti-parallel configuration is
always smaller than that of the parallel one.

The directional coupler based on the coupled spin-wave waveguides can have different functionali-
ties depending on the ratio between the coupling length L and the length of the coupled waveguides
lege- Thus, if legp = (2n+4 1)L, where n is an integer value, the whole energy will be transferred from
one waveguide to the other and the directional coupler can be used as a crossing of magnonic
conduits. If I = (n+ 1/2)L the coupler can be used as a 3dB microwave power splitter. Taking
into account that L strongly depends on the spin-wave wavenumber k and, consequently, on the
signal frequency, the directional coupler can be used as a frequency splitter. Finally, the change
in the magnetization direction of one of the waveguides allows for the switching of such recon-
figurable directional coupler functionality for fixed /¢ and signal frequency. Taking into account
nano-meter sizes of the studied device, it represents an interesting approach for processing of both
digital and analogue information.

The project was financially supported by the European Union via the ERC Starting Grant 678309
MagnonCircuits.
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C. Metallic Magnon Spintronics

The combination of standard spintronics with spin-wave dynamics led to the emergence of the field
of magnon spintronics. Magnon spintronics aims for the magnon to charge current conversion and
for magnon-based data processing devices. A magnon, i.e. the quantum of a spin wave, carries
an angular momentum or spin as well and can be used for storage, processing and transport of
spin information, building on its outstanding properties such as long lifetime and potential for
dissipationless transport. Furthermore, the utilization of spin Hall effects to create and detect spin
currents and magnetization dynamics has push magnon spintronics even further. In this section we
focus on spin Hall related effects like spin-pumping (SP) and inverse spin Hall effect (ISHE) by
addressing systems like CoFeB/Ta-Pt bilayers, Fe/Pt, Py/Pt and YIG/Pt bilayers. In addition, we
present new designs and understanding of novel spin-wave devices that push the field of magnon
spintronics even further.

Report 4.8 refers to the conversion of a magnon current into a charge current via the spin pumping
effect in CoFeB sample series by using different capping layers such as Pt and Ta. The spin
pumping is strong and efficient in Ta, while we were not able to quantify it in Pt, due to the lack of
correlation between effective spin mixing conductance g, and the detected ISHE voltage. Angular
resolved spin pumping measurements have further shown that spin rectification in CoFeB systems
are dominated by the anomalous Hall effect while the anisotropic magnetoresistance plays a minor
role.

Report 4.7 presents an overview of the factors that influence the spin current generation in magnetic/-
non-magnetic bilayers. We show the in-plane angular dependencies of the SP/ISHE and spin rec-
tification effects such as anisotropic magentoresistance (AMR) and anomalous Hall effect (AHE),
of bilayers composed of different FM, such as Fe, Py, and YIG, and capping layers with significant
spin Hall angle, such as Pt and Ta, and small spin Hall angle, such as Al and MgO. Spin rectifi-
cation effects do scale differently in Fe, Py and YIG bilayer systems. AMR is more pronounced
than AHE in RF magnetron sputtered Py, while AHE seems to be almost equal in magnitude for
epitaxial Fe systems. Pronounced AHE is occurring in nanometer thin films YIG/Pt samples. In
Py/Al and Py/Pt there exists a non negligible out-of-plane excited AMR, that does not directly
correlate with the microwave induced currents. Epitaxial Fe/MgO shows pronounced features at
angles, where the magnetization traverses the magnetic hard axis of Fe.

Report 4.10 presents work for the realisation of prototype devices in the field of magnon spin-
tronics. The development of a nano-scale reconfigurable magnonic crystal (MC) as universal
magnonics component suitable for versatile operations with data, was achieved by using electric
field-induced perpendicular magnetic anisotropy (PMA). The voltage-controlled PMA induces a
spatial variation of the internal field along the waveguide resulting in pronounced band gaps in
the spin-wave spectra. The reconfigurable magnonic crystal can be dynamically controlled by
applying a voltage to different metallic gates. The report opens the path to low loss, low power
voltage-controlled reconfigurable magnonic crystals that can be used in future nano-sized magnon
spintronics devices.

Report 4.11 presents a design for a dynamically switchable spin wave signal splitter as pivotal
element for magnon-based networks. The basic concept of the studied structure is to create spin
waves caustics and to control them by an inhomogeneous external field. We demonstrate the ability
of the local manipulation of the spin waves caustic direction by an inhomogeneous magnetization
distribution and its dynamic controllability by locally applied magnetic fields. Based on these
results, the concept of a switchable spin wave signal splitter is developed: channeling spin waves
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into different output waveguides or blocking them depending on the applied DC-current.

Report 4.9 focuses on the spin-wave band structure and the resulting density of states (DOS) for
the design and understanding of novel spin-wave devices. The interplay of dipolar and exchange
energies in thin magnetic films leads to a rich variety in the dispersion relations of different spin
wave modes. Here, we compare uBLS spectra obtained from NiFe films of different thicknesses
with the calculated spin-wave DOS. A simple model is able to explain the characteristics of the
experiment qualitatively but a more accurate description will need to include the magnon-photon
scattering processes in more detail.

