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EDITOR’S PREFACE TO SECOND EDITION

The Concise Encyclopedia of Magnetic and Superconducting Materials combines in a single volume articles
written by leading authorities in these fields, aiming at giving a complete cross-section of the science and
technology of magnetic and superconducting materials. It is a successor of the Concise Encyclopedia of Magnetic
and Superconducting Materials edited by Jan Evetts and published in 1992. In the present volume, the majority
of articles deal with the advances of recent years, combining new developments in the field of magnetism and
superconductivity with earlier articles describing the achievements reached in those topological areas that have
kept their fires burning. Already many decades ago, physicists have abandoned the idea that the occurrence in
the same material of localized magnetic moments and superconductivity is mutually exclusive. The advent of
high-T. superconductors in particular has shown that magnetism and superconductivity are intimately
connected and theoretical and experimental studies of the interplay between magnetism and superconductivity
have become an area of its own right. But it is not only the strong mutual interest of scientists working in the
field of magnetic and superconducting materials that has made it desirable to combine both issues in a single
volume. Also from the applications side there is an increasing overlap between superconductivity and
magnetism, magnetic bearings based on high-T. superconductors and superconducting permanent magnets
being prominent examples. One can even go one step further and say that electrical conduction and magnetic
polarization have increasingly become intertwined in many materials in recent years. The recognition that the
magnetoresistive effect can advantageously be utilized in magnetic sensor and read head applications has led to
a proliferation of research in this area, eventually culminating in the observation of the giant- and colossal
magnetoresistance effects. New exciting phenomena have surfaced including spin-, charge- and orbital ordering
in a variety of magnetic and superconducting materials.

The majority of articles contained in the present version of the Concise Encyclopedia of Magnetic and
Superconducting Materials have been drawn from the Encyclopedia of Materials: Science and Technology
(EMSAT for short). This encyclopedia consists of 10 volumes containing about 2000 articles. It was published
only recently, in 2001. Included in the present volume are about 40 newly commissioned articles that will also
appear in the electronic updated version of EMSAT. Bearing in mind that progress in materials technologies
cannot occur without the benefit of the underlying science, both encyclopedias have aimed at a proper balance
between articles dealing with technology of materials and fundamental science. The present volume has been
tailored to meet the demands of smaller institutions, industrial companies and individual scientists for which
research and development in the field of magnetic and superconducting materials is at a premium. In the last
decade, research in the field of magnetism has received substantial impetus from information technology.
Therefore, it is not surprising that a considerable number of magnetism articles in the present volume deal with
magnetic and magneto-optic recording and the physics behind it. The articles in the present volume have been
selected to provide the readership with a comprehensive coverage of materials properties, the design and
principles of operation of devices in which particular materials have been applied and the fundamental
phenomenology of magnetism and superconductivity. Each of the articles contains a reference list opening the
way to more detailed and more deepened studies. Considerable attention has been paid to cross-reference
various articles appearing in this volume with each other, providing as far as possible a coupling between
materials, devices and phenomenology.

I wish to thank all authors who have responded affirmatively to my invitation to contribute an article on
magnetism or superconductivity. In retrospect, I realize that I may have twisted the arms of some of my
colleagues somewhat too strongly when convincing them to finish their article in time, presenting a
comprehensive coverage of their specialistic topic and complying with the requirements of style and length set
by the Publisher.

The task to provide the readership with an extensive coverage including novel trends and achievements in the
areas of magnetism and superconductivity would have been extremely difficult without the professionalism of
Pergamon Press. I am particularly indebted to Ms. Amanda Weaver and Mr. David Sleeman for their great help
and expertise.

K.H.J. Buschow
Editor
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FOREWORD TO FIRST EDITION

In the time since its publication, the Encyclopedia of Materials Science and Engineering has
been accepted throughout the world as the standard reference about all aspects of materials.
This is a well-deserved tribute to the scholarship and dedication of the late Editor-in-Chief,
Professor Michael Bever, to the Subject Editors and to the numerous contributors.

During its preparation, it soon became clear that change in some areas is so rapid that
publication would have to be a continuing activity if the Encyclopedia were to retain its
position as an authoritative and up-to-date systematic compilation of our knowledge and
understanding of materials in all their diversity and complexity. Thus, the need for some form
of supplementary publication was recognized at the outset. The Publisher has met this
challenge most handsomely: both a continuing series of Supplementary Volumes to the main
work and a number of smaller encyclopedias, each covering a selected area of materials science
and engineering, are in the process of publication.

Professor Robert Cahn, the Executive Editor, was previously the editor of an important
subject area of the main work and many other people associated with the Encyclopedia have
contributed or will contribute to its Supplementary Volumes and derived Concise
Encyclopedias. Thus, continuity of style and respect for the high standards set by the
Encyclopedia of Materials Science and Engineering are assured. They have been joined by some
new editors and contributors with knowledge and experience of important subject areas of
particular interest at the present time. Thus, the Advisory Board is confident that the new
publications will significantly add to the understanding of emerging topics wherever they may
appear in the vast tapestry of knowledge about materials.

The appearance of the Supplementary Volumes and the series Advances in Materials Science
and Engineering is an event which will be welcomed by scientists and engineers throughout the
world. We are sure that it will add still more luster to a most important enterprise.

Walter S Owen
Chairman
Honorary Editorial Advisory Board
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EXECUTIVE EDITOR’S PREFACE TO FIRST EDITION

As the publication of the Encyclopedia of Materials
Science and Engineering approached, Pergamon Press
resolved to build upon the immense volume of work
which had gone into its creation by embarking on a
follow-up project. This project had two components. The
first was the creation of a series of Supplementary
Volumes to the Encyclopedia itself. The second compo-
nent of the new project was the creation of a series of
Concise Encyclopedias on individual subject areas
included in the Main Encyclopedia to be called Advances
in Materials Science and Engineering.

These Concise Encyclopedias are intended, as their name
implies, to be compact and relatively inexpensive volumes
(typically 400-600 pages in length) based on the relevant
articles in the Encyclopedia (revised where need be)
together with some newly commissioned articles, including
appropriate ones from the Supplementary Volumes. Some
Concise Encyclopedias offer combined treatments of two
subject fields which were the responsibility of separate
Subject Editors during the preparation of the parent
Encyclopedia (e.g., dental and medical materials).

Eleven Concise Encyclopedias have been published.
These and their editors are listed below.

Concise Encyclopedia of Prof. Richard J Brook
Advanced Ceramic

Materials

Concise Encyclopedia of Prof. Fred Moavenzadeh
Building & Construction

Materials

Concise Encyclopedia of
Composite Materials

Prof. Anthony Kelly
CBE, FRS

Concise Encyclopedia of Dr Jan Evetts
Magnetic &
Superconducting

Materials

Prof. Robert W Cahn
FRS & Dr Eric Lifshin

Concise Encyclopedia of
Materials
Characterization

Concise Encyclopedia of Prof. Michael B Bever
Materials Economics,

Policy & Management

Concise Encyclopedia of Prof. David Williams
Medical & Dental

Materials

Dr Donald D Carr &
Prof. Norman Herz

Concise Encyclopedia of
Mineral Resources

Concise Encyclopedia of Mr Patrick J Corish
Polymer Processing &

Applications

Prof. Subhash Mahajan &
Prof. Lionel C Kimerling

Concise Encyclopedia of
Semiconducting
Materials & Related
Technologies

Concise Encyclopedia of Prof. Arno P Schniewind
Wood & Wood-Based

Materials

Many of the new or substantially revised articles in the
Concise Encyclopedias have been or will be published in
one of the three Supplementary Volumes, which are
designed to be used in conjunction with the Main
Encyclopedia. The Concise Encyclopedias themselves,
however, are “free-standing” and are designed to be used
without reference to the parent Encyclopedia.

The Executive Editor was personally responsible for
the selection of topics and authors of articles for the
Supplementary Volumes. In this task, he has had the
benefit of the advice of the Senior Advisory Editor
and of other members of the Honorary Editorial
Advisory Board. The Executive Editor was responsible
for appointing the Editors of the various Concise
Encyclopedias and for supervising the progress of these
volumes.

Robert W Cahn FRS
Executive Editor
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EDITOR’S PREFACE TO FIRST EDITION

The Concise Encyclopedia of Magnetic & Superconducting Materials draws together in a
single volume articles that cover all major aspects of the science and technology of
magnetic and superconducting materials. When I was asked by Professor Robert W.
Cahn, the Executive Editor of the series, to edit this volume, I was immediately attracted
by the challenge of producing a unified and balanced work that would enable readers to
draw parallels and experience contrasts in the conceptual treatment and practical tech-
nology of these materials. Having myself worked with magnetic and superconducting
materials since the 1960s, I have become acutely aware that these two important classes of
material have much in common, both in the phenomenology that underlies their behavior
and in many of the issues that relate to their fabrication and optimization as bulk
materials or thin films for application in technology. I believe that the treatment of these
distinct materials, each at their own characteristic stage of development, in a single
volume brings a conceptual freshness to our appreciation of both classes of material that
helps to highlight deficiencies in our overall knowledge base and corresponding oppor-
tunities for new advances. Although the emphasis is on materials science and technology,
the subject matter extends from physics to engineering design and applications and it is
expected that the Concise Encyclopedia of Magnetic & Superconducting Materials will be
useful to engineers, teachers, managers and scientists from a wide range of disciplines and
many areas of manufacturing industry.

Because of the remarkable advances of recent years, this Concise Encyclopedia is based
mainly on newly commissioned articles; about a third of the entries are drawn from the
Encyclopedia of Materials Science and Engineering which was published in 1986, although
many authors of articles in rapidly developing fields have rewritten or extensively updated
their articles for this volume. In the area of magnetic materials there are 30 updated
articles and 32 articles that are essentially new, while in the area of superconductivity
three articles have been updated and 52 articles have been newly commissioned. The
articles have been selected to give comprehensive and balanced coverage to each of three
broad subject areas: first, there are articles devoted to particular classes of material;
second, there are those that describe and elucidate material properties and phenomena
that are common to different materials; and, third, there are articles that treat the general
area of applications dealing with issues of materials selection and fabrication as well as
the design and principles of operation of devices for particular applications. Extensive
coverage has been given to articles concerned with the phenomenology of technical
magnetism and superconductivity since the effective characterization and optimization of
magnetic and superconducting materials depends critically on an understanding of the
mechanisms underlying their various properties.

I am grateful to all the authors who responded to my invitation to write for this
Concise Encyclopedia; they are all recognized authorities in their fields and I respect the
special efforts they made with their contributions to accommodate the guidelines on
length, style and content that were necessary to achieve a balanced and comprehensive
coverage of the subject. Although the work is not intended as a source book for data on
materials, an effort has been made to include, at every point, sufficient data to equip the
reader with a reasonably quantitative understanding of the subject. An important part of
each article is the list of references; these are selective rather than comprehensive and
provide the reader with avenues for further study. At a time when much public attention
has been focused on developments in the field of high-temperature superconductivity,
considerable effort has been made to retain objectivity in the selection of topics and
coverage. The aim has been to produce a work that will have lasting value and relevance
over many years. In practice, this has not been too difficult as there is no area of high-
temperature super-conductivity that cannot be seen, on pragmatic inspection, to have
roots that go back over many years and, sometimes, over decades. In such an extensive
work with so many contributing authors there is, inevitably, the occasional overlap;
where this occurs articles are cross-referenced to each other. Considerable attention has
been given to harmonizing notation, equations and preferred units, although I have

Xiil



Editor’s Preface to First Edition

Xiv

chosen not to force total uniformity where the common practice differs from one area of
the subject to another. I have, however, insisted on the use of SI units as the primary unit
throughout, although other units are sometimes given in parentheses.

I would like to acknowledge the encouragement and guidance of Professor Robert
Cahn, the Executive Editor, and to thank Mr Michael Mabe and Mr Peter Frank of
Pergamon Press for their support and advice. I am also particularly indebted to Mr Paul
Aslin for his assistance in maintaining day-to-day contact with authors and in coordi-
nating and assembling the manuscript copy. Finally, it is with sadness and regret that |
acknowledge the valued contributions of two authors who are now deceased.

Professor John Bardeen, who inspired so many through his contributions to the theory
of superconductivity over 35 years, completed a balanced and carefully worked article
Superconducting Materials: BCS and Phenomenological Theories in January 1991, a few
days before he died. Dr Gilbert Y. Chin, who recently retired as director of the Passive
Components Research Laboratory at AT&T Bell Laboratories, passed away in May
1991. Dr Chin contributed the key introductory article Magnetic Materials: An Overview
and coauthored with his friend and colleague Dr Jack Wernick a further ten articles on
specialist magnetic materials.

Jan Evetts
Editor



GUIDE TO USE OF THE ENCYCLOPEDIA

This Concise Encyclopedia is a comprehensive
reference work covering all aspects of materials
characterization. Information is presented in a series
of alphabetically arranged articles which deal con-
cisely with individual topics in a self-contained
manner. This guide outlines the main features and
organization of the Encyclopedia, and is intended to
help the reader to locate the maximum amount of
information on a given topic.

Accessibility of material is of vital importance in a
reference work of this kind and article titles have
therefore been selected not only on the basis of article
content but also with the most probable needs of
the reader in mind. An alphabetical list of all the
articles contained in this Encyclopedia is to be found
on pp. XVii—Xix.

Articles are linked by an extensive cross-referencing
system. Cross-references to other articles in the
Encyclopedia are of two types: in text and end of
text. Those in the body of the text are designed to
refer the reader to articles that present in greater detail
material on the specific topic under discussion at that
point. They generally take one of the following forms:

...which is fully described in the article Magnetic Recording
Devices: Future Technologies.

...other applications of this technique (see SQUIDs:
Magnetic Microscopy).

