SOLID-STATE SCIENCES

J.Stohr
H.C.Siegmann

Magnetism

From Fundamentals
to Nanoscale
Dynamics

&) Springer



SOLID-STATE SCIENCES

J. Stohr
H.C. Siegmann

Magnetism

From Fundamentals
to Nanoscale
Dynamics

I @ Springer



Springer Series in

SOLID-STATE SCIENCES 152




Springer Series in

SOLID-STATE SCIENCES

Series Editors:

M. Cardona P.Fulde K.vonKlitzing R.Merlin H.-J. Queisser H. Stormer
The Springer Series in Solid-State Sciences consists of fundamental scientific books pre-
pared by leading researchers in the field. They strive to communicate, in a systematic and

comprehensive way, the basic principles as well as new developments in theoretical and

experimental solid-state physics.

136 Nanoscale Phase Separation 144 Physics of Transition Metal Oxides
and Colossal Magnetoresistance By S. Maekawa, T. Tohyama,
The Physics of Manganites S.E.Barnes, S. Ishihara,
and Related Compounds W. Koshibae, and G. Khaliullin
By E. Dagotto 145 Point-Contact Spectroscopy
137 Quantum Transport By Y.G. Naidyuk and LK. Yanson
in Submicron Devices 146 Optics of Semiconductors
A Theoretical Introduction and Their Nanostructures
By W. Magnus and W. Schoenmaker Editors: H. Kaltand M. Hetterich
138 Phase Separation 147 Electron Scattering in Solid Matter
in Soft Matter Physics A Theoretical
Micellar Solutions, Microemulsions, and Computational Treatise
Critical Phen.omena ' By J. Zabloudil, R. Hammerling,
By P.K. Khabibullaev and A.A. Saidov L. Szunyogh, and P. Weinberger
139 Optical Response of Nanostructures 148 Physical Acoustics in the Solid State
Microscopic Nonlocal Theory By B. Liithi
By K. Cho 149 Solitary Waves
140 Fractal Concepts . in Complex Dispersive Media
in Condensed Matter Physics Theory - Simulation - Applications
By T.Nakayama and K. Yakubo By V.Yu. Belashov and
141 Excitons in Low-Dimensional S.V. Vladimirov
Semiconductors 150 Topology in Condensed Matter
Theory, Numerical Methods, Editor: M.I. Monastyrsky
Applications By S.Glutsch 151 Particle Penetration and Radiation
142 Two-Dimensional Coulomb Liquids Effects
and Solids By P.Sigmund
By Y. Monarkha and K. Kono 152 Magnetism
143 X-Ray Multiple-Wave Diffraction From Fundamentals

Theory and Application
By S.-L.Chang

to Nanoscale Dynamics
By J. Stohr and H.C. Siegmann

Volumes 90-135 are listed at the end of the book.



J. Stohr H.C. Siegmann

Magnetism

From Fundamentals
to Nanoscale Dynamics

With 325 Figures and 39 Tables

@ Springer



Professor Dr. Joachim Stohr

Professor Dr. Hans Christoph Siegmann

Stanford Synchrotron Radiation Laboratory

P.O. Box 20450, Mail Stop 69, Stanford, CA 94309, USA
E-mail: Stohr@slac.stanford.edu, Siegmann@slac.stanford.edu

Series Editors:

Professor Dr., Dres. h. c. Manuel Cardona
Professor Dr., Dres. h. c. Peter Fulde*
Professor Dr., Dres. h. c. Klaus von Klitzing
Professor Dr., Dres. h. c. Hans-Joachim Queisser
Max-Planck-Institut fiir Festkorperforschung, Heisenbergstrasse 1, 70569 Stuttgart, Germany
* Max-Planck-Institut fiir Physik komplexer Systeme, Nothnitzer Strasse 38
01187 Dresden, Germany

Professor Dr. Roberto Merlin

Department of Physics, 5000 East University, University of Michigan
Ann Arbor, MI 48109-1120, USA

Professor Dr. Horst Stdrmer

Dept. Phys. and Dept. Appl. Physics, Columbia University, New York, NY 10027 and
Bell Labs., Lucent Technologies, Murray Hill, NJ 07974, USA

ISSN 0171-1873

ISBN-10 3-540-30282-4 Springer Berlin Heidelberg New York
ISBN-13 978-3-540-30282-7 Springer Berlin Heidelberg New York

Library of Congress Control Number: 2006923232

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication or
parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1965, in
its current version, and permission for use must always be obtained from Springer. Violations are liable to
prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media.
springer.com
© Springer-Verlag Berlin Heidelberg 2006

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply,
even in the absence of a specific statement, that such names are exempt from the relevant protective laws and
regulations and therefore free for general use.

Typesetting by the author and SPi, Pondicherry
Cover concept: eStudio Calamar Steinen
Cover production: design & production GmbH, Heidelberg

Printed on acid-free paper SPIN: 10885622 57/3100/SPi-543210



To my three favorite women,

my mother Marga, my wife Linda and my daughter Megan,
who have taught me much more than science

and given me the most important gift of all, love.