C. Metallische Magnon-Spintronik

Die Kombination von Standard-Spintronik und Spinwellendynamik fiihrte zur Entstehung des
Feldes der Magnon-Spintronik. Dieses Forschungsgebiet hat die Konversion zwischen Magnonen-
und Ladungstriagerstromen und die Entwicklung Magnonen-basierter Datenverarbeitungsbauteilen
zum Ziel. Ein Magnon, d.h. das Quant einer Spinwelle, tridgt einen Drehimpuls oder Spin und kann
zur Speicherung, Prozessierung und zum Transport einer Spin-Information Verwendung finden,
basierend auf seinen hervorstechenden Eigenschaften wie groer Lebensdauer und potenziell ver-
lustfreiem Transport. Weiterhin wurde die Magnon-Spintronik durch die Ausnutzung des Spin-
Hall-Effekts zur Erzeugung und Detektion von Spinstromen und Magnetisierungsdynamik vor-
angetrieben. In diesem Abschnitt konzentrieren wir uns auf die Spin-Hall-zugehorigen Effekte
wie Spinpumpen (SP) und inversen Spin-Hall-Effekt (ISHE), wobei Systeme wie CoFeB/Ta-Pt-,
Fe/Pt-, Py/Pt- und YIG/Pt-Doppelschichten behandelt werden. Zusétzlich priasentieren wir Ent-
wiirfe und das Verstindnis neuartiger Spinwellenbauteile, die das Feld der Magnon-Spintronik
noch weiter vorantreiben.

Bericht 4.8 bezieht sich auf die Umwandlung eines Magnonenstroms in einen Ladungsstrom durch
Spinpumpen in einer Reihe von CoFeB-Proben unter Verwendung verschiedener Deckschichten
wie Pt und Ta. Spinpumpen findet in Ta stark und effizient statt, wihrend es aufgrund einer
fehlenden Korrelation zwischen der effektiven Spinmischungsleitfdhigkeit g.4, und der detek-
tierten ISHE-Spannung nicht gelang, den Effekt in Pt zu quantifizieren. Winkelaufgeloste Mes-
sungen des Spinpumpens haben weiterhin gezeigt, dass Spingleichrichtung in CoFeB-Systemen
vom anomalen Hall-Effekt dominiert wird, der anisotrope magnetoresistive Effekt jedoch eine un-
tergeordnete Rolle spielt.

Bericht 4.7 prisentiert einen Uberblick iiber die Faktoren, die die Erzeugung von Spinstromen in
magnetischen/nichtmagnetischen Doppelschichten beeinflussen. Wir zeigen die Winkelabhingig-
keiten von SP/ISHE und von Spingleichrichtungseffekten wie dem anisotropen magnetoresistiven
Effekt (AMR) und dem anomalen Hall-Effekt (AHE) in der Ebene von Doppelschichten, die
aus verschiedenen magnetischen Materialien wie Fe, Py, und YIG mit Deckschichten aus Ma-
terialien mit signifikantem Spin-Hall-Winkel wie Pt und Ta bzw. mit kleinem Spin-Hall-Winkel
wie Al und MgO aufgebaut sind. Die Spingleichrichtungseffekte skalieren unterschiedlich in Fe-,
Py- und YIG-Doppelschichtsystemen. AMR iiberwiegt AHE in RF-magnetrongesputtertem Py,
wihrend AHE in epitaktischen Fe-Systemen fast den gleichen Beitrag zu leisten scheint. Ein aus-
gepragter AHE tritt ebenfalls in Nanometer-diinnen YIG/Pt-Schichten auf. In Py/Al und Py/Pt
existiert eine nicht vernachldssigbare AMR-Anregung aus der Ebene heraus, die nicht direkt mit
den mikrowelleninduzierten Stromen korreliert. Epitaktisches Fe/MgO zeigt ausgeprigte Merk-
male bei Winkeln, bei denen die Magnetisierung die magnetisch schwere Achse der Fe-Schicht
durchléuft.
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Bericht 4.10 zeigt eine Richtung fiir die Realisierung von Bauteilprototypen im Feld der Magnon-
Spintronik auf. Die Entwicklung eines rekonfigurierbaren magnonischen Kristalls (MC) im Nano-
meterbereich als universelles magnonisches Bauteil fiir vielseitige Anwendungen in Verbindung
mit Daten wurde mit Hilfe einer durch ein elektrisches Feld induzierten senkrechten magnetischen
Anisotropie (PMA) erreicht. Die spannungsgesteuerte PMA induziert eine rdumliche Variation
des internen Feldes entlang des Wellenleiters, was eine Auspridgung der Bandliicken im Spin-
wellenspektrum zur Folge hat. Der rekonfigurierbare magnonische Kristall kann dynamisch kon-
trolliert werden, indem eine Spannung an verschiedenen metallischen Gattern angelegt wird. Der
Bericht eroffnet den Weg zu verlustarmen, spannungskontrollierten, rekonfigurierbaren magnon-
ischen Kristallen mit geringer Leistungsanforderung, die in zukiinftigen magnon-spintronischen
Bauteilen im Nanobereich genutzt werden konnen.