The cross-references listed at the end of an article
serve to identify broad background reading and to

direct the reader to articles that cover different
aspects of the same topic.

The nature of an encyclopedia demands a higher
degree of uniformity in terminology and notation than
many other scientific works. The widespread use of the
SI system of units has determined that such units be
used in this Encyclopedia. It has been recognized,
however, that in some fields Imperial units are more
generally used. Where this is the case, Imperial units
are given with their SI equivalent quantity and unit
following in parentheses. Where possible, the symbols
defined in Quantities, Units, and Symbols, published by
the Royal Society of London, have been used.

All articles in the Encyclopedia include a biblio-
graphy giving sources of further information. Each
bibliography consists of general items for further
reading and/or references which cover specific
aspects of the text. Where appropriate, authors are
cited in the text using a name/date system as follows:

...as was recently reported (Smith 2002).

Jones (1984) describes...

The contributors’ names and the organizations to
which they are affiliated appear at the end of all
articles. All contributors can be found in the
alphabetical List of Contributors.

The most important information source for locat-
ing a particular topic in the Encyclopedia is the
multilevel Subject Index, which has been made as
complete and fully self-consistent as possible.
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Actuator Materials for Small-scale Devices

The fabrication of a microsystem requires the
processing of a large variety of different materials
in order to realize their different electronic, sensor,
and actuator components. The fabrication processes
of these materials should be compatible with micro-
system technologies, i.e., with silicon micromachin-
ing. One possibility for the realization of sensors and
actuators in microsystems is the use of “‘smart” ma-
terials that directly transduce electrical, magnetic, or
thermal energy into mechanical energy or vice versa.
The related physical effects are the piezoeffect, mag-
netostriction, or the shape memory effect.

In general, thin film technologies are an attractive
approach to integrate these materials into microsys-
tems as this approach has almost no materials lim-
itations, offers easy down-scaling into the micrometer
range by a cost-effective manufacturing technology,
avoids assembly and interconnection processes, al-
lows the protection of the microsystem by protective
layers (Quandt and Holleck 1998), and provides the
possibility to design new materials as, for example,
metastable phases, multilayers or gradient layers.
Physical vapor deposition (PVD) techniques, in par-
ticular magnetron sputtering, offer the opportunity of
tailoring the constitution of the thin films. Addition-
ally, the interaction with the substrate enables fabri-
cation of highly textured films which, in the case of
piezoelectric materials, show improved properties
compared to conventional polycrystalline bulk mate-
rials. Furthermore, it can be expected that the inte-
grated sensing features of smart film actuators—e.g.,
the resistive effects present in all three classes of
materials—will provide means to realize ““intelligent”
actuators by using thin film “smart” materials.

Thin film actuators in the case of piezoelectric or
magnetostrictive materials are always used as com-
pounds with micromachined substrates working as
bending transducers, whereas in the case of shape
memory thin films both free-standing thin film actu-
ators and compounds with metallic or silicon subst-
rates are realized. Since free-standing shape memory
films have to be trained for the two-way effect to
introduce internal stresses into the material, which is
quite complicated in small dimensions, the film sub-
strate compounds represent the generally more im-
portant approach for all smart film materials. In this
case the materials development target has to be modi-
fied compared to bulk actuator materials. Whereas in
bulk materials the strain has to be maximized, the
resulting bending stress of a thin film substrate com-
pound is proportional to the strain and Young’s
modulus of the film. As a consequence, this stress
of the thin film actuator material should be as large
as possible. In the following sub-sections the main

results for magnetostrictive, piezoelectric, and shape
memory thin films for actuators will be discussed in
view of their main application areas.

1. Magnetostrictive Films

The development of room temperature giant magne-
tostrictive bulk and thin film materials is based on the
rare earth Fe, Laves phase, while at low temperatures
the highest strains are found in hexagonal Tb,Dy;_,
and body-centered Tb,Dy,_,Zn alloys. The giant
magnetostrictive materials were optimized in terms of
their magnetostriction to magnetic anisotropy ratio
in order to attain large strains at reasonable magnetic
fields (see Magnetostrictive Materials). Different ap-
proaches have been taken based on the Laves phases
(Tb,Dy)(Fe,Co), with positive or Sm(Fe,Co), with
negative magnetostriction. The fabrication of these
rare earth based materials is restricted to PVD meth-
ods, the most prominent being magnetron sputtering.

Because the magnetic saturation field is propor-
tional to the magnetic anisotropy constant and in-
versely proportional to the saturation magnetization,
its reduction is achieved either by decreasing the
magnetic anisotropy constant and/or by increasing
the saturation magnetization. To reduce the macro-
scopic anisotropy, amorphous rare earth—iron thin
film materials have been fabricated in a wide com-
position range. It was found that increasing the rare
earth content compared to the Laves phase compo-
sition results in the highest low-field magnetostriction
in amorphous thin films. For amorphous TbFe films
with an inplane magnetic easy axis an important im-
provement of the low-field magnetostriction and the
hysteresis can be observed in comparison to nano-
crystalline (Tb,Dy)Fe, films.

Assuming the same local environment in the amor-
phous compared to the crystalline state, a further
approach to lower the remaining anisotropy is by Tb/
Dy substitution, which was investigated over a wide
composition range for rare earth—iron or —cobalt thin
film materials. This approach leads to a further re-
duction in the magnetic saturation field, but the lower
Curie temperature due to the dysprosium alloying
significantly reduces the saturation magnetostriction,
resulting in negligible gain in low-field magneto-
strictive strain of these ternary films.

The second route to lower the macroscopic aniso-
tropy is by increasing the saturation magnetization.
The magnetostrictive thin films discussed so far have
rather low magnetizations, owing to their ferri-
magnetic nature. Unfortunately, an increase of the
saturation magnetization using amorphous homoge-
neous rare earth—transition metal materials is impos-
sible, because the compositions of interest contain
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30-45at.% rare earth elements. The rare earth mo-
ments dominate and thus any decrease will further
reduce the magnetization, while an increase of their
content results in a lowering of the Curie temperature
and consequently a lowering of the room temperature
magnetization.

However, using multilayers, it is possible to devel-
op new composite materials which show properties
that overcome these limitations. One layer is com-
posed of the giant magnetostrictive amorphous
Tbg4Feg ¢ alloy, while the other is magnetically very
soft and has a very high magnetization as well as
considerable magnetostriction itself (FeysCoqs). By
fabricating these layers with thicknesses smaller than
the ferromagnetic exchange length, domain wall
formation at the interfaces is prevented and the
magnetic properties of such an exchange-coupled
multilayer system are determined by the average of
those of each individual layer. The comparison of the
magnetostriction of this multilayer with the state-of-
the-art amorphous and nanocrystalline single-layer
materials demonstrates that these novel multilayers
give the highest magnetostrictions at very low fields
with a saturation field of only 20mT (Fig. 1).

The most important advantages of magneto-
strictive actuators are the possibility of wireless
operation and the anisotropic behavior of the mag-
netostriction. The former is especially attractive for
ultrasonic motors and for valves or pumps operating
in harsh environments or on rotating or moving
parts. The anisotropy of the magnetostriction can be
employed for the realization of a two-dimensional
scanner using a simple cantilever geometry in com-
bination with the excitation of bending and torsion
modes.
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Figure 1

Magnetostriction (4) versus external magnetic field
(H.x) of different thin film materials: nanocrystalline
Tbg.3Dyg.7Fe, single layer, amorphous TbFe single
layer, and TbFe/FeCo multilayer.
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2. Piezoelectric Films

The development of piezoelectric thin films for actu-
ators is related either to wurtzite-type structure ma-
terials (e.g., ZnO, AIN) or to ferroelectric perovskite
materials (e.g., Pb(Zr,Ti)O3). The general merits of
piezoelectric thin film actuators are their low power
consumption and their driving voltages compatible
with transistor—transistor logic (TTL) signal levels.
The drawbacks are their high fabrication tempera-
tures, especially in the case of ferroelectric thin films,
their comparably low sputtering rates, and the high
precision of stoichiometry control required.

In the development of piezoelectric thin film ma-
terials, high piezoelectric strains, breakdown field
strengths, electrical resistivity, Young’s modulus,
long-time stability and fatigue strength, and in the
case of the ferroelectric materials high Curie tempe-
rature, are further important targets. The wurtzite-
type piezoelectric films can be fabricated by chemical
or physical vapor deposition (CVD or PVD) meth-
ods, the latter being mainly sputtering or laser-
ablation routes. Even more fabrication methods exist
in the case of ferroelectric thin film materials; the
most prominently used are CVD, PVD and sol-gel
methods.

Although their piezoelectric constants are one or
two orders of magnitude lower than in Pb(Zr,Ti)O3
(PZT), wurtzite-type thin films are of interest for
many applications, predominantly because of their
simpler fabrication, mainly owing to lower fabrica-
tion temperatures, their hysteresis-free response, and
their higher temperature range of use. Furthermore,
their much higher Young’s moduli compensate in
part for their lower piezoelectric constants in the case
of bending-type thin film actuators. In order to
obtain high piezoelectric constants, highly c-axis-
textured wurtzite-type films are required having low
resistivity perpendicular to the substrate. It has been
found that the microstructure and the texturing
depend critically on the deposition conditions. By
adjusting the sputtering conditions, highly c-axis-
oriented films can be obtained. Although ZnO shows
the higher piezoelectric strain, AIN films are very
promising owing to their higher resistivity and their
better compatibility with microelectronics batch fab-
rication processes.

Ferroelectric thin films having a perovskite struc-
ture are of wide interest mostly because of their high
dielectric constant and high remanence, e.g., as
capacitors for dynamic random access memories
(DRAMs). The high piezoelectricity in PZT mate-
rials leads to further interest in these materials for
applications as microsystem actuators, especially as
bulk PZT is widely used for high precision or ultra-
sonic actuators. In general, PZT films can be fabri-
cated either by a single-step process with substrate
temperatures of approx. 550°C or by a two-step
process using postdeposition crystallization for the
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Table 1

Measured piezoelectric and dielectric coefficients. ds; ¢
describes the strain x5 in the normal direction

(X3 = d33‘|‘E3), €31.f the in-plane strain (0'1‘2 = ()31’[E3) of
thin film materials, where Ej3 is the applied electric field
in the normal direction (Muralt 1997).

AIN PZT
d33 ¢ 3.9 90 ... 200
esLf —-0.9 —4 ... -6
€33 11 1100 ... 1300

amorphous as-deposited films. Employing this two-
step process, crystallization in the perovskite struc-
ture was found at temperatures between 550 and
600 °C, whereas the texture of the films depends
strongly on the bottom electrode and the substrate
being used. Owing to the inherent film stress and its
texture the unpoled polycrystalline PZT films being
fabricated by sputtering already exhibit a polariza-
tion and a piezoelectric response which reach ap-
proximately half the values of poled or single crystal
thin film materials.

The piezoelectric data of both classes of materials
are compared in Table 1, which demonstrates the
special potential of PZT films provided that all fab-
rication issues are solved. The most important fea-
tures of piezoelectric thin film actuators are the low
voltage, low power, high-frequency operation being
compatible to TTL signal levels. Consequently, high
frequency applications such as surface acoustic wave
(SAW) devices, ultrasonic motors, and resonant
sensors for mechanical quantities are the domain of
piezoelectric thin film actuators.

3. Shape Memory Thin Films

The development of shape memory thin films is based
on TiNi, which is superior to other potential shape
memory materials with respect to attainable strains
and stresses. Owing to the low transformation tem-
peratures of binary TiNi films, the materials research
is concentrated on Ni/Pd substitution for an increase
in transformation temperature and Ni/Cu substitu-
tion for a reduction in transformation hysteresis.
Furthermore, it is known that TiNiCu films are much
less sensitive in their transformation temperatures to
variations in the titanium content. Further interest is
related to the training procedures as well as to the
actuator design to achieve the two-way behavior in
either free-standing films or in combination with a
substrate.

It has been found that Ni/Pd substitution is very
effective in adjusting the transformation tempera-
tures between room temperature and temperatures
above 500 °C, whereas the measured austenite finish

temperatures of sputtered films are in good agree-
ment with the reported data of bulk materials (Fig. 2)
(Quandt et al. 1996).

By Ni/Cu substitution it is possible to reduce the
transformation hysteresis. In the case of the ternary
system Ti—Ni—Cu this substitution affects almost only
the martensite finish temperatures, which are raised
by increasing the copper content. The martensite and
austenite finish temperature (My, A4y, respectively), as
well as the hysteresis A—M; are shown in Fig. 3 as a
function of the copper content while the titanium
content was kept constant. The results show that
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Figure 2

Austenite finish temperature A¢ of Ti(Ni,_,Pd,) bulk
(open symbols) and thin film (closed symbols) materials,
as a function of palladium content (after Quandt and
Holleck 1998).
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Hysteresis of Ti(Ni,Cu) bulk (open symbols) and thin
film (closed symbols) materials (after Miyazaki et al.
1996).
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Ni/Cu substitution of about 20% leads to a reduction
of the hysteresis from 70 K to approx. 20K for free-
standing, stress-free thin-film materials, which is not
further reduced by higher copper contents.

Compounds of substrates and shape memory films
are an attractive approach to realize actuators that do
not require a special training treatment, which is
necessary in the case of free-standing films. The in-
ternal stress resulting in a two-way behavior is intro-
duced after the crystallization upon cooling, owing to
different thermal expansion coefficients of substrate
and shape memory film. In the case of lower thermal
expansion coefficients of the substrate (e.g., silicon,
molybdenum) the shape memory films are under ten-
sile stress while higher thermal expansion coefficients
of the substrate (e.g. Fe;»CrigNijg) result in com-
pressive film stress. Below the martensite start tem-
perature these stresses vanish, owing to the formation
of selected martensite variants corresponding to the
lowest free energy of the system.