J. Stohr

To my collaborators and students
who, through their inspiration and company,
have made my life as a physicist a joyful adventure.

H.C. Siegmann



Preface

This book emerged from a close collaboration of the authors which started in
the fall of 2000. Early that year one of us (J.S.) had joined the Stanford faculty
after spending nearly 15 years at the IBM Almaden Research Center and the
other (H.C.S.) had just retired from a chair at the ETH Ziirich and come to
Stanford as a visiting professor. Together we organized magnetism meetings
of a small group of scientists which oscillated weekly between the Stanford
Synchrotron Radiation Laboratory (SSRL) and the Advanced Light Source
(ALS) in nearby Berkeley. We also organized annual winter workshops at Lake
Tahoe where all participants reported on their research — of course we snuck
in a few ski runs, as well. These meetings were great fun and some seemed
to go on forever because there was so much interest and enthusiasm and so
much to discuss. .. The participants varied over the years and consisted of stu-
dents, postdocs, Stanford and Berkeley scientists, visiting scientists and par-
ticipants from industry. In alphabetical order, some of the people involved were
Yves Acremann, Scott Andrews, Andreas Bauer, Mark Burkhardt, Venkatesh
Chembrolu, Kang Chen, Sug-Bong Choe, Bruce Clemens, Alexander Dobin,
Thomas Eimiiller, Stefan Eisebitt, Sara Gamble, Alexander Kashuba, Marcus
Lorgen, Jan Liining, Gereon Meyer, Hendrik Ohldag, Howard Padmore, Ra-
mon Rick, Andreas Scherz, Bill Schlotter, Andreas Scholl, Christian Stamm,
John Paul Strachan, Jan Thiele, loan Tudosa, Ashwin Tulapurkar, Shan Wang
and Xiaowei Yu. All this would have been impossible without support from
the Office of Basic Energy Sciences of the US Department of Energy (DOE),
and we gratefully acknowledge DOE’s support of our research program.

We have also greatly benefitted from discussions with colleagues and from
material they have provided, and we would especially like to thank Elke Aren-
holz, Sam Bader, Carl Bennemann, Matthias Bode, Patrick Bruno, John Clen-
denin, Markus Donath, Olle Eriksson, Jiirgen Kirschner, Peter Oppeneer, Jirg
Osterwalder, Stuart Parkin, Danilo Pescia, Dan Pierce, Theo Rasing, Andrei
Rogalev, Kai Starke, Dieter Weller and Rugian Wu.

With the present book we intend to give an account of the historical de-
velopment, the physical foundations and the continuing research underlying



VIII  Preface

the field of magnetism, one of the oldest and still vital field of physics. Our
book is written as a text book for students on the late undergraduate and
the graduate levels. It should also be of interest to scientists in academia and
research laboratories.

Throughout history, magnetism has played an important role in the de-
velopment of civilization, starting with the loadstone compass. Our modern
society would be unthinkable without the generation and utilization of elec-
tricity, wireless communication at the speed of light and the modern high-
tech magnetic devices used in information technology. Despite the existence
of many books on the topic, we felt the need for a text book that reviews the
fundamental physical concepts and uses them in a coherent fashion to explain
some of the forefront problems and applications today. Besides covering the
classical concepts of magnetism we give a thorough review of the quantum
aspects of magnetism, starting with the discovery of the spin in the 1920s.
We discuss the exciting developments in magnetism research and technology
spawned by the computer revolution in the late 1950s and the more recent
paradigm shift starting around 1990 associated with spin-based electronics or
“spintronics”. The field of spintronics was largely triggered by the discovery
of the giant magnetoresistance or GMR effect around 1988. It utilizes the
electron spin to sense, carry or manipulate information and has thus moved
the quantum mechanical concept of the electron spin from its discovery in the
1920s to a cornerstone of modern technology.

These historical and modern developments in magnetism are discussed
against the background of the development and utilization of spin-polarized
electron techniques and polarized photon techniques, the specialties of the
authors. It is believed that the technological application of magnetism will
continue with a growth rate close to Moore’s law for years to come. Interest-
ingly, the magnetic technology goals of “smaller and faster” are matched by
“brighter and faster” X-ray sources, which are increasingly used in contempo-
rary magnetism research. Novel ultra-bright X-ray sources with femtosecond
pulse lengths will provide us with snapshots of the invisible ultrafast magnetic
nanoworld. These exciting developments are another reason for the present
book.

Last not least, this book is born out of our passion for the subjects dis-
cussed in it. In the process we had to get to the bottom of many things and
understand them better or for the first time. This process took a deep com-
mitment and much time, with “the book” often preoccupying our minds. The
process was greatly aided by discussions with our colleagues and students and
we would like to thank them at this place. In particular, we need to thank
Toan Tudosa for his critical comments and for helping us with numerous il-
lustrations. In this book we give an account of the field of magnetism that is
colored by personal taste and our way of looking at things. We hope that you
will enjoy the result.

Stanford, CA Joachim Stohr
January 2006 Hans Christoph Siegmann
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