Bericht 4.11 bietet einen Entwurf fiir einen dynamisch schaltbaren Spinwellensignalteiler als zen-
trales Element fiir magnonenbasierte Netzwerke. Das grundlegende Konzept der untersuchten
Struktur ist die Erzeugung von Spinwellenkaustiken und deren Kontrolle durch ein inhomogenes
externes Feld. Wir demonstrieren die Fihigkeit zur lokalen Beeinflussung der Richtung der Spin-
wellenkaustiken durch eine inhomogene Magnetisierungsverteilung und die dynamische Kontrol-
lierbarkeit durch lokal angelegte magnetische Felder. Basierend auf diesen Ergebnissen wird das
Konzept eines schaltbaren Spinwellensignalteilers entwickelt: Spinwellen werden abhiingig vom
angelegten Gleichstrom in unterschiedliche Ausgangswellenleiter gelenkt oder blockiert.

Bericht 4.9 fokussiert sich auf die Spinwellen-Bandstruktur und die resultierende Zustandsdichte
(DOS) fiir den Entwurf und das Verstindnis neuartiger Spinwellen-Gerédten. Das Zusammen-
spiel von dipolaren Energien und Austauschenergien in diinnen magnetischen Schichten fiihrt zu
einer grofen Vielfalt von Dispersionsrelationen verschiedener Spinwellenmoden. Hier vergleichen
wir von unterschiedlich dicken NiFe-Schichten erhaltene uBLS-Spektren mit der berechneten
Spinwellen-Zustandsdichte. Ein einfaches Modell ist in der Lage, Charakteristiken des Experi-
ments qualitativ zu erkldren, aber eine genauere Beschreibung wird Magnonen-Photonen-Streuung
detaillierter einbeziehen miissen.
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4.7 Angular dependencies of spin pumping and rectification effects

S. Keller, J. Greser, M.R. Schweizer, B. Hillebrands, and E.Th. Papaioannou

In spintronics bilayers composed of a ferromagnetic (FM) and a nonmagnetic (NM) layer with
large spin-orbit-interaction, at ferromagnetic resonance (FMR) the spin pumping (SP) and the
inverse spin Hall effects (ISHE) allow for the generation of a spin current and its conversion into a
charge current, respectively. A wide range of ferromagnets [1], such as metallic, semiconducting
and insulators, and NM [2] materials, e.g. Au, Pd, Ta, W, and Pt, have been investigated to this
point [3]. In metallic FM layers overlapping additional effects take place, such as the so called spin
rectification (SR) effect, which impede the access to the pure ISHE signal. Different approaches
for separation have been thoroughly investigated. Thickness variation of the FM and the NM layers
show different dependencies onto ISHE and SR, but requires a lot of effort for producing whole
sample series or wedged microstructures. Another method is a sweep of the excitation frequency,
which cannot be applied to all experimental setups and requires a careful analysis of the microwave
properties of the setup. Also the minimization of the electrical microwave field at the location of
the sample by using a microwave cavity is possible, but in most cases only certain frequencies
can be applied. The rotation of the magnetization angle by rotating the external magnetic field in-
and out-of-plane is one of the most common and practicable methods, while out-of-plane rotation
normally requires higher magnetic fields for thin films [3,4].

In this article, we present our studies on in-plane angular dependencies of the SP/ISHE and SR
effects, such as anisotropic magnetoresistance (AMR) and anomalous Hall effect (AHE), of bi-
layers composed of different FM materials, such as Fe, Py, and YIG, and capping layers with
significant spin Hall angle ®gy, such as Pt, and small Osy, such as Al and MgO, excited by a
microwave stripline antenna. For a fixed excitation frequency and external field angle, the external
field amplitude is to match the resonance condition. The measured voltage peaks is then fitted by
the following equation:

L (AH)? v —2AH (H — Hpwmr)
meas sym (H — HFMR)Z + (AH)Z asym (H — HFMR)Z -+ (AH)Z )

)

where Viy is the amplitude of the symmetric part, Vygym 18 the amplitude of the antisymmetric
part, AH is the linewidth, H is the applied external magnetic field, and Hpyr is the corresponding
FMR field value. While the SP/ISHE effect contributes only to Vsym, the SR effects contribute
to both voltage amplitudes. The relative contributions of AHE and AMR to Vsym and Vygym are
determined by the phase difference between the dynamic magnetization m(¢) and the microwave
induced AC current j(¢) inside the FM layer. This phase difference is not easily accessible [2].
To understand the shape of the measured voltage amplitudes one needs to calculate the angular
dependencies of SP/ISHE and SR (a detailed derivation can be seen in [3,4]). Let us consider
the coordinate system (see at Fig. 1a), where x’ and 7’ are the in-plane and y the out-of-plane lab
fixed coordinates, @y is the angle between the external magnetic field H and the 7' axis. The
electrical contacts are either in x’or Z’ direction and Iy and I; are the microwave induced currents.
The dynamic magnetic microwave fields &, hy (in-plane) and &, (out-of-plane) are determined
by the microwave excitation. In our case, seen in Fig. 1b, where the contacts are in x’ direction,
the microwave stripline antenna is along the 7’ direction and the samples are macroscopic. One
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Fig. 1: Left: a) General case of experiments, b) Case of our experiments. Right: Theoretical in-plane mag-
netization angular dependencies of Spin Rectification effects and ISHE with transverse contacts and different
dynamic external magnetic field geometries [4]. Graphs in red (dashed) box show main effects and in blue
(solid) box show side effects of our experiments.

needs to consider primarily Iy and A, (in-plane dynamic magnetic fields), and A, (out-of-plane
dynamic magnetic fields) which is approximately a magnitude smaller than the in-plane fields.
Here, the signal obtained from AHE (o< cos(®p)) is similar to ISHE (< cos®(®y)). The results of
the calculations can be seen in Fig. 1 right side, where the angular dependencies of all effects are
shown. The fitting of the experimental data is a linear combination of the relevant effects.