Upon heating, the shape memory effect leads to a
restoration of the original stress state. Thus high
stresses exceeding 400 MPa are restored in a narrow
temperature range defined by the transformation
hysteresis of the shape memory material (Fig. 4). Us-
ing these shape memory compounds it is possible to
fabricate shape memory bending transducers in a
fully batch technology by sputtering the metallic
substrate layer in combination with sacrificial layers.
This two-way actuator does not require any training
procedures.

The unique feature of shape memory actuators is
the very high energy density, which is considered to
be of special importance, owing to the small volumes
of actuators in microelectromechanical systems
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Figure 4
Stress—temperature curve of a TiNiCu shape memory
film on molybdenum. 45 and A4; denote the austenite

start and finish temperature; M, and M; are the
martensite start and finish temperature.
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(MEMS). Applications realized so far make use of
this feature, e.g., in the case of microvalves to be
employed in pneumatics or hydraulics.

See also: Giant Magnetostrictive Materials
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Alloys of 4f (R) and 3d (T) Elements:
Magnetism

Ordered metallic alloys with a well-defined crystal
structure are classified as intermetallic compounds, or
intermetallics. Owing to the metallic character of
bonding, the crystal structures of intermetallics tend
to reach the highest symmetry, highest space filling,
and highest coordination number.

The R-3d intermetallics are ordered alloys of rare
earth (RE) and 3d transition (T) elements and can
involve one or both elements with magnetic mo-
ments. These compounds exist in a relatively narrow
compositional range, and the R and T atoms are
distributed at proper and definite positions in the
crystallographic cell. Accordingly, two magnetic sub-
lattices (f- and d-electron subsystems) can be distin-
guished in R-3d intermetallics. While the number of
pure magnetic 3d and 4f elements is about 20, there
are several hundred binary R-3d intermetallics and
thousands among the ternary R-3d-M systems. It
has been established that in most cases the same
crystal structure is stabilized for variable R elements
and to some extent for variable T elements so that
helpful comparison of magnetic properties can be
made, giving enlightenment as to the basic interac-
tions involved in various cases.
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1. 4f and 3d Magnetism in R-3d Intermetallic
Compounds

The nature of magnetism is different in the two elec-
tron subsystems involved in the magnetic interactions
in R-3d intermetallics. Most of the lanthanide ions
retain the localized atomic character of the 4f orbitals
and their magnetism can usually be well described by
atomic characteristics, L, S, and J, of a free R** ion
(see Localized 4f and 5f Moments: Magnetism). In
contrast, the 3d electrons of transition metals are
itinerant and the 3d states form an energy band
crossed by the Fermi level, ¢, with natural conse-
quences for magnetism (see [tinerant Electron Sys-
tems: Magnetism (Ferromagnetism)). The interaction
between the RE and transition metal sublattices is
mostly realized by the hybridization of the 5d (4d
for Y) states of the RE and the 3d states of the tran-
sition metal, which mediates the strength of the 4/~3d
exchange interaction.

The effect of the RE sublattice on the magnetic
properties of the d subsystem is in most cases con-
sidered as resulting in an additional shift of the ma-
jority (“‘up,” or 4 ”’) and minority (“‘down,” or ")
d subbands, whereas the effect of the d electrons on
the RE sublattice consists of a modification of the
energy level scheme of the R* " ions.

Because of a spatial localization of the 4f electronic
shells, no direct overlap between the 4f wave func-
tions takes place in R-3d intermetallics. The f~f ex-
change occurs via the conduction electrons and is
therefore weaker than the f~d and d¢-d exchange in-
teractions. The interactions related to the d sublattice
increase successively along with the content of the
transition metal and the d-d interaction becomes
dominant in T-rich compounds.

1.1 [Itinerant Magnetism of the d Electrons

A distinct feature of the d magnetism in R-3d inter-
metallics is the hybridization between the narrow 3d
band (~3eV) of the transition metal with a high
density of states (DOS), N;3¢), and the broader 5d
band (~10eV) of the lanthanide (the 4d band of yt-
trium) with a lower DOS. The contribution to the
total DOS from the 65 (5s) band is negligible because
of very low values of N(¢). The magnetic properties
of the d-electron subsystem are hence determined by
the energy dependence of N, (¢) near the Fermi level,
e, and the position of e itself (Barbara et al. 1990,
Franse and Radwanski 1993).

The electronic structure of the hybridized d band
can be represented schematically by one of the three
characteristic curves shown in Fig. 1. Figure 1(a)
shows the weak (unsaturated) ferromagnetic case: the
majority and minority subbands are both partly
filled. This class involves all the iron intermetallics,
the cobalt series R,Co7, RCos, R4Co3, and the nickel

A N(S)

Figure 1

Schematic representations of the density of d states of
the hybridized d band of R-3d intermetallic compounds
for a weak, unsaturated, ferromagnetic (top), strong,
saturated, ferromagnetic (center), and paramagnetic
(bottom) states.

series R,Ni;, RNiz. For these compounds ¢ lies in the
region with high DOS where the contribution from
the 5d states is essentially important. Figure 1(b) il-
lustrates the strong (saturated) ferromagnetic case.
The majority subband is filled and the Fermi level is
in the high DOS region where the contribution of the
3d states dominates. The cobalt-rich compounds
R,Coy7 and RCos belong to this class. Figure 1(c)
shows the paramagnetic case, for which & lies in the
region with low DOS formed primarily by the 5d (4d)
electron states of R.
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Magnetic moment of the d-electron subsystem per one T
atom vs. RE content (data taken from Burzo et al.
1991).

The magnetic behavior of the d subsystem is found
to be almost independent of the RE within each given
R, T, series. However, a strong variation of the d
magnetism vs. stoichiometry is one of the most im-
portant factors, along with the crystal structure, in
determining the magnetic properties of R—-3d inter-
metallics with different chemical formulas.

The d magnetic moment vs. the chemical formula is
depicted in Fig. 2 for compounds with nonmagnetic
yttrium and magnetic gadolinium partner elements.
While in the T-rich compounds p, is close to the value
for the given partner T metal, with increasing RE
content its value falls substantially. In the Y-Fe sys-
tem, u, takes the value 1.45ug (YFe,), while in me-
tallic iron it is 2.2ug. In the Y—Co and Y—Ni systems
Ug varies in a nonmonotonic way: YCo, and YNis
have paramagnetic ground states, whereas ferromag-
netism appears in Y4Coz (Tcx7K), Y,Ni; (58K),
and YNi; (32K). With further increasing RE content
the d subsystem becomes paramagnetic in both series.

In some series, substitutions of nonmagnetic yt-
trium by a magnetic RE can induce a substantial in-
crease of py (cf. yttrium and gadolinium systems in
Fig. 2). Within the scope of the itinerant model, this
is ascribed to the f~d exchange interaction. The total
molecular field acting on the d subsystem is given by:

d
HY) = nggMy + ngaMy (1)
where
- Zalaa
g = ddd
2

and

_ (gr = D)zrIRra
an‘*___E___f___
SRHUB

are the corresponding molecular field coefficients, 7,
and Iz, denote the d-d and R—d exchange integrals,
and z; and zi are the numbers of T and R atoms in
the nearest neighbor surrounding a T atom.

The description of the d-electron subsystem in the
itinerant model presumes the existence of spin fluc-
tuation (SF) excitations at elevated temperatures. In
T-rich intermetallics with stable d moments and high
values of Tc, the mean square SF amplitude, {mjp)
(in the paramagnetic state), and the local spin density
amplitude, {(m?_ > (in the ordered state), at the
T-atom positions are both almost temperature inde-
pendent and also depend weakly on external fields.
Hence, the d subsystem can be considered to a good
approximation as a stable magnetic sublattice. In the
molecular field approach, the following expression
for Tc is derived:

1
Te = 5(Td + Tr + \/(Td — Tr)? +4T§d) (2)

where T,, Tgr, and Tgr, represent the contributions
to Tc¢ arising from the d-d, R-R, and R-d inter-
actions, respectively. The characteristic temperatures
are given by Tgy=1n4Cq, Trr =nrrCr, and Try=
nrav/ CrCy, where Cr and Cy, are the corresponding
Curie constants.

For weakly magnetic and exchange-enhanced par-
amagnetic d subsystems, the temperature and field
dependence of the d magnetization is substantial. In
these systems, temperature-induced SF as well as crit-
ical fluctuations near 7 become important. In weakly
ferroma%netic itinerant electron systems both (mg»
and (mj . » are substantially temperature dependent
in a wide region around 7¢ (Brooks and Johansson
1993). Therefore, the spontaneous magnetovolume
effect, wy=(Vim—"Vo)/V, reaches 107>~10"2 in inter-
metallics with unsaturated d magnetism (see Itinerant
Electron Systems: Magnetism ( Ferromagnetism) and
Magnetoelastic Phenomena), whereas a much lower
magnetovolume effect originates from the RE sublat-
tice (~107%. The thermal expansion is therefore
widely used in investigating aspects of the
d magnetism in R—3d intermetallics (see Magnetoelas-
tic Phenomena).

1.2 Localized RE Magnetism

Electronic properties of the 4f ions can be described
within a single-ion Hamiltonian including the spin—
orbit (SO), crystal field (CF), and exchange (EX)
interactions:

Hy = Hso + Hcr + Hex (3)
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For most of the RE ions, the spin—orbit term
dominates in the Hamiltonian of Eqn. (3). Thus, the
L—S coupling scheme remains valid in R—3d interme-
tallics (J is said to be a “good quantum number”).
The expectation value of J, varies then between L + S
and |L—S|. In agreement with Hund’s rules, for the
heavy (light) RE the ground-state multiplet has the
highest (lowest) value of J=L+.S (J=|L-S|). The
level scheme is determined by a combined action of
the CF and the exchange interaction (see Magnetism
in Solids: General Introduction; FElectron Systems:
Strong Correlations).

In the molecular field approximation, the molar
magnetization of the RE sublattice as a function of
the external field, H.y, and 7, expressed through the
partition function, Zr(n) (n;= x, y, z), takes the form:

0Zr(n)/OH
M(n, T, Ho) = NKT Ze() (4)
The free energy, Fr(T, n)= —NkTZg(n), and hence
the energy level scheme, depend on the crystallo-
graphic direction. The anisotropic part of the free
energy determines the magnetocrystalline anisotropy
that is responsible for the spontaneous orientation of
the magnetization vector in the crystal. This direction
is called the easy axis (EA). For a weak exchange
interaction energy, Egx, the CF anisotropy—single-
ion anisotropy—can lead to a reduction of the 4f
moment. In these intermetallics, anisotropy of the
magnetization is observed under strong magnetic
fields.

1.3 Exchange Coupling Between the 4f and d
Sublattices

The models suggested for the f~d exchange involve a
direct on-site 4/-5d exchange interaction and take
into account the space localization of the d-electron
states (Yamada 1988). Since the intra-atomic ex-
change integral on a T atom is larger than that on an
R atom, the exchange splitting of the local density of
d states of T atoms with up and down spins is sub-
stantially larger than the splitting of the local DOS of
R atoms. Then, the difference, A¢, between the effec-
tive atomic potentials on R and T atoms for up-spin
electrons becomes larger than that for down-spin
electrons. As the strength of hybridization weakens
with increasing value of Ag, the d states in the up-spin
subband mix with each other less than those in the
down-spin subband. This difference in mixing is of
prime importance for the sign of the 4/~3d magnetic
coupling (Brooks and Johansson 1993).

Under the external magnetic field the numbers of d
electrons of R-atom character with spins up and
down are not equal, n41(R)<ng (R), and the d po-
larization, m,;(R) = (n41(R)—n,4  (R))ug, is negative (if
considering  m,(T) = (ng1(T)—ng4 (T))us  positive).
Thus, the molecular fields on R atoms created by

Light RE Heavy RE

Figure 3

Schematic illustration of the 4/~3d exchange coupling
between the R and T magnetic moments. The dashed
areas show that part of the interactions for which the
sign remains unchanged. Note that the magnetic
moments are antiparallel to the corresponding mechanic
moments.

my(R) and m,(T) are opposite to each other, and the
local DOS of the R atoms with up and down spins
will split in the opposite direction with respect to the
local DOS of T atoms. This scheme remains also
valid for the R-3d compounds with a magnetic RE.
Numerical calculations as well as Mossbauer data
give the value of m,(R) as about —0.3ug per T atom
in R-Fe compounds.

In R-3d intermetallics with a magnetic RE the spin
moments, S;; of the R atoms are always oriented
parallel to the 5d spin moments, Ss; owing to the
positive intra-atomic exchange interaction. This means
that the 4f spin moment is oriented antiparallel to the
3d moment. Therefore, the total magnetic moment,
My = grupJr, is oriented opposite (parallel) to Mt for
heavy (light) RE elements, as shown in Fig. 3.

2. Basic Properties of Binary R-3d Intermetallics

The Curie temperatures of binary Gd-3d and Y-3d
intermetallics are given in Table 1. Since the molecular
fields due to the f~f and f~d interactions reach their
maximum in the gadolinium compounds (Sgq is a
maximum among all RE), T¢ of R, T, with other
magnetic RE range between the respective values for
the compounds with R=7Y and Gd. These data show
the weakening of the RE contribution (primarily
through the f~d interaction) in the total exchange ener-
gy with increasing content of the T partner element.

2.1  Compounds with a Nonmagnetic 3d Sublattice

In these compounds the magnetic properties are al-
most exclusively determined by the 4f electrons. The
itinerant d states contribute only because of a polar-
ization induced by the f~d exchange interaction.
Among various magnetic states and magnetization
processes, one may quote metamagnetic transitions
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Table 1

Symmetry of the crystal cell and the Curie (Neel) temperatures (in K) of Gd,,,T,, and Y, T, (Tc (R=Gd)/Tc (R=Y))
intermetallics.”

m:n Crystal cell, space group® Mn Fe Co Ni
3:1 0, Pnma 127/PM 100/PM
8:5 m, P2,/c —/PM

3:2 0, Pnmm (Co) t, P4,2,2 (Ni) —/PM —/PM
4:3 h, P63/m 230/13

1:1 0, Cmem (Gd) m, P2,/c (Y) 73/PM
1:2 ¢, Fd3m (Fe, Co, Ni) h, P63/mmc (Mn) 110/ ~100 790/542 409°/PM 75/PM
1:3 r, R3m or h, P6;/mmc 725/569 611/301 115/32
2:7 r, R3m (Ni, Co) or h, P63/mmc (Ni) 771/639 116/57
5:19 r, R3m or h, P6;/mmc —/721

6:23 ¢, Fd3m 461/486 569/495

1:5 h, P63/mmc 953/987 28/PM
2:17 r, R3m or h, P6s/mmc 478/324 1209/1186 187/150
1:12 T, I4/mmm 125/110

T metal 95 1043 1394 631

a Only R;Co, R3Ni, RFe,, RCo,, RNi,, RCos, RNis, and R,Nij; exist with any R and with the same crystal structure. The following stoichiometries
have nonmagnetic d sublattices and exist with very limited R and T: 5:2 (m, C2/¢, R =Pr, Nd, Sm, T = Co); 7:3 (h, P63/mc, R =La, Ce, Pr, Nd, T = Ni);
24:11 (h, P63/mc, R=Ce, T=Co); 12:7 (m, P2,/c, R=Gd, Tb, Dy, Ho, Er, T=Co); 1:1 -6 (6 ~ 0.85, h, P6;/mmec, R=La, Pr, Nd, T =Co); 2:3 (o,
Cmca, R="La, T=Co, Ni). LaCo;; (¢, Fd3m, Tc=1290K). PM = Pauli paramagnet. b c, cubic; h, hexagonal; m, monoclinic; o, orthorhombic; r,
rhombohedral; t, tetragonal. ¢ In GdCo, the cobalt subsystem is magnetic due to itinerant electron metamagnetism.
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Magnetization curves of the hexagonal compound
HoNis at 1.5K measured along different
crystallographic axes, orthorhombic set (data taken
from Franse and Radwanski 1993).

associated with a field-induced crossing and anti-
crossing of CF energy levels in paramagnetic systems
(as in PrNis), metamagnetic transitions in ferromag-
netic compounds associated with a crossing of the CF
levels, spin-flop transitions in low-anisotropy sys-
tems, and stability of long-period and incommensu-
rate structures owing to the oscillation character of
the indirect exchange interactions.

The magnetization curves of hexagonal HoNis
(Tc=5K) represent an example of large anisotropy
of magnetization originating from CF effects (Fig. 4).

The theoretical curves are calculated with the use of
the perturbing Hamiltonian (Eqn. (3)) and give the
following CF parameters (in Kaj') : A5 =-686,
A} =~ 56, 42=0.3, and AS= +55.0.

2.2 Compounds with a Magnetic 3d Sublattice
(Unstable 3d Moments)

The strong field dependence of the magnetic charac-
teristics of the d-electron system implies a strong
field-induced change of DOS in the vicinity of &
Hence, the d-electron subsystem may exhibit a mag-
netic instability. A first-order-type change of the
magnetic state induced by an external magnetic field
is known as itinerant electron metamagnetism (IEM),
which can occur both from paramagnetic and weakly
ferromagnetic ground states (see Magnetic Units).

In combination with a magnetic RE, the meta-
magnetic d subsystem can be the cause of a number of
intriguing effects, e.g., a first-order-type transition
at Tc and its controlled transformation into a sec-
ond-order type by RE substitutions. By varying the
second term in Eqn. (1), conditions for magnetic
instability at a low external critical field, H.;, can
be reached in pseudobinary compounds of the
(Rl—xYx)an type:

Heig = [nraxpg — Hyi | (5)
where Hy; is the critical field in the absence of

the intersublattice interaction, pg is the magnetic
moment of the R ion, and x is the RE concentration.
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2.3 Compounds with a Magnetic 3d Sublattice
(Stable 3d Moments)

Owing to a strong f—d exchange interaction, most of
the R-3d intermetallics are collinear ferrimagnets.
They have, therefore, all the attributes that collinear
ferrimagnets can show. Figure 5 illustrates the regular
change of the magnetic compensation point in the

10

Magnetization (ug/f.u.)

Magnetization {pg/f.u.)

200

0 50

Temperature (K)

Figure 5

Temperature dependence of the spontaneous
magnetization of the R,Ni;; compounds (data taken
from Burzo et al. 1991).

Table 2
f~d and d-d molecular fields of some gadolinium- and
yttrium-rich compounds evaluated from values of 7.

Compound H}‘.RT) (T) Compound Hpr(T)
Gd2C017 225 Y2C017 1450
GdCos 188 YCos 1210
GdCo, 126 YCo, PM*
Gd2F€17 275 Y2F617 390
Gd6Fez3 272 Y6F623 554
GdFe; 278 YFe; 690
GdFe, 230 YFe, 680
Gd,Ni,, 51 Y,Ni,; 296

a PM = Pauli paramagnet.

R,Ni;; series. Within a two-sublattice approximation
the basic intra- and intersublattice exchange interac-
tions can be determined by analyzing the temperature
dependence of the spontaneous magnetization, par-
amagnetic susceptibility, and values of Tc.

Values of the molecular field, Hyy =nrrMrt and
Hyr=ntrMr, are listed for some Gd-T and Y-T
intermetallics in Table 2. They show the role of a
magnetic RE in compounds with stable 3d sublattic-
es. The f~f interaction is weak in these compounds.
The strength of the f-d interaction for other R-3d
intermetallics can be estimated from these data using
the respective relations between ngt and Igt and
considering IrT to be weakly dependent on R within
the same R, T, stoichiometry (Franse and Radwan-
ski 1993).

A direct determination of the strength of the in-
tersublattice exchange interaction in the ferrimagnet-
ic R—3d compounds can be made by the observation
of field-induced noncollinear magnetic structures.
When the anisotropy effects are neglected, the mag-
netization process is characterized by a critical field,
Hc, of a spin-flop transition into a noncollinear
magnetic phase, given by:

Hcy = —nrr|Mp — Mr| (6)

The magnetic saturation is then reached at the sec-
ond critical field:

Hcy = —nrr (MR + M) (7

In the intermediate state, Hcy < Hex < Hca, the mag-
netic configuration is canted, and the net magnetiza-
tion, M = | Mr—M-|cos 0, varies linearly as M = H.,/
NRT-

In the R—3d intermetallics the d-electron subsystem
is responsible for high T, whereas the large magnetic
anisotropy and the anisotropic magnetostriction are
considered mainly due to the RE sublattice. Never-
theless, the contribution of the d sublattice to aniso-
tropic interactions is not negligible. In YCos the
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Magnetization curves of the hexagonal compound YCos
at 4.2K for fields applied parallel and perpendicular to
the c-axis (data taken from Franse and Radwanski
1993).

anisotropy field, Ha, reaches about 16.5T (Fig. 6)
and the anisotropy constant K, =47.0K fu.”"
These values are comparable with the total anisotro-
py of highly anisotropic SmCos: Hx=60T and
K, =162.0K f.u.”". In the RCos series the cobalt an-
isotropy explains the existence of temperature-in-
duced spin-reorientation phase transitions. The
transitions take place around the temperatures where
the absolute value of the R and cobalt sublattice an-
isotropies are equal (for R=Nd, Tb, Dy, and Ho).
Combination of high T¢ with a high anisotropy
energy in R—Co intermetallics was the basis for de-
velopment of a new generation of permanent magnets
in the 1960s using SmCos as the basic component (see
Rare Earth Magnets: Materials). In the 1980s ternary
compounds based on Nd,Fe 4B were discovered as
prospective permanent magnet materials (Buschow
1997). Another instructive example of exploiting for
practical purposes the magnetic properties of both
the sublattices is provided by the cubic RFe, inter-
metallics (Clark 1986). These compounds show large
anisotropic magnetostriction originating from the R
sublattice, the high T being provided by the iron
sublattice (see Magnetoelastic Phenomena).
Manganese-based intermetallics are characterized
by antiferromagnetic Mn—Mn exchange coupling. As
a result of the competition with the negative f~d
exchange along with geometrical frustration (see
Magnetic  Systems: Lattice Geometry-originated
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Frustration) often present in the manganese crys-
tallographic sublattice, various complex magnetic
structures are stabilized in these intermetallics.
The noncollinear magnetic structure of YMn,
(T~ =110K) is characterized by a moment arrange-
ment which cancels the effects of possible f~d ex-
change interactions (Ballou 1994). When yttrium is
replaced by a magnetic RE, the R sublattice orders
only due to the f~f exchange interaction, leading to
two distinct ordering temperatures. In the RgMn»;
intermetallics, Y¢Mn»3 has the highest T in contrast
to the general characteristics found for iron, cobalt,
and nickel compounds. The magnetic ordering tem-
peratures in this series are around 450K, which in-
dicates that the magnetism is primarily controlled by
the Mn—Mn exchange interactions. The interplay of
exchange interactions results in complex magnetic
structures.

A magnetic structure with a long-wavelength heli-
cal component, strongly distorted by a large local
anisotropy, is stabilized in YMn, through a first-
order transition. The existence of long-range order
in RMn, with a magnetic RE depends on several

Table 3

Curie temperatures of ternary intermetallics with
NaZn;;-, ThMn,,-, and CaCus-type structures and
some interstitial phases formed by nonmagnetic RE.*

Compound Tc (K)
N 198
YNi;;Si, PM
ThM”l]g- type

YFC] |Tl 524
YCO] lTl 943
YFelosiz 540
YFeoTi, 498
YFC]()VZ 532
YFC]()CI'Z 450
Y]_]FG]()MOz 360
YFe; (W, 500
YCO|0V2 611
YFC4CO()Si2 820
YF68V4 350
LuCréAl(, PM
YFeéAlé 308
CaCus-type

YCosB 382
LuCo4B 396
LuFe,B 573
Interstitial phases

YzFCWC 502
LU2F817C 490
YzFC”Nz‘G 694
LU2F617N2A7 678

a PM =Pauli paramagnet.



Alnicos and Hexaferrites

factors, such as the Mn—Mn distance and the strength
of the f~d exchange interaction.

3. Ternary Compounds Containing R and 3d
Elements

In the search for novel magnetic compounds the
ternary intermetallics containing both RE and T ele-
ments provide wide possibilities (Li and Coey 1991,
Szytula 1991). Some crystal structures which do not
exist in R-T binary phase diagrams can be stabi-
lized by substitutions. An example of this approach
is the stoichiometry 1:13 in which only LaCo;
(Tc=1290K) crystallizes. The pseudobinary systems
La(Fe;_Me,);3 with Me =Al (0.08<x<0.54) and Si
(0.12 <x<0.19) have higher iron concentration than
the binary R,Fe;;. A number of new intermetallics
with iron and cobalt have been synthesized with the
1:12 stoichiometry existing only in binary R—Mn sys-
tems. Iron-rich R(Fe;_Me,);> compounds are known
with Me=Al, Si, Ti, V, Cr, Mn, Mo, Ta. Their mag-
netic properties determined by the R and T sublattices
follow in general the regularities established for bina-
ry intermetallics with stable 3d moments.

The intermetallics with true ternary structure types,
R, T,M,, form the biggest group. They can also be
synthesized with chromium. Another way of gene-
rating a ternary structure is by introducing small,
interstitial atoms X, such as carbon or nitrogen, into
binary compounds, e.g., R,Fe 7X5_s, which are inter-
stitial ternary phases. Tables 3 and 4 give the crystal
structures and Curie temperatures of some of the

Table 4

Symmetry of the crystal cell and the Curie (Neel)
temperatures of R-T-Me intermetallics with ternary
structure types formed by nonmagnetic RE (notations as
Table 1).

Compound  Crystal cell, space group Tc, Tn (K)
Y6F€62B14 C, Im3m 510
Y6C012B6 T, Rg}’}’l 151
Lu,Fe4,C t, P4>/mnm 495
LUZF614B t, P42/mnm 532-539
YNiAl, o, Cmem PM
LaMnSi, o, Cmcem 386
LuFeSis t, Idmmm PM
Y Co,Si, t, ldmmm PM
LuCo»Si, t, Idmmm PM
Y Co,Ge, t, I4mmm PM
Y Mn,Si, t, ldmmm 460
LaMn,Si, t, ldmmm 303-310
YMn-,Ge, t, Ildmmm 395
LaMn,Ge, t, ldmmm 306-310
LuMn-Ge, t, Idmmm 453

most studied ternaries with nonmagnetic yttrium.
The effect of the magnetic RE sublattice is similar to
the case of binary R-3d intermetallics.

See also: Crystal Field Effects in Intermetallic
Compounds: Inelastic Neutron Scattering Results;
Magnetism in Solids: General Introduction; Metal
Hydrides: Magnetic Properties; Spin Fluctuations
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Alnicos and Hexaferrites

The traditional permanent magnets based on ferrites
and Al-Ni—Co alloys are still of substantial commer-
cial importance because of their low cost, although
some of their magnetic properties are much inferior

11
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to those of rare earth permanent magnets (see Rare
Earth Magnets: Materials).