In Fig. 2 the measurements for the angular dependence of Vsym and Vygyy are shown for RF mag-
netron sputtered Py/Al and Py/Pt and epitaxially grown Fe/MgO and Fe/Pt bilayers. Since Al and
MgO bear no significant spin-orbit interaction, Py/Al and Fe/MgO should not exhibit ISHE. Those
samples should only primarily have AMR and AHE caused by Iy and h,,. What can be seen, is
that in Fe/MgO AHE seems to be more prominent than AMR, seen from the lack of side-maxima
occuring with AMR at angles around 90° and 270°, while in Py/Al it seems to be contrary. Addi-
tionally the epitaxial Fe/MgO sample shows pronounced features around angles, where the external
field is oriented around the magnetic hard axis of Fe. This could be due to the intrinsic magnetic
anisotropy influencing the angular dependencies of ISHE and SR. Py/Al and Py/Pt also show an
antisymmetry around the central maximum, which is correlated to AMR with an out-of-plane dy-
namic magnetic field &y, while this term is negligible for the Fe samples. This hy-correlated AMR
is not caused by a current in 7/, as it is the case for the other effects, but caused by a current
45° tilted to the 7’ direction. Those currents may be eddy currents, since they are flowing mostly
along the edges of the layers and the edges of the rectangular samples are tilted by 45° [S]. This
out-of-plane AMR is mainly visible in Py samples and is negligible for other materials, like Fe or

AG MAGNETISMUS 63
TU KA[SERSLAUTERN



4 Reports on Experimental Results

YIG.
T T T T T T T T T T T T T T
g | Py(12nm)/Al(9nm) 4T Py(12nm)/Pt(6nm) .
a) °k b)
— — %
[ o 1
el ©
2 2
50 s 0
g 5 -1
(] (4]
g : g
S " 23
8 ——Fitv,_ al RtV ]
180 -135 -90 -45 0 45 90 135 180 -180 -135 -90 -45 0 45 90 135 180
0, (deg) 0, (deg)
T T T T T T T 15 T T T T T T T
8 | Fe(12nm)/MgO(10nm) i Fe(12nm)/Pt(10nm)
4 10
= ~
=4 S
5 e
he) [0}
2 3
50 £ 9
:
> o 5 ym
g -4 % « Vv
2 S asym
y = 40 —FltVsym
8 ——FitV
asym
1 1 1 1 1 1 1 1 1 1 1 1

! -15 L
-180 -135 -90 -45 0 45 90 135 180 -180 -135 -90 -45 0 45 90 135 180
0, (deg) 0, (deg)

Fig. 2: Angular dependent spin pumping measurements of a) Py(12nm)/Al(10nm),b) Py(12nm)/Pt(10nm), c)
Fe(12nm)/Mgo(10nm)and Fe(12nm)/Pt(10nm) at 13 GHz excitation frequency.

For comparison, a YIG(100 nm)/Pt(10nm) sample was also measured with this setup, shown in
Fig. 3. The symmetrical voltage amplitude seems to be consisting mainly of a ISHE contribution
and, surprisingly, of a contribution similar to AHE. The sample has a non-vanishing antisymmet-
rical voltage with angular dependencies similar to AMR and AHE. Other authors also reported
rectification effects in YIG/Pt bilayers in spin pumping experiments at room temperature caused
by spin Hall magnetoresistance (SMR) [6].

There is an intrinsic uncertainty with the method of rotating the external magnetic field in-plane
and also having in-plane excitation h,y. Eq. 2 shows that the main contributions of this mea-
surement configuration, namely ISHE, AMR and AHE are mathematically linear dependent and
therefore the fittings are not definite, as it is the case for Py/Pt, Fe/Pt and YIG/Pt. As one can
see in Fig. 1, by changing the excitation from in-plane to out-of-plane (%y), for example by using
coplanar waveguide or microwave cavity, the effects can be clearly distinguished from each other.

c0s(20y) cos(Og) = [2cos? (@) — 1]cos(Oy) = 2cos®(Oy) — cos(Oy) . (2)

In conclusion, we have shown, that spin rectification effects do scale differently in Fe, Py and YIG
bilayer systems, as summarized in Table 1: While AMR is more pronounced than AHE in RF
magnetron sputtered Py, AHE seems to be almost equal in magnitude for epitaxial Fe systems (for
comparison see Chapter 4.8 addressing CoFeB/Pt and CoFeB/Ta angular spin pumping measure-
ments). Spin rectification, pronounced AHE in fact, is also occurring in nanometer thin YIG/Pt
films by SMR. In Py/Al and Py/Pt there exists a non negligible out-of-plane excited AMR, that
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Viym/Vasym Sample ISHE (uV)  AHE (uV) AMR (uV)  OOP-AMR (uV)
Py/Al 0 143 + 004 563 + 006 1,68 + 003