Hard ferrites are ceramic materials that have hex-
agonal crystal structures. Their formula composition
can be represented as n(MeO)-m(Fe,03), where n
and m are natural numbers and Me is a divalent
metal. For n=1 and m =6 one obtains the formula
for the so-called M-type ferrites, MeO - 6(Fe,03),
which can also be written as MeFe,09. The most
common M-type ferrites are those where Me = Ba,
Sr, or Pb. For n=3 and m =28 one obtains the for-
mula composition 3(MeO) 8(Fe,O3). There are usu-
ally two (or more) types of divalent metals, Me,
involved. The formula composition of the so-called
W-type ferrites is therefore most conveniently repre-
sented by Me;Me,Fe 0,7. Well-known examples of
such compounds are formed with Me = Ba or Sr and
Me consisting of Fe(Il) and large amounts of mag-
nesium, zinc, copper, nickel, cobalt, or manganese.
Most applications deal with the M-type ferrites. For
this reason only this type will be discussed below. A
more detailed description of both types of hard fer-
rites can be found in the review by Buschow (1997).
(See also Ferrites.)

Alnico magnets are composed of iron, cobalt,
nickel, aluminum, and various types of additives.
These are magnets of metallic character obtained by
casting. One of the advantages of alnico alloys is that
the melting can be performed in air, although some-
times an apron of inert gas is blown over the melt.
Alnico alloys can also be prepared by sintering pow-
ders of the raw materials, aluminum being always
added in the form of a prealloy with one or more of
the other constituent metals.

Compared to hard ferrites, alnico alloys have a
rather insignificant magnetocrystalline anisotropy.
They derive their magnetic hardness from shape an-
isotropy. This implies that the microstructure of the
alloys is of paramount importance. Alnico magnets
can be characterized as fine-particle alloys in which
elongated ferromagnetic particles are dispersed in a
basically nonmagnetic matrix. This particular micro-
structure can be attained by a heat treatment leading
to the so-called spinodal decomposition of the alloy,
which is described briefly below. For more details the
reader is referred to the review by McCaig and Clegg
(1987).

1. Alnico Alloys

It has been mentioned already that alnico alloys are
multicomponent systems. All these systems have in
common the fact that they form homogeneous solid
solutions at high temperatures. At lower tempera-
tures there is a miscibility gap. This miscibility gap
leads to phase separation of the homogeneous alloy
into two phases, o; and oy, where o, represents a
strongly ferromagnetic b.c.c. phase rich in cobalt and
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iron. By contrast, o, is a nonmagnetic or only weakly
ferromagnetic b.c.c. phase rich in aluminum and
nickel.

The standard heat treatment of alnico alloys usu-
ally consists of a homogenization treatment at about
1250 °C at which temperature the alloys still consist
of a single phase (x). The alloy is subsequently an-
nealed under conditions corresponding to the region
within which decomposition into two phases can oc-
cur. This spinodal decomposition of the o phase into
the o and o, phases can occur spontaneously, but its
rate is diffusion controlled. It can proceed therefore
only at relatively high temperatures (above 800 °C).
The concentrations of the Fe(Co) atoms show a
periodic variation (assumed to be sinusoidal after
decomposition has set in) and the amplitude of the
composition fluctuations increases with time until
the phase separation into «; and o, is complete. The
whole process takes only a very short time. Depend-
ing on the temperature, it can be completed in a
matter of seconds or minutes. Formation and subse-
quent growth of the ferromagnetic «; particles to
their final shape and size occurs almost completely
during the spinodal decomposition reaction at 800—
850 °C. The driving force for the growth is the de-
crease of the interfacial energy between the particles
(1) and the matrix (o).

Optimization of the magnetic properties requires a
further tempering treatment generally performed at
600 °C. Its main purpose is to increase the difference
in magnetic saturation polarization, J;, between the
somewhat elongated Fe(Co)-rich particles and the
surrounding matrix (Ni—Al-rich). During this low-
temperature anneal a continuous change in the com-
position takes place owing to diffusion of iron and
cobalt atoms into the ferromagnetic particles. The
spinodal decomposition alone does not produce a
sufficiently large shape anisotropy in the ferromag-
netic o; phase particles. This is because the difference
in the saturation magnetizations between the o par-
ticles and the matrix is relatively modest so that the
effective shape anisotropy field of the particles (pro-
portional to Jy(a1)—Js(an), see below) is also modest
in spite of the elongation. The heat treatment at
600 °C is therefore desirable for producing a suffi-
ciently high magnetization anisotropy, which makes
it possible to obtain the highest coercivities and the
optimum permanent magnet properties. The latter
treatment commonly consists of an anneal for several
hours.

The interfacial energy of the alloy depends on the
crystallographic orientation of the boundaries be-
tween the oy and o»-type particles. Particle growth is
therefore anisotropic, and results in an elongation
parallel to the ({100) directions. This opens the
possibility of obtaining substantial improvements
in magnetic properties by controlled cooling of
the alloys after the homogenization treatment at
about 1200 °C to about 800 °C in the presence of a
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saturating magnetic field. This so-called thermo-
magnetic treatment promotes the formation of aniso-
tropic magnets in which the easy magnetization
direction of the grains formed during the spinodal
decomposition is parallel to the direction of the mag-
netic field applied during cooling. The elongation of
the particles in the field direction originates from the
decrease of the magnetic free energy of the particles
when the axis with the lowest demagnetizing factor is
along the direction of the applied field. For an ori-
ented single crystal, optimum properties would be
obtained when the thermomagnetic field is applied
parallel to one of the {100) directions. In practice,
use is made of so-called columnar crystallized alnico
alloys instead of expensive single crystals.

It is possible to obtain such highly textured alloys
by a grain orienting process preceding the thermo-
magnetic and tempering treatment. The alloys are
then cast in heated or exothermic molds onto water-
cooled steel or copper slabs. During solidification of
the alloy on the cold surface, the grains tend to grow
with their long axis parallel to the <100 directions,
perpendicular to the cold surface. This leads to a
semicolumnar alloy in which the columnar axes are
parallel to one of the <100 ) directions, for instance,
parallel to the [001] direction. It has become common
practice to refer to alloys manufactured in this way as
alnico DG (directed grain). The thermomagnetic
treatment for this type of textured alloy is applied
with the magnetic field parallel to the elongated di-
rection of the columnar particles, i.e., parallel to the
[001] direction. As mentioned above, the magnetic
properties in the easy magnetization direction can be
further improved by subsequent tempering of the in-
gots for several hours at about 600 °C.

The relatively high coercivities and remanences in
alnico alloys are due to the shape anisotropy asso-
ciated with the elongated Fe(Co)-rich particles im-
bedded in the nonferromagnetic matrix. The Stoner—
Wohlfarth theory predicts that the coercivity is pro-
portional to the saturation polarization, Js, of the
Fe(Co)-rich particles and also proportional to a fac-
tor related to the difference in the effective demag-
netization factors perpendicular (N:) and parallel
(Ny) to the preferred direction of magnetization in
the particles. For magnetization reversal proceeding
by uniform rotation, this leads to the formula

poHa = uoHe = f(0)[Ny — N¢lJs )

where f{60) is an averaging factor that accounts for the
various orientations of the preferred axes of the par-
ticles with respect to the direction in which H. is
measured.

For an assembly of noninteracting uniaxial single-
domain particles arranged at random, f{(0) has the
value 0.5. In highly elongated particles f{(6) may ap-
proach unity. In the case of spheroid particles there is
a considerable difference in the demagnetizing factor

Table 1

Nominal chemical compositions and magnetic
properties of cast alnico magnets. The balance of
composition is iron for all alloys. Taken from Magnetic
Producers Association listing.

Composition (wt.%)

BHKH[X
Type Al Ni Co Cu Ti (kJm™) B, (T) (kAm")

1 12 21 5 3 5.6 0.72 38.4
2 10 19 13 3 13.6 0.75 46.4
3 12 25 3 10.8 0.70 40.0
5 8 14 24 3 44.0 1.28 51.2
5DG 8 14 24 3 52.0 1.33 53.6
6 8 16 24 3 1 31.2 1.05 64.0
8 7 15 35 4 5 42.4 0.82 148.8
9 7 15 35 4 5 81.0 1.06 120.0

for particles magnetized perpendicular or parallel to
the flat surface of the spheroid. In the limit of an
extremely flat and elongated spheroid one has
Ny—N:=1-0=1. Equation (1) shows that the co-
ercivity in such materials may reach an upper limit
equal to He=Jy/pg=M,. With M;=1.7MAm !, this
upper limit becomes H.=1.7MAm™'. Even for the
less favorable case Ny~ Nv—O 5, the coercmty could
become 850 kAm~'. The latter value is much higher
than the actual values found in alnico materials, as
listed in Table 1.

The comparatively low values of the coercivity in
alnico alloys can partly be attributed to the less ideal
shape of the thin ferromagnetic particles and also to
the fact that the matrix is magnetic to some extent.
Considerable experimental evidence exists, showing
that the magnetization reversal does not proceed by
uniform rotation, as is assumed in the discussion
above. Instead magnetization reversal can occur by a
complex incoherent mechanism known as “curling”
(McCurrie 1982). It can proceed in lower fields, which
accounts for the lower observed coercivities.

The various grades of alnico-type alloys are usually
referred to by plain numbers, as indicated in the first
column of Table 1. More details of the preparation
and second quadrant characteristics of these and
other alnico-type permanent magnet materials can be
found in the review of McCaig and Clegg (1987). One
of the favorable magnetic properties of alnico alloys
is their very high Curie temperature (700-850 °C).
The small negatlve reversible temperature coefficient,
3(B,)~—0.02%K ', leads to excellent flux stability at
elevated temperatures. Alnico alloys are chemically
and metallurgically very stable. In fact, alnico 5 is the
only magnet material that has some long-term utility
at temperatures up to 500 °C (see also Magnets. High-
temperature).

13



Alnicos and Hexaferrites

As may be inferred from Table 1, a drawback of
alnico alloys is that their coercivity is low in com-
parison to rare earth-based magnets (see Rare Earth
Magnets: Materials). Generally, the B(H) curves of
alnico magnets in the second quadrant display a
nonlinear behavior. This implies a serious disadvan-
tage in device design and dynamic operation. Also it
limits the attainable energy products, in spite of the
high remanences that are comparable to NdFeB-type
magnets (see Magnets: Sintered).

Alnico magnets are best suited in applications
involving magnetic circuits of high permeance be-
cause the maximum energy product corresponds to
permeance ratios larger than five. In practice, this
implies that alnico magnets have to be comparatively
long in the easy direction and that their cross-
sectional area has to be relatively small. Alnico
magnets are used as sensors and in devices such as
electron tubes or watt hour meters (see also Perma-
nent Magnets: Sensor Applications). They are also
applied in several types of motors and in generators
operating at high temperatures.

2. Hard Ferrites

The hard magnetic properties of hexaferrites origi-
nate from their comparatively large magnetocrystal-
line anisotropy. Hard ferrites still play a dominant
role in the permanent magnet market owing to the
low price per unit of available energy, the wide avail-
ability of the raw materials, and the high chemical
stability.

The so-called M-type ferrites crystallize in the
magnetoplumbite structure characterized by close
packing of oxygen and Me ions with iron atoms at
the interstitial positions. The structure can be de-
scribed as consisting of cubic blocks with the spinel
structure and hexagonal blocks containing the Me
ions. There are two formula units MeFe;,0;9 per unit
cell and the Fe® © ions are distributed over five non-
equivalent crystallographic positions.

An important feature governing the occurrence of
hexagonal ferrites is that substitutions are only pos-
sible when the rule of charge conservation is obeyed.
Two well-known examples demonstrating this charge
conservation are BaFe;,_ szri Co3" 0y and Ba;_,
Lal*Fep, Fe2t 0y, where iron is trivalent when
not indicated differently. A detailed survey of various
types of substitution in M-type ferrites is given in the
reviews of Kojima (1982) and Kools (1986).

The complicated nature of the magnetic couplings
in hard ferrites may be 111ustrated by means of
BaFe12019 Each of the Fe** ions in this compound
carries a large magnetic moment equal to 5pup at
42K. The moments of the iron ions occupying
the same crystallographic position are ferromagnet-
ically aligned. By contrast, the coupling between
iron moments belonging to different crystallographic
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positions is ferromagnetic for some sites and anti-
ferromagnetic for other sites. All these couplings are
determined by a superexchange interaction, mediated
by the oxygen atoms. As described in detail in the
review of Kojima (1982), there is a strong preference
for ferromagnetic coupling when the Fe-O-Fe angle
approaches 180° and the Fe-O-Fe distance is com-
paratively small. The resultant spin structure is ferri-
magnetic. The partly antiparallel coupling of the
iron moments leads to a net moment per unit cell of
only 40 up (at 4.2 K), which is considerably below the
value 12 x Sug=60pup expected for ferromagnetic
alignment.

The Curie temperatures of hexagonal ferrites
are fairly high and fall into the temperature range
700-750 K. Of particular interest is their temperature
dependence of the saturation polarization J,. Results
for BaFe ;019 are shown in Fig. 1. The value of J
is seen to decrease with increasing temperature
much faster than would be expected on the basis of
a Brillouin function. This is the main reason that
these materials have a relatively low value of J at
room temperature, much lower than the value cor-
responding to the saturation moment of 40 ug per
formula unit mentioned above. The temperature

coefficient of Jg is fairly high (—0.2x K™'), being
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Temperature dependence of saturation polarization, Jg,
anisotropy constant, K;, anisotropy field, H, and
maximum attainable coercivity, Ho™*, for M-type
barium ferrite (after Kools 1986).
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roughly an order of magnitude higher than that
found in alnico magnets.

The magnetocrystalline anisotropy in hard ferrites
is generally considered as arising from spin—orbit
coupling. The anisotropy energy is characterized by a
comparatively high positive value of the anisotropy
constant K; (for a definition, see Hard Magnetic Ma-
terials, Basic Principles of), higher order constants
(K3, K3, etc.) being negligibly small. This corresponds
to an easy magnetization direction along the c-axis.