Py/Pt 0,55% -1,03* 3,92+ 0,61 + 002

Vom  Fe/MgO 0 2,52 + 010 490 + 014 -0,09 + 007
Fe/Pt 4,32 3,46* 4,39% 024 + 005

YIG/Pt  -127* -1,35% 0,00* 0,04 + 002

Py/Al 0 149 £ 005 -595 + 007 -1,02 £ 004

Py/Pt 0 0,61 + 003 -236 + 004 -044 -+ 002

Vasym  Fe/MgO 0 020 + 003 -456 + 005 -006 + 002
Fe/Pt 0 259 + 011 -7,63 + 015 -0,16 + 008

YIG/Pt 0 053 + 002 020 + 003 003 + 002

Table 1: Results of the angular spin pumping measurements: Symmetrical and antisymmetrical voltage amplitudes.

OOP-

AMR is the acronym for out-of-plane excited AMR. Values marked with * are ambiguous. Absolute values

between samples are not comparable because of different excitation frequencies or applied powers.

Voltage amplitude (uV)

N YIG(I100nmI)/Pt(10Inm) T Fig. 3: Angular dependent spin pumping measurements of
YIG(100nm)/Pt(10nm) at 6.4 GHz excitation frequency.
-1 b sym
v
3l FitV,,. |

-180 -135 -90 45 0 45 90 135 180
0, (deg)

does not directly correlate with the microwave induced currents. Epitaxial Fe/MgO shows pro-
nounced features around angles, where the external field is oriented around the magnetic hard axis
of Fe. In-plane rotation of magnetization with in-plane dynamic magnetic excitation field exhibits
ambiguities, when either ISHE, AMR or AHE are not negligible. In future experiments this will
be avoided by out-of-plane excitation.

The Carl Zeiss Stiftung is gratefully acknowledged for financial support.
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4.8 Spin pumping in CoFeB/Pt,Ta bilayers

A. Conca, B. Heinz, M.R. Schweizer, S. Keller, E.Th. Papaioannou, and B. Hillebrands

In spin pumping experiments [1, 2], the magnetization of a ferromagnetic layer (FM) in contact
with a non-magnetic one (NM) is excited by a microwave field. A spin current is generated and
injected into the NM layer and its magnitude is maximized when the ferromagnetic resonance
(FMR) condition is fulfilled. The spin current can be detected by using the inverse spin Hall effect
(ISHE) for conversion into a charge current in appropriate materials. The injected spin current in
the NM layer has the form [1]

B i
Ry di 1
s " o M

where 771 is the magnetization unit vector and g'* is the spin mixing conductance which is control-
ling the intensity of the generated spin current. Its value is sensitive to the interface properties.
The generation of the spin current represents an additional loss channel for the magnetic system
and consequently produces an increase in the measured Gilbert damping parameter o:

Js

Mmoo

Al = ————
°P 47'L'Ms dng

2)
This expression is only valid for thick enough NM layers where no reflection of the spin current
takes place at the interfaces. In principle, it allows the estimation of g'* by measuring the increase
in damping compared to the intrinsic value. However, other phenomena, like the magnetic proxim-
ity effect (MPE) in the case of Pt or interface effects depending on the exact material combination
or capping layer material, can have the same influence [3, 4], which challenges the measurement
of the contribution from the spin pumping. In this sense, it is preferable to use an effective value

g;ff Still, if the spin pumping is the main contribution to the increase in &, a correlation between

glfif and the measured ISHE voltages is expected.

Here, we report on results on polycrystalline CogoFe49B2o/Pt,Ta bilayers grown by rf—sputtering
on Si substrates passivated with SiO;. A microstrip-based VNA-FMR setup was used to study
the damping properties. For a more detailed description of the FMR measurement and analysis
procedure see [3,5]. A quadrupole-based lock-in setup was used in order to measure the ISHE
generated voltage, (see Report 4.7 for details).

] t Fig. 1: Dependence of the effective Gilbert damp-

/ i\ ——a ing parameter Qg on the thickness of the NM
. \i\ B T % ............... metal. A large increase in damping is observed
for the Pt case while a very small but not van-
ishing increase is observed with Ta. From the

change Ax the effective spin mixing conductance
T\\ ........... U N IOV (O 3 glfif is estimated using Eq. 2.
5 ——0

12f "

oy (X 107)

2 3 4 5
Pt thickness (nm)
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Figure 1 shows the dependence of the effective damping parameter Q¢ (sum of all contributions)
on the thickness of the NM metal and a CoFeB layer with a fixed 11nm thickness. The case
d =0nm represents the case of reference layers with Al capping. From previous studies in our
group it is known that the use of an Al capping layer induces a large increase of damping in Fe
epitaxial layers [3]. For polycrystalline NiFe and CoFeB layers this not the case and it allows the
measurement of the intrinsic value o [4].