The temperature dependence of K; for BaFe ;09
is included in Fig. 1, together with the temperature
dependence of the anisotropy field Hx =2K;/J;. The
magnetic polarization, J;, decreases more strongly
with temperature than K; in the lower temperature
range. This leads to the rather peculiar case that Ha
first (slightly) increases with temperature before it
eventually decreases. A similar temperature depend-
ence is expected for the maximum attainable
coercivity, HZ'*,

Compounds of M-type ferrites are usually formed
by calcination of appropriate mixtures of Fe,Os,
BaCOs;, or SrCO; and minor additives at high tem-
peratures (about 1250 °C). After this so-called prefir-
ing process the resulting product is milled to very fine
particles (below 1 pm), which is usually performed in
water. The slurry is dried by heating in ovens or by
spray drying. After mixing the dried ferrite powders
with lubricants and small amounts of additives the
material is compacted by pressing. The pressed mag-
net bodies are sintered in air at high temperatures.
This operation is commonly indicated as firing. The
magnets obtained in this way are isotropic, meaning
that the orientation of the powder particles has a
random distribution.

Anisotropic sintered magnets can be manufactured
by wet pressing and sintering. Compound formation
proceeds in the same way during prefiring as de-
scribed above. Contrary to dry pressing, a different
choice of additives (SiO, and/or B,0O3) is used in or-
der to better control grain growth and densification.
The hard, prefired material is wet milled in water us-
ing steel balls. The result of this process is a thick
suspension, the so-called slurry. The fine powder
particles (preferably single crystals) have sufficient
mobility in this slurry to align themselves along the
preferred magnetization direction in an external field
during wet pressing. The pressed compacts are first
dried and then sintered in air at about 1250 °C. Con-
siderable anisotropic shrinkage occurs during the
sintering process. Therefore, the pole faces of the
sintered magnet bodies have to be ground after-
wards when accurate dimensional control of the
magnets is desired. More details regarding general
processing can be found in the review of Stédblein
(1982). Several optimization procedures for reaching
higher performances have been described by Horiishi
and Yamamoto (1992), Taguchi et al. (1992), and
Harada (1992).

Mechanical alloying has also been proposed as a
method to produce ferrite magnets of high coercivi-
ties (Ding et al. 1995). The starting material is
BaO, 4 6Fe,05. After high-energy ball milling the
material is annealed at temperatures between 750 °C
and 1000°C, resulting in coercivities close to
450 kAm ™.

Castro et al. (1996) have prepared nanostructured
particles of barium hexaferrite by means of the com-
bustion method, starting from a solution of the metal
nitrates and using a reducing agent (tetraformal
trisazide or oxalic acid dihydrazide) as a fuel. For the
submicrometer-sized particles of BaFe ;0,9 thus pre-
pared, coercivities of 425kAm ™" and magnetizations
of 57.8 Am?*kg ™' are obtained.

The coercivity in ferrite magnets is usually de-
scribed in terms of nonuniform magnetization re-
versal. It has been mentioned briefly above that the
main purpose of some additives is to control the
microstructure of the ultimate magnets by reducing
the grain growth during prefiring as well as during
sintering. For describing the relationship between
coercivity and microstructural parameters, Kools
(1986) uses the expression

yHe = oHA — Ner (Js + Br) /1 (2)

where o depends on the grain size and N depends on
the grain shape (see also Coercivity Mechanisms). Also
the fraction of the ferrite phase present in the magnet
and the degree of alignment are important since they
largely determine the value of the remanence B;. For
more details the reader is referred to the reviews of
Kools (1986) and McCaig and Clegg (1987). A most
helpful tool in studying the coercivity mechanism in
permanent magnet materials is the magnetic afteref-
fect (Givord et al. 1990). From a study of the field and
temperature dependence of the magnetic aftereffect
constant in M-type strontium and barium ferrite
magnets, it was concluded that the coercivity mech-
anism (see also Coercivity Mechanisms) in these sin-
tered magnets is of the nucleation type.

Hard ferrite magnets can be classified as low-cost,
low-performance magnets. Their application is wide-
spread, including anisotropic segments for electric
motors, anisotropic rings for loudspeakers, and large
anisotropic blocks for ore separators. Applications in
which the temperature can become substantially
higher than room temperature may profit from the
fact that the ferrite magnets have a high chemical
stability. Another advantage is that they are electrical
insulators. Furthermore, the coercivity increases
rather than decreases with temperature. This is again
beneficial for high-temperature applications, al-
though the temperature coefficients of coercivity
and remanence are undesirably high. The most prom-
inent disadvantage of magnets made of hard ferrites
is their low (BH) .« Value, remaining below 30 kJm™3
even for anisotropic sintered magnets. This generally
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requires magnets of comparatively large size, exclud-
ing application of magnetic devices in which weight
and space are at a premium. The unequalled low cost
of ferrite magnets is because of the very inexpensive
raw materials.

See also: Ferrite Magnets: Improved Performance

Bibliography

Buschow K H J 1997 Magnetism and processing of permanent
magnet materials In: Buschow K H J (ed.) Magnetic Mate-
rials. Elsevier, Amsterdam, Vol. 10, Chap. 4

Castro S, Gayoso M, Rivas J, Greneche J M, Mira J, Rodrigues
C 1996 Structural and magnetic properties of Ba hexa-
ferrite nanostructured particles prepared by the combustion
method. J. Magn. Magn. Mater. 152, 61-9

Ding J H, Yang H, Miao W F, McCormick P G, Street R 1995
High coercivity Ba hexaferrite prepared by mechanical al-
loying. J. Alloys Compounds 221, 70-3

Givord D, Lu Q, Rossignol M F, Tenaud P, Viadieu T 1990
Experimental approach to coercivity analysis in hard mag-
netic materials. J. Magn. Magn. Mater. 83, 183-8

Harada H 1992 The recent progress of hexagonal hard ferrite
magnets. In: Yamaguchy T, Abe M (eds.) Proc. 6th Int. Conf.
on Ferrites. Japan Society of Powder and Powder Metallurgy,
Tokyo-Kyoto, Japan, pp. 1112-7

Horiishi N, Yamamoto S 1992 Ferrite powder for bonded
magnets. In: Yamaguchy T, Abe M (eds.) Proc. 6th Int. Conf.
on Ferrites. Japan Society of Powder and Powder Metallurgy,
Tokyo-Kyoto, Japan, pp. 1041-5

Kojima H 1982 Fundamental properties of hexagonal ferrites
with magnetoplumbic structure. In: Wohlfarth E P (ed.)
Ferromagnetic Materials. North Holland, Amsterdam, Vol.
3, Chap. 5

Kools F 1986 Hard magnetic ferrites. In: Bever M B (ed.) En-
cyclopedia of Materials Science and Engineering. Pergamon,
Oxford, Vol. 4, p. 2082

McCaig M, Clegg A G 1987 Permanent Magnets in Theory and
Practice. Pentech Press, London

McCurrie R A 1982 The structure and properties of alnico
permanent magnets. In: Wohlfarth E P (ed.) Ferromagnetic
Materials. North Holland, Amsterdam, Vol. 3, Chap. 3

Stiblein H 1982 Hard ferrites and plastoferrites. In: Wohlfarth
E P (ed.) Ferromagnetic Materials. North Holland, Amster-
dam, Vol. 3, Chap. 7

Taguchi H, Hirata F, Takeischi T, Mori T 1992 High perform-
ance ferrite magnet. In: Yamaguchy T, Abe M (eds.) Proc.
6th Int. Conf. on Ferrites. Japan Society of Powder and Pow-
der Metallurgy, Tokyo-Kyoto, Japan, pp. 1118-21

K. H. J. Buschow
University of Amsterdam, The Netherlands

Amorphous and Nanocrystalline Materials

Amorphous metals (often also referred to as metallic
glasses) are characterized by the absence of atomic
long-range order and reveal only a short-range order

16

(SRO) with a structural correlation length in the
order of atomic distances (O’Handley 1987). Nano-
crystalline materials have a limited long-range order
(which is the same as the short-range order) with a
structural correlation length (the grain size) on the
nanometer scale, typically 5-20 nm.

Regarding their magnetic properties, the key point
for amorphous and nanocrystalline 34 metals is that
their structural correlation length D in many cases is
smaller than the ferromagnetic correlation length
Lo=+/A4/K,, which is determined by the exchange
interaction constant 4 and the local magnetocrystal-
line anisotropy K. Ly is closely related to the domain
wall width and defines the minimum length scale over
which the direction of the magnetization can vary
appreciably. For iron-based alloys, as an example,
typical values are Ly=20-40nm.

As a consequence, if D<L, the magnetization
cannot follow the randomly oriented magnetic easy
axis defined by the SRO, but is increasingly forced
to align parallel by exchange interaction. Thus, the
anisotropy effective for the magnetization process
is an average over the randomly fluctuating local
anisotropies scaling down like (D/Ly)® and, hence, is
considerably reduced in magnitude (see Nanocrystal-
line Materials: Magnetism).

As a result, amorphous and many nanocrystalline
alloys reveal virtually no or only a very small mac-
roscopic magnetocrystalline anisotropy which is the
precondition for superior soft magnetic behavior as
observed in these material classes.

As an example, Fig. 1 summarizes the typical var-
iation of the coercivity, H., over the whole range of
structural correlation lengths starting from atomic
distances in amorphous alloys over grain sizes, D,
in the nanometer regime up to macroscopic grain
sizes—the permeability shows an analogous behavior
being essentially inversely proportional to H,. (Herzer
1990, 1997). The 1/D-dependence of coercivity for
large grain sizes (Pfeifer and Radeloff 1980) reflects
the conventional rule that good soft magnetic prop-
erties require very large grains (D> 100 pm). Thus,
the reduction of particle size to the regime of the
domain wall width increases the coercivity towards a
maximum controlled by the anisotropies present.
Lowest coercivities, however, are again found for
structural correlation lengths smaller than the do-
main wall width like in amorphous alloys (“grain
size” of the order of atomic distances) and in nano-
crystalline alloys for grain sizes D <20 nm.

An interesting consequence of the exchange sof-
tening mechanism at small structural correlation
lengths is that these materials simultaneously com-
bine magnetic soft and mechanical hard behavior
(like high yield strength and high hardness) unlike
conventional soft magnetic crystalline alloys.

Apart from a low magnetocrystalline anisotropy
superior soft magnetic behavior additionally re-
quires a low or vanishing magnetostriction, s, which
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Coercivity, H., vs. grain size, D, for various soft magnetic metallic alloys: Fe-Nb-Si-B (A), Fe-Cu—Nb-Si-B (e),
Fe-Cu-V-Si-B (V), Fe-Zr-B (), Fe-Co-Zr (<), NiFe-alloys (B2 and A) and FeSi6.5wt% (O).

reduces magnetoelastic anisotropies arising from in-
ternal or external mechanical stresses. While magne-
tocrystalline anisotropy (characterized by a second
rank tensor) is randomly averaged out at small struc-
tural correlation lengths, magnetostriction (character-
ized by a fourth rank tensor) is not. Thus, amorphous
and nanocrystalline magnetic materials, except from
certain compositional ranges, generally exhibit mag-
netostriction and, accordingly are grouped into mag-
netostrictive and near-zero magnetostrictive alloys.
The latter are of particular interest for application
since they reveal highly reproducible and superior soft
magnetic properties comparable or even better than
those of permalloys. Still, the exchange softening at
small structural correlation lengths results in an iso-
tropic magnetostrictive behavior, i.e., it can be de-
scribed by a single coefficient—the saturation
magnetostriction ;. As a consequence, zero satura-
tion magnetostriction really results in stress-insensi-
tivity of the magnetic properties, unlike large-grained
crystalline systems where an average zero saturation
magnetostriction does not generally imply stress-
insensitivity of the hysteresis loop.

Fig. 2 gives an example for the typical magnetic
properties of near-zero magnetostrictive amorphous,
nanocrystalline, and crystalline soft magnetic alloys.
The clear advantage of nanocrystalline alloys is that
they combine the highest achievable permeabilities
(up to 1;~200 x 10°) and the simultaneously highest
saturation magnetization of typically Jy~1.2-1.3T.
The benefit of amorphous materials is that they allow
a much wider range of property variation by alloying.
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g MnZn- \g (Co-base)
= Ferrites 30
o s Qo
B ~
10°3 ¢ T
b IIII T T T T
05 1.0 15
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Figure 2

Typical initial permeabilities and saturation
magnetization for near-zero magnetostrictive, soft
magnetic materials with flat-type hysteresis loop.

Thus, the initial permeability of near-zero magneto-
strictive amorphous alloys can be varied continuously
by more than two orders of magnitude from about
wix1x 10% up to p;~300 x 10°.

Due to the absence of an appreciable magneto-
crystalline anisotropy both amorphous and nano-
crystalline materials are very susceptible to magnetic
field annealing which induces a uniaxial aniso-
tropy with an easy axis parallel to the direction of
the magnetic field applied during the heat treatment.
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Indeed, field induced anisotropies have a tremendous
practical impact for tailoring the soft magnetic pro-
perties according to the demands of various applica-
tions. As an example, Fig. 3 shows the hysteresis loop
and the impedance permeability for various heat
treatments with and without magnetic field. Thus,
almost perfect rectangular or flat shaped hysteresis
loops can be obtained after annealing in a magnetic
field along or transverse to the magnetic path in the
application. Conventional annealing without mag-
netic field typically results in a more round shaped
hysteresis loop. Even in this case uniaxial anisotro-
pies are induced although with an angular distribu-
tion of directions which is defined by the domain
structure during annealing. The induction of a mag-
netic anisotropy along the axis of the spontaneous
magnetization is related to directional atomic pair

FesssCuNb,Siy5 6B,
field annealed

induction, B (T)
Q
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Magnetic Field, H (A/m)
10°5
T
=
£
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@
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Drive Field Amplitude, H (A/m)
Figure 3

Typical d.c.-hysteresis loops and 50 Hz permeability
after various forms of field annealing. The material
shown is nanocrystalline Fes; sCu;Nb;Si 3 5By annealed
for 1h at 540 °C without (R) and with a magnetic field
applied parallel (Z) and transverse (F2; K,~20Jm >,
1~30 x 10°) to the magnetic path. Sample F1
(K,~6Jm >, p~ 100 x 10%) was first crystallized at

540 °C and subsequently transverse field annealed at
350°C.
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ordering along this axis, which minimizes spin-orbit
coupling energy. The induced anisotropy energy K,
directly controls the soft magnetic properties. Thus,
for example, transverse field annealing results in a
permeability x4 which is constant up to ferromagnetic
saturation and inversely proportional to K, i.e.,
pn=J2/(2 uoKy). For a rectangular loop, for example,
low induced anisotropies facilitate domain refinement
which results in good dynamic properties like, e.g.,
reduced anomalous eddy current losses. Moreover,
the mechanisms responsible for anisotropy formation
also control the thermal aging of the material. Hence,
good thermal stability of the magnetic properties
requires a possibly high activation energy and slow
kinetics of anisotropy formation.

Finally, both amorphous and nanocrystalline
alloys generally reveal low losses and a high perme-
ability even at elevated frequencies up to several
hundred kilohertz. The favorable high-frequency
behavior, comparable to or even better than in
Mn—Zn ferrites (see Ferrites), is essentially related
(1) to the thin ribbon gauge of d~20 um inherent to
the production technique, and (ii) to a relatively high
electrical resistivity of typically p~100-130 uQ cm,
which both reduce eddy current losses. In particular,
low remanence ratio materials show the best dynamic
properties due to the homogeneous change of mag-
netization by rotation, which avoids anomalous eddy
current losses. Lowest losses are hereby found in near
zero-magnetostrictive alloys due to (i) their low
coercivity which minimizes the hysteresis losses and
(i) to the absence of magnetoelastic resonances,
which in magnetostrictive alloys can produce very
significant excess losses.

1. Preparation and Alloy Systems

Amorphous materials can be principally synthesized
by a variety of techniques such as rapid solidification
from the liquid state, mechanical alloying, plasma
processing, and vapor deposition. For soft mag-
netic applications the material is mostly produced by
rapid solidification from the melt (Cahn 1993) as thin
ribbons usually about 20-30um thick and about
1-100 mm wide.

Nanocrystalline soft magnetic alloys, actually, are
also cast as an amorphous ribbon which is subse-
quently annealed above its crystallization tempera-
ture to produce the nanocrystalline state. Actually,
controlled crystallization from the amorphous state
seems to be the only method presently available to
synthesize nanocrystalline alloys with attractive soft
magnetic properties.

The range of compositions which can be prepared
in the glassy state by rapid solidification from the
melt is wide. Typical compositions are given by the
formula T70_90X;0_30 (at.%). Here, T stands for a
practically arbitrary combination of transition metals
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which, for magnetic applications, are of course given
by Fe, Co, and Ni. The letter X refers to metalloid
atoms like Si and B and/or refractory metals like Nb,
Mo, Zr, Hf, etc. These “nonmagnetic” additions are
necessary for glass formation and in order to stabilize
the amorphous structure.

The most common compositions for soft magnetic
applications either in the amorphous or in the nano-
crystalline state are metal-metalloid based (Fe,Co,
Ni)-(Si,B) alloys with small additions of manganese,
niobium, carbon, and, for the nanocrystalline case,
copper. This alloy system has a good glass forming
ability and is easily accessible by rapid solidification
as a thin ribbon in large-scale production.

The final alloy design is largely determined by (i)
the desired magnetic properties, (ii) good glass form-
ing ability, (iii) thermal stability, and, for the nano-
crystalline alloys (iv), a well-defined crystallization
behavior.

2. Amorphous Alloys

The saturation magnetization Jg is the highest in
the iron-rich alloys and decreases with increasing
nickel and cobalt content. It is generally lower than
in crystalline alloys due to the nonmagnetic additions
of silicon and boron necessary for glass formation.
The Jg maximum observed for crystalline Fe-Co
alloys is only weakly developed and shifted to the
iron-rich side.

For the iron-rich alloys the saturation magneto-
striction / is positive, typically /32 20-40 ppm, while
for the cobalt-rich alloys, A is negative, typically
ls~—5 to =3 ppm (Fig. 4). The decrease of i with

increasing nickel content is correlated to the simul-
taneous decrease of the saturation magnetization
(|2s] oc J2). Thus, the apparent disappearance of g at
high nickel contents (Fig. 4) occurs because the sys-
tem becomes paramagnetic. A true zero of magneto-
striction only occurs on the cobalt-rich side of Co—Fe
(Fujimori ef al. 1976) or Co-Mn (Hilzinger and Kunz
1980) based systems at iron or manganese concen-
trations of about 3-8 at.% (Fig. 4).

According to their magnetostriction, amorphous
materials are commonly divided into two major
groups: iron-based and cobalt-based alloys. The
iron-based amorphous alloys are based on inexpen-
sive raw materials, have a high saturation magneti-
zation, but their magnetostriction is large which
limits their soft magnetic behavior. On the other
hand, cobalt-based amorphous alloys with small
additions of iron or manganese reveal nearly zero
magnetostriction. Accordingly, they can offer a supe-
rior soft magnetic behavior, but their saturation
magnetization is considerably lower than that of the
iron-based materials.

Apart from the metallic components, the magnetic
properties are also significantly influenced by the
metalloid-contents. Fig. 5 gives an example for near-
zero magnetostrictive cobalt-based alloys. For exam-
ple, a saturation magnetization up to 1.2T can be
achieved in cobalt-based alloys by reducing the
metalloid contents below 20at.%. However, these
high J alloys are close to the boundary of glass
formation and reveal a low crystallization tempe-
rature, Ty, which at the same time diminishes the
thermal stability of the magnetic properties.

Fig. 6 shows the characteristic features of field-in-
duced anisotropies in amorphous metals which can
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be summarized as follows (Fujimori 1983). (i) An
anisotropy is only formed by annealing below the
Curie temperature 7, i.e., the driving forces are
magnetic interactions. The equilibrium value of K
achieved after infinite time of annealing appro-
ximately scales with the square of the saturation
magnetization at the given annealing temperature. (ii)
The anisotropy formation is governed by thermal
activation. At lower annealing temperatures the ki-
netics are too slow to reach the equilibrium value,
which results in the typical maximum of K, at a cer-
tain annealing temperature. (iii) Alloys with two or
more different kinds of magnetic metallic elements

Co,, (Fe,Mn).,(SiB),
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Figure 5

Saturation magnetization, Js, Curie temperature, 7,
and crystallization temperature, T, of near-zero
magnetostrictive Co-base alloys vs. the total metalloid
contents.
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show considerably stronger field-induced aniso-
tropies than amorphous alloys with only one transi-
tion element.

Principally any level of K, can be adjusted by ap-
propriate choice of the annealing temperature and
time. The annealing conditions which can be realized
in practice, however, only allow a K, variation of
about a factor 3-5 around the maximum in the K vs.
T, curve in Fig. 6. The latter is determined by the
alloy composition. Accordingly, low values of K,
i.e., high permeabilities, are only achievable in alloys
with preferably only one magnetic transition metal
and a possibly low Curie temperature, which at the
same time means a low saturation magnetization
(Fig. 5). Thus, highest permeabilities of z;> 100 x 10°
can only be obtained in cobalt-base alloys with
Js<0.6T and T.<250°C and an accordingly high
metalloid content.

The spectrum of amorphous alloys used in appli-
cation is wide and ranges from inexpensive iron-base
or Fe—Ni-base alloys over Fe—Co—Ni-alloys to the
extremely soft magnetic near-zero magnetostrictive
cobalt-base alloys. Accordingly wide is the spectrum
of magnetic properties. Permeability, for example,
can be adjusted from less than one thousand to
several hundred thousand with the help of induced
anisotropies and proper alloy design.

3.  Nanocrystalline Alloys

The first example of soft magnetic behavior in the
nanocrystalline state was given by O’Handley et al.
(1985) for a devitrified glassy cobalt base alloy. How-
ever, the soft magnetic properties were inferior to the
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Dependence of the field induced anisotropy, K, in amorphous alloys on the annealing temperature, 7,, and the
composition. The K, vs. T, curves on the left are a sketch of the typical behavior in near-zero magnetostrictive
Co-base alloys with different Curie temperatures. The figure on the right shows the equilibrium K, of Fe—Ni-base and
Fe—Co-base alloys annealed at 225 °C and 300 °C, respectively (after Fujimori 1983).
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amorphous state and, thus, not very attractive, which
actually seems to be typical for cobalt-based nano-
crystalline materials. Indeed, the most promising
properties so far have been found in iron-based al-
loys. This is related to the fact that the magneto-
striction in iron-based alloys can be virtually reduced
to zero by nanocrystallization. Another aspect of
iron-based nanocrystalline materials is the low raw
material costs of iron, which ultimately makes this
system highly attractive for application.

The crystallization of conventional metallic glasses
optimized for soft magnetic applications usually
yields a relatively coarse grained microstructure of
several crystalline phases with grain sizes of about
0.1-1 um and, correspondingly, deteriorates the soft
magnetic properties. A typical nanocrystalline struc-
ture with good soft magnetic properties occurs only if
the amorphous state is crystallized by the primary
crystallization of b.c.c. iron, before intermetallic
phases like Fe-B compounds may be formed. Both
an extremely high nucleation rate and slow growth of
the crystalline precipitates are needed to obtain a
nanoscaled microstructure. Such crystallization char-
acteristics seem to be rather the exception than the
rule and can be obtained only with a particular alloy
design.

The optimum alloy composition originally pro-
posed (Yoshizawa et al. 1988) and subsequently not
much changed is Fes; sCu;NbsSij3 5By (at.%) and
can be considered as a typical Fe-Si—B metallic glass
composition with small additions of copper and nio-
bium (or other group IV to VI elements). The com-
bined addition of copper and niobium is essentially
responsible for the formation of the particular nano-
crystalline structure: copper enhances the nucleation
of the b.c.c. grains while niobium impedes grain
coarsening and, at the same time, inhibits the forma-
tion of boride compounds.

The nanocrystalline state is achieved by annealing
above the first crystallization temperature, typically
for 1h at temperatures between about 500 and 600 °C
which leads to primary crystallization of b.c.c. iron.
The resulting microstructure is characterized by
randomly oriented, ultrafine grains of b.c.c. Fe-Si-
20 at.% with typical grain sizes of 10-12nm embed-
ded in a residual amorphous matrix which occupies
about 20-30% of the volume and separates the crys-
tallites at a distance of about 1-2nm. These features
are the basis for the excellent soft magnetic properties
indicated by the high values of the initial permeability
of about 10° and correspondingly low coercivities of
less than 1 Am~'. The magnetic properties and the
underlying microstructure are rather insensitive to
the precise annealing conditions within a wide range
of annealing temperatures, 7,, of about AT,~ 50—
100 °C. They develop in a relatively short period of
time (about 10—-15 min) and do not much alter even
after prolonged heat treatment of several hours. Only
annealing at more elevated temperatures above

600 °C leads to the precipitation of small fractions
of boride compounds like Fe,B or Fe;B with typical
dimensions of 50-100nm, while the ultrafine grain
structure of b.c.c. Fe-Si still persists. Further increase
of the annealing temperature above 700 °C, finally
yields grain coarsening. Both the formation of Fe-
borides and grain coarsening deteriorates the soft
magnetic properties significantly (Herzer 1997).

The small grain size in Fe;; sCu;NbsSij35By or
similar alloy compositions is decisive for its soft
magnetic behavior, but is only a prerequisite. The
actual highlight of the nanocrystalline iron-base
alloys is that the phases formed on crystallization
simultaneously can lead to low or vanishing satura-
tion magnetostriction, A,. Fig. 7 summarizes the
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Saturation magnetostriction, Ay, of Fe-Cu—Nb-Si-B
alloys: (a) influence of the annealing temperature, 7,
and (b) influence of the Si-content in the nanocrystalline
state. The figure includes the data for Fe-Nb-B (A) and
Fe—(Cu)-Zr-B alloys (V) from Suzuki et al. (1991).
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situation in the Fe—Cu—Nb-Si—B system. It is the de-
crease of /¢ that is ultimately responsible for the si-
multaneous increase of the initial permeability upon
nanocrystallization. Otherwise, the soft magnetic
properties would be only comparable to that of
stress-relieved amorphous iron-based alloys.

While /¢ is high and fairly independent of the
composition in the amorphous state it depends sen-
sitively on the silicon content in the nanocrystalline
state. Zeros of magnetostriction are realized at low
silicon concentrations in Fe-Zr-B alloys (Suzuki
et al. 1991) and at high silicon concentrations around
16at.% in the Fe-Cu—Nb-Si-B system. The detailed
behavior of A; can be understood from the balance
of magnetostriction among the structural phases
present in the nanocrystalline state (see Nanocrystal-
line Materials: Magnetism, Herzer 1997).

A major driving force in the search for further
alloy compositions was to increase the saturation
magnetization towards the value of pure a-iron while
maintaining near-zero magnetostriction. The major
hindrance towards such high iron content alloys re-
sults from the requirement of a good glass forming
ability. Thus, for the sake of a good glass forming
ability, the silicon content in the Fe—-Cu-Nb-Si-B
alloys cannot be simply reduced without substituting
other glass formers for it. A relatively low boron
content is a further requirement in order to inhibit the
formation of Fe—B compounds, which would degrade
the soft magnetic properties (Herzer 1997).

Ultimately, the only way to reduce the silicon con-
tent is to add refractory metals with large atoms and
low d-electron concentrations, i.e., particularly zirco-
nium, hafnium, niobium, and tantalum.