The observed behavior differs strongly for Pt and Ta. In the Pt case a large increase in damping
is observed with a sharp change around d = 1nm and a fast saturation. This is qualitatively very
similar to our previous report on Fe/Pt bilayers [3]. From the measured A we extract the value
glﬁ =6.240.5-10"m~2. This value is larger than the one reported previously in our group for
thinner CoFeB layers with larger intrinsic damping 4.0+ 1.0-10'°m~2 [4] and also larger than
the value reported by Kim et al. [6], 5.1- 10" m~2. The impact of the Ta layer on damping is
very reduced and, consequently, a low value for ngif of 0.94+0.3- 10" m~2 is obtained. This value
is now smaller than the one reported by Kim et al. (1.5-10'” m~?) indicating that the difference
between CoFeB/Pt and Ta is larger in our case. A reference has also to be made to the work of
Liu etal. on CoFeB films thinner than in this Report [7]. There, no value for the spin mixing
conductance is provided, but the authors claim a vanishing impact on ¢ for the Ta case. On the
contrary the increase due to Pt is almost three times larger than ours, pointing to a huge difference
between both systems. In any case, the trend is similar, only the relative difference between Ta and
Pt changes.

Figure 2 shows two voltage measurements recorded at 13GHz for a NM thickness of 3nm. The
measured voltage is the sum of the contribution of the ISHE effect and of spin rectification effects
originating from the different magnetoresistive phenomena in the ferromagnetic layer. While the
spin rectification effects generates both a symmetric and an antisymmetrical contribution [8-10],
the pure ISHE signal is only symmetrical. For this reason a separation of both is carried out by
fitting the voltage spectra (solid line) to

Vineas = Vi (AH)? Vo —2AH (H — Hpmr )

(H — Hpwr)? + (AH)2 "™ (H — Hpwr)? + (AH)?
where AH and Hpyr are the linewidth and the resonance field, respectively. The dotted lines in
Fig. 2 show the two contributions. When comparing the data for Pt and Ta some differences are
observed. First of all, the absolute voltage values are smaller for the Pt cases and, more important,
the relative weight of both contributions is different. While the first point is related to the different
conductivity of Ta and Pt, the second one is related to the intrinsic effect causing the voltage. In

3)
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Fig. 3: Angular dependence of Vi, (left) and Vsisym (right) for CoFeB/Pt,Ta samples with NM thickness of
3nm. The lines are a fit to the model described in Eqn. 4.

the Pt case the antisymmetrical contribution is dominating with a ratio S/A = Vi /Vansisym = 0.37
while the opposite is true for Ta with S/A = 1.55. Since the ISHE signal is contributing only to
Viym it might be concluded that spin pumping is taking place stronger in the Ta system. However,
since also the spin rectification effect has a symmetrical contribution, this conclusion cannot be
supported. Furthermore, since the spin Hall angle Osyg has an opposite sign in these two mate-
rials, also the ISHE signal should have it. In apparent contradiction to this, we observe that both
symmetrical contributions have the same sign. This is pointing to the fact that for Pt, Vi, is dom-
inated by the spin rectification effect, which does not change sign and overcompensates a smaller
ISHE signal. All these considerations have the consequence that it is not possible to extract com-
plete information of the origin of the measured voltage by analyzing single spectra. As already
pointed out by many authors [8—11] and shown in Report 4.7, an analysis of the angular depen-
dence (in-plane or out-of-plane) of the measured voltages can be used to separate the different
contributions.

We performed in-plane angular dependent measurements of the voltage and Eq. 3 was used to
extract Viym anrisym for each value of the azimuthal angle ¢ spanned between the direction of the
magnetic field and the microstrip antenna used to excite the magnetization. We used a model based
on the work of Harder et al. [8] to fit the dependence. This model considers two sources for the
spin rectification, the anisotropic magnetoresistance (AMR) and the anomalous Hall effect (AHE):

Vagm = Vspcos®(¢)+
+ VAHEcos(CID)cos((P)+V/g\’;[1R_Lcos(2¢)cos(¢)+V2§TR7Hsin(2¢)cos(¢) 4)

Vantissm = Vangsin(®)cos(¢) +Vzﬁg{mLcos(2¢)cos(¢)+VZﬁgy_"|1‘sin(2¢)cos(¢) 5

Here, Vj, and Vaoyg are the contributions from spin pumping (pure ISHE) and from AHE, respec-
tively. @ is the phase between the rf electric and magnetic fields in the medium. The contribution
from the AMR is divided in one generating a transverse L (with respect to the antenna) or longitu-
dinal || voltage. In an ideal case with perfect geometry and point-like electrical contacts Vgﬁ’éaflumy "
should vanish.

Figure 3 shows the angular dependence of Vy,, (left) and Viusym (right) for the samples with
NM thickness of 3nm. The lines are a fit to the model. From the data is clearly recognizable
that while the values of Vs, are comparable, the values of Vi, are much larger for Ta. In
order to compare the relative magnitudes of the different contributions we compute the quantities
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Vsp Vave  Vamr-1L  Vamr|
Ta 239415 593+3 21407 4.74+0.6
Pt 00+07 273£04 0.6£05 19+04

Table 1: Value of the different contributions to the measured voltage extracted from the angular dependence for
CoFeB/Pt,Ta (3nm) bilayers. Values in uV.

. 2 2
VAMR-|, 1 = \/ (VZthll;y_ "T" L) + (V/iﬁlR—H, L) and we show them together with Vayg and Vj, in
Table 1.

Certain conclusions can be extracted from this data. First of all, the spin rectification effect in
CoFeB systems are dominated by the AHE. AMR plays a minor role. This is a difference with

respect to NiFe [9]. Secondly, while the spin pumping is efficient in Ta, we were not able to see

it in Pt, that is, there is a lack of correlation between gZ;Lf and the detected ISHE voltage. Two

non mutually excluding explanations are possible here: Aa in Pt in mainly due do the MPE, or
the spin current pumped into Pt vanishes at or close to the interface. In order to further clarify
and confirm this result, measurements with different NM thicknesses and with the inclusion of
interlayers are being carried out. In any case, CoFeB/Ta shows very interesting properties, with
strong spin pumping accompained by only a minor impact on «.

Financial support by M-era.Net through the HEUMEM project is acknowledged.
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4.9 Spin-wave density of states and microfocussed Brillouin light scattering
spectra as a function of magnetic film thickness

M. Geilen, T. Meyer, F. Heussner, B. Hillebrands, and P. Pirro

The interplay of dipolar and exchange energies in thin magnetic films leads to a rich variety in
the dispersion relations of different spin-wave modes. For the design and understanding of novel
spin-wave devices, this spin-wave band structure and the resulting density of states (DOS) is an
important parameter since it has a strong influence on nonlinear spin-wave interactions [1]. On the
other hand, from the viewpoint of microfocussed Brillouin light scattering (UBLS) experiments, the
knowledge of the DOS is essential to develop a model which quantitatively describes the frequency
dependence of the observed BLS intensity. This intensity depends on the DOS, but also on many
other parameters, which are related to the experimental setup (e.g. the wave-vector distribution of
the incident laser light) or to the efficiency of the photon-magnon scattering itself, also referred to
as BLS scattering cross section. Thus, to make a first step towards a quantitative understanding, in
this Report, we compare uBLS spectra obtained from NiFe films of different thicknesses with the
calculated spin-wave DOS.

In thin magnetic films, the exchange interaction leads to a significant splitting between the disper-
sion relations of the spin-wave modes described by the mode number n with different quantized
wave vector k; along the film thickness #, with k;(n) = “F if unpinned surface spins are assumed.
For n > 0, the modes are commonly known as perpendicular standing spin-wave modes (PSSW),
since the group velocity of these modes is much smaller than the one of the fundamental mode
n = 0. Due to the large frequency difference between modes with different mode number n but
same in-plane wave vector, the most useful approach is to treat the system as two-dimensional with
different energy levels defined by the quantization n of the out-of-plane wave vector. If we assume
the in-plane field and the static magnetization to be aligned along the x-axis, the dispersion relation
for the spin waves can be approximated by [4]:

f(k7 Oan) - \/(fH+VeXk2>(fH+Vexk2+fMan(k7 9)) (1)

With the in-plane wave vector ki, = /k? + &7 , tan(0) = ]]i—i, the total wave vector k = y/k2 + k2
and Vex =7 Doy =7 A% (for further definitions of the elements, see [4]).

The DOS D(f) is generally defined as the number of available states per frequency interval df at
the frequency f (here for the 2D case):

D) = ¢ 80~ FK)) @

keK

which in the continuum approximation becomes:

dk dk 1
D)= [ Gt 0= | ®

Here, S and K are the total surface in real and wave-vector space, respectively, and v, (k) =
27V (f(Kk)) is the group velocity of the spin waves. To obtain D(f), we numerically evaluate
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P ‘ ‘ ‘ ‘ Fig. 1: Density of states (DOS) of the spin-wave mode n = 0
E 3000 for an in-plane magnetized film of NiFe for two different
:“ 2500 film thicknesses as a function of the spin-wave frequency.
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Eqn. 2 for the dispersion relations given in Eqn. 1. Exemplarily, Fig. 1 shows the DOS for the
n = 0 mode for two different film thicknesses in the range from 0 to 45GHz !. In general, it is
important to notice that due to the interplay between dipolar and exchange energies, the spin-wave
frequency f usually features a local minimum f,;, for a finite wave vector kni,. This leads to
a so-called critical point also known as Van-Hove singularity [2, 3] in the DOS at f,i, since the
term 1/v,(k) is diverging. Similar to a 2D electron system [3], this leads to a step-like increase
of the DOS at the minimal frequency of the band. For the frequencies where the dispersion is
strongly influenced by the dipolar interaction, the DOS is increasing almost linearly with f. In the
high frequency limit, the dispersion is dominated by the exchange interaction and mathematically
equivalent to the free electron gas in 2D. In this case, Eqn. 3 predicts a constant DOS of 7 /Vey,
which is in good agreement with the numerical calculations.