In this way the second family of near-zero magne-
tostrictive, nanocrystalline alloys has been established
which is based on Fe_g4_9;(Cuy)~(Zr,Nb)_7B>_o
and exhibits a very high saturation magnetization
up to 1.7T (Suzuki et al. 1991). Although the out-
standing soft magnetic properties of the original
Fe—Cu-Nb-Si-B alloys could not be reached up to
now, the soft magnetic properties are better than
those of amorphous iron-base alloys or comparable to
those of crystalline 50-60% Ni—Fe but combined with
low magnetostriction and lower losses. These alloys
and derivatives are currently still under intensive
research. Their major drawback is a lower glass form-
ing ability and/or castability due to the oxygen reac-
tivity of the zirconium addition. Thus, these alloys
presently are still restricted to the laboratory scale,
since they require a far more sophisticated produc-
tion technology than the more conventional Fe-Si—B
compositions.

It should be finally mentioned that the spectrum of
accessible nanocrystalline systems can still be consid-
erably expanded by thin film sputtering techniques.
One example is hafnium carbide dispersed nanocrys-
talline Fe—Hf-C films crystallized from the amorphous
state (Hasegawa ef al. 1993). They combine good
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thermal stability, good high frequency properties in
the megahertz range with low magnetostriction and
high saturation induction of J;=1.7T which can be
even increased up to 2.0 T by multilayering these films
with iron. Another example is (Fe,Co,Ni)—(Si,B)-
(F,O,N) granular alloy films (Fujimori 1995) which
at a saturation induction of about 1T possess
a uniquely high electrical resistivity of 10°~10* pQcm.

Similar to amorphous alloys, the final adjustment
of the soft magnetic properties is achieved with uni-
axial anisotropies induced by magnetic field anneal-
ing. The principal features of anisotropy formation in
nanocrystalline alloys are summarized in Fig. 8.

If the material is nanocrystallized first without
applied field and subsequently field annealed at lower
temperatures, the resulting anisotropy K, depends on
the annealing temperature, T,, and time, 7,, and be-
haves similar to the amorphous case. However, the
kinetics are considerably slower (Yoshizawa and
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Field induced anisotropy, K, in nanocrystalline Fe—Cu—
Nb-Si—B alloys as a function of (a) the annealing
conditions and (b) the composition.
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Yamauchi 1990) which shifts the maximum of the K,
vs. T, curve to considerably higher annealing tem-
peratures. This circumstance allows to tailor lowest
induced anisotropies, i.e., highest permeabilities but
with a significantly better thermal stability than in
amorphous alloys, or even in permalloys.

If the field annealing is performed during nano-
crystallization, the induced anisotropy reaches a
maximum value which is relatively insensitive to the
precise annealing conditions and, thus, corresponds
to the equilibrium value characteristic for the alloy
composition.

The Curie temperature of the b.c.c. grains ranges
from about 7, =600-750 °C (depending on composi-
tion) and is considerably higher than the T, of the
amorphous matrix (200-400 °C). Thus, the anisotro-
py induced by a magnetic field applied during nano-
crystallization at 540 °C primarily originates from the
b.c.c. grains (Herzer 1994). Accordingly, the induced
anisotropy in nanocrystalline Fe-Cu—Nb-Si-B alloys
is mainly determined by the silicon content and the
fraction, v, of the b.c.c. grains.

A more detailed analysis (Herzer 1994) shows that
the dependence of K,/v., on the silicon content in the
b.c.c. grains is comparable with that observed for
conventional a-FeSi single crystals where the forma-
tion of the field induced anisotropy has been pro-
posed to arise from the directional ordering of silicon
atom pairs. The decrease of K, with increasing silicon
content, in terms of (Néel’s 1954) theory, can be re-
lated to the formation of a DO; superlattice structure
for silicon concentrations above about 10at.%: for
completely ordered Fe;Si, the lattice sites for the iron
and silicon atoms are entirely determined by chemical
interactions, allowing no degree of freedom for an
orientational order. However, for a composition
Fe;_,Si, with less than 25at.% Si a complete DO3
order cannot be reached and iron atoms will occupy
the vacant sites in the silicon sublattice. The way the
latter is done provides the necessary degrees of free-
dom for an orientational order.

The low K-level due to the superlattice structure at
higher silicon contents is an additional key factor for
the high initial permeabilities which can be achieved
in these alloys despite their high Curie temperature
and their high saturation induction.

In contrast to amorphous alloys the spectrum of
nanocrystalline alloys presently used in soft magnetic
application is relatively narrow and essentially limited
to the low magnetostrictive compositions around
FepaCuiNbsSi3_16Bg_o with a saturation magnetiza-
tion of 1.2-1.3T. The initial permeability in these
alloys can be adjusted in a range between y;~20 x 10°
and ;7200 x 10° by magnetic field annealing.

4. Conclusions

In summary, the best static and dynamic soft mag-
netic properties are presently achieved as well in

amorphous cobalt-base as in nanocrystalline iron-
base alloys. Both alloy systems reveal isotropic
near-zero magnetostriction. Apart from its higher
saturation induction, however, the nanocrystalline
material shows a much better thermal stability of its
magnetic properties than its amorphous counterpart
and, additionally, is based on the inexpensive raw
materials iron and silicon. Accordingly, nanocrystal-
line alloys provide an invaluable supplement to the
existing soft magnetic materials manifested in a stead-
ily increasing number of applications. Yet, the vari-
ability of their soft magnetic properties, as well as
their form of delivery so far, is still restricted com-
pared to amorphous or other soft magnetic materials.
Thus, amorphous alloys may reveal good soft mag-
netic properties already in the as quenched state or
after moderate annealing. They can be delivered as a
semi-finished, ductile product useful for, e.g., flexible
magnetic screening or for sensor applications, most
noticeably in electronic article surveillance. Accord-
ingly, the major drawback of the nanocrystalline
materials is the severe embrittlement upon crystalli-
zation, which requires final shape annealing and re-
stricts their application mainly to toroidally wound
cores. Yet, the situation is similar for highly per-
meable amorphous alloys due to the necessary stress
relief treatment, which also causes embrittlement.

See also: Magnetoelasticity in Nanoscale Hetero-
geous Materials; Magnets, Soft and Hard: Domains;
Magnetic Materials: Domestic Applications
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Amorphous Intermetallic Alloys:
Resistivity

Many intermetallic alloys can be prepared in a glassy
or amorphous state simply by quenching rapidly
from the melt at rates of the order of 10°Ks ' using,
amongst other techniques, melt spinning and splat
quenching to produce bulk samples, or sputtering,
evaporation, and electrodeposition to produce thin
films. The resulting material is rich in unusual and
often unique phenomena and for the last 30 years of
the twentieth century amorphous alloys were the fo-
cus of extensive experimental and theoretical interest,
particularly in the investigation of the effects of ex-
treme atomic disorder on conductivity, electron
localization, magnetic order, spin fluctuations, and
even superconductivity. In this context the anoma-
lous resistivity of amorphous alloys has, perhaps, re-
ceived the most attention and, although the resistivity
is not fully understood, it reveals a fascinating and
complex interplay of structural scattering processes
and quantum corrections arising principally from
weak localization and electron—electron interactions.
In this section the general features of the temperature
dependence of the resistivity of amorphous interme-
tallic alloys will be briefly reviewed, and the major
contributions to the resistivity introduced.
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1. Resistivity, Order, and Disorder

According to Bloch theory, an electron in a perfect
periodic potential experiences no collisions, and
therefore no resistance. The familiar features of the
temperature-dependent resistivity of structurally or-
dered metals and alloys are therefore a consequence
of modest deviations from the underlying transla-
tional and orientational periodicity of a perfect crys-
talline lattice. On the one hand static defects, such as
impurities, vacancies, or dislocations, act as localized
scattering centers, contributing to an essentially tem-
perature-independent residual resistivity, p,. On the
other hand, thermal vibrations result in dynamic dis-
placements of the atoms from their equilibrium po-
sitions thereby perturbing the lattice periodicity and
contributing a temperature-dependent term, py (7), to
the resistivity. The latter term, generally known as the
ideal or lattice resistivity, is well described by the
Gruneisen formula (see, e.g., Ziman 1972)

p(T) 4A(%)5/09D/T%dx (1)

where 0p is the Debye temperature.

Because p, and py(7) result from entirely inde-
pendent scattering processes they can be linearly
combined, through Mattheissen’s rule, to give a total
resistivity of

p(T) = po +pr(T) )

For most crystalline metals and alloys py(7) is gen-
erally the dominant contribution and consequently
Eqn. (2) predicts a resistivity, which tends to p, at the
lowest temperatures, but varies as T° below 0p and
increases linearly with 7" at and above 6p.

For rapidly quenched amorphous intermetallic al-
loys, however, the deviations from perfect periodicity
arising from static topological disorder are extreme.
Although the near neighbor distances between con-
stituent atoms in an amorphous alloy may vary ran-
domly by only a few percent about those of their
crystalline counterparts, and local atomic coordina-
tions and configurations may remain closely similar
to the corresponding crystalline phases (Fig. 1), any
translational symmetry of the lattice is entirely lost
(Elliot 1983).

It might be expected that such pronounced topo-
logical disorder would lead to a considerably en-
hanced residual resistivity. Indeed, the measured
resistivities of amorphous metals and alloys are much
greater than those of ordered crystalline phases of
similar composition, but additionally the experimen-
tally determined temperature dependence of the re-
sistivity is observed to be highly anomalous. Marked
deviations from the simple form of Matthiessen’s
rule, given by Eqn. (2), are found in which the tem-
perature coefficient of resistivity, « (= p ' (9p/dT)), is
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Figure 1

A schematic representation of (a) a crystalline lattice
and (b) the corresponding amorphous lattice formed by
applying small random deviations to the atomic bond
lengths. Note that in (b) translational symmetry is lost,
although a vestige of orientational symmetry remains.

generally very small (~10"*K™") and can be either
positive or negative (Mooij 1973).

2. The Mooij Correlation

Mooij (1973) was the first to note an approximate but
striking ““universal” correlation between the anoma-
lous temperature coefficient, o, and the magnitude, p,
of the resistivity for amorphous metallic alloys. Ex-
perimental resistivity data collected over a wide range
of transition metal-based amorphous alloys revealed
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The Mooij correlation showing the variation of the
temperature coefficient of resistivity with the magnitude
of the resistivity for several amorphous alloys (), thin
films (@), and bulk alloys (A). The inset provides a
schematic illustration of the temperature dependence of
the resistivity of amorphous compounds corresponding
to the Mooij correlation (after Cote and Meisel 1981).

that the sign of o changes from positive to negative as
the room-temperature resistivity exceeds a threshold
magnitude of approximately 150 uQcm. Moreover,
for both positive and negative o, the resistivity is al-
ways found to approach to a similar limiting value of
150 uQcm at high temperatures. A schematic repre-
sentation of the Mooij correlation is given in Fig. 2.

The limiting or threshold value for the resistivity is
close to that expected when the effective mean free
path of the conduction electrons approaches a length
scale comparable to the mean interatomic near neigh-
bor distance (0.3-0.5nm). This implies that the Mooij
correlation should be quite generally applicable to
materials with short mean free paths. Extensive sur-
veys of amorphous intermetallic alloys do indeed
show the Mooij correlation to be effectively inde-
pendent of either atomic or electronic structure, and
this correlation is even followed by many highly re-
sistive disordered crystalline alloys.

3. The Faber—Ziman Theory

Despite the apparent insensitivity of the Mooij cor-
relation to the underlying atomic structure, many
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theoretical treatments of the resistivity of amorphous
alloys have focused entirely upon this underlying
structure (Cote and Meisel 1981).

The absence of translational symmetry in amor-
phous alloys necessitates a probabilistic description
of the atomic positions in terms of a radially averaged
distribution function dominated by short-range
atomic correlations. Such radial distributions are
very similar to those used to describe the structure of
liquids. Consequently a particularly useful starting
point for theory has been the generalized Faber—
Ziman model based upon modifications to the Ziman
diffraction theory of conductivity in /iguid metals and
alloys (Cusak 1987).

The Faber—Ziman theory is a nearly free electron
approach. It treats the conduction electrons as plane
waves with a wave vector kg, corresponding to the
Fermi momentum, which are coherently diffracted by
the amorphous structure. Within this formalism the
resistivity, p is given by

p- 8 [ s[5 ] ’ ] o

where Q is the atomic volume, vg the Fermi velocity
and |#(k)| the scattering matrix element or t-matrix.
In Eqn. (3), the resistivity static structure factor S”(k)
is approximately related to the equilibrium structure
factor S(k), as measured directly in conventional
neutron or x-ray structural studies, through

SP(k)~ 1+ [S(k) — 1]e"2VkT) (4)
where the Debye-Waller factor, e 2 WD introduces
the important effects of thermal vibrations (Rao
1983).

The structure factor, S(k), takes the typical form
shown schematically in Fig. 3. Of particular signif-
icance is the extremely large first peak in S(k) at
k = k. There is considerable evidence that for most
amorphous alloys 2kg lies close to k;, generally with-
in the range 0.9<2kg/k,<1.1. This situation leads
directly to back scattering of conduction electrons,
a process that correspondingly dominates the inte-
gral in Eqn. (3) and leads to the characteristic high
resistivity.

Within the diffraction theory the Mooij correlation
is thus a consequence of the relative position of 2k
with respect to kj,. Compositional effects are related
to 2kg moving through k, as the concentration of
the alloy is changed, whilst Eqn. (4) shows that the
negative a observed at high values of resistivity is
associated with the back scattering condition
2kp~kyp, and is a direct reflection of the reduction
in scattering due to the temperature dependence of
the Debye-Waller factor for situations where
S(k=2kg)>1.

More precisely, the Faber—Ziman diffraction
theory predicts a 7° increase in resistivity at low
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S(k)

k=kp k

Figure 3
A schematic representation of