To be able to compare the DOS with experimentally obtained uBLS spectra, NiFe films with
thicknesses in the range from ¢ =5 to 100nm have been prepared by sputter deposition on oxidized
Si substrates (100nm SiO, thickness) and capped with 7nm of Al. From all films, thermal spin-
wave spectra have been measured using UBLS (532 nm laser wavelength, 0.75 numerical aperture
of the focussing objective) at an external magnetic field of 40mT applied in the film plane. All
measurements have been performed with constant experimental parameters to be able to compare
the BLS intensities from different thicknesses. Figure 2 shows exemplary BLS spectra for t =5, 30,
60 and 100nm. Based on this kind of raw data, Fig. 3 shows the BLS intensity for the modes n =0
and n = 1 integrated over the frequency interval in which the signal from the spin waves could be
discriminated from the noise of the measurement. The observed BLS intensity shows a significant
change for the n = 0 mode when the film thickness is varied. For this mode, the largest BLS
intensity has been obtained from the thinnest film (r = 5nm), where a narrow peak is observed.
With increasing thickness, the n = 0 peak is broadening and its maximum intensity is decreasing.
For example, at t = 100nm, the maximum peak intensity is about two orders of magnitude lower
compared to t = Snm. As can be comprehended from Fig. 3a, also a general decrease of the
frequency-integrated BLS signal with increasing thickness 7 is observed. In contrast, for the n =1
mode, a clear trend has not been observed within in thickness range where this mode could be
detected?.

As a first comparison of the obtained BLS spectra with the spin-wave DOS, Fig. 4 shows the DOS
for the modes n = 0 in Fig. 4a and n = 1 in Fig. 4c for different film thicknesses.> For n = 0,

Mgt = 800kA /m, Aex = 16pJ /m, gyromagnetic ratio y = 28 GHz.
For t < 30nm, the frequencies of the n > 0 modes are larger than the maximum observed frequency (30 GHz).

3For this calculation, a thickness dependent effective magnetization based on the results of Ref. [S] has been used
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the minimum frequency of the dispersion is a function of the films thickness due to the thickness
dependence of M.¢ and due to the increasing strength of the dipolar interaction with increasing 7. In
the depicted frequency range, the DOS is increasing with f since the exchange dominated regime
is not reached yet (compare Fig. 1). Compared to the obtained BLS intensities, it is obvious that the
magnitude of the BLS signal cannot be explained only by the DOS since the variation of the latter is
rather weak when ¢ is changed. Thus, the wave-vector dependence of the uBLS sensitivity has to be
taken into account. As a first step, this sensitivity is modeled using a Gaussian weighting function
(FWHM = 8.5rad/um) multiplied to every addend in Eqn. 2 to take into account the wave-vector
distribution of the incoming laser light. This crude approximation is only considering the in-plane
wave-vector distribution of the incoming laser light determined by the numerical aperture of the
used microscope objective, but it does not take into account the BLS scattering cross section itself.
The modeled signal strength is shown in Fig. 4b and ¢ for n = 0 and n = 1, respectively. Despite
the strongly simplified model, the shapes of the modeled BLS spectra are in reasonable agreement
with the experiment. Also the general trend that the intensity peak height for n = 0 is decreasing
with increasing ¢ is reproduced. However, the maximum intensity in the experiment is decreasing
stronger with ¢ than predicted by the model which could be evidence that the BLS scattering cross
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Fig. 3: Integrated BLS in-
tensity for a) n = 0 and b)
n =1 as a function of the
NiFe film thicknesses.
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with Mg increasing from 738 kA /m for t = Snm to 844kA /m for t = 100nm. Fixed parameters: Aex = 16pJ/m and
y=28GHz.
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section itself is changing with the film thickness. When comparing the modes n =0 and n = 1, the
ratio of the modeled maximum BLS intensities is rather independent of the thickness. However,
in the experiment, this ratio is a function of the thickness (compare Fig. 2b and c¢ for example).
This might be related to the finite penetration depth of the laser into the NiFe which could have a
different influence on the BLS scattering cross section depending on the mode number 7.

To conclude, we presented a first study attempting to quantify the intensity obtained in uBLS
experiments by considering the thickness and frequency dependence of the spin-wave DOS. Due
to the strong wave-vector dependence of the uBLS sensitivity, the frequency dependence of the
intensity is in general not proportional to the DOS. A simple model is able to include the wave
vector dependence qualitatively, but a more accurate description will need to include the thickness
dependence of the magnon-photon scattering in more detail.

We thank the DFG Sonderforschungsbereich Spin + X and the Nachwuchsring TU Kaiserslautern
for financial support.
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4.10 Voltage-controlled magnonic crystal

Q. Wang, A.V. Chumak, and B. Hillebrands

In collaboration with Lichuan Jin, Huaiwu Zhang and Zhiyong Zhong, State Key
Laboratory of Electronic Thin Films and Integrated Devices, University of Electronic
Science and Technology of China, Chengdu, 610054, China

Spin waves (SWs) are the eigen excitations of a spin system of a magnetic material. They have
wavelengths orders of magnitude shorter than the wavelengths of electromagnetic waves of the
same frequency, and thus, allow for the design of nano-scale devices [1-3]. Recent experimental
and theoretical discoveries have shown that there is much potential for the use of spin waves for
transfer [4], processing [5], and (short-time) storage of information [6]. An external control of spin
waves, which is of key importance in these prototype devices, was realized using the application of,
e. g., an electric current-induced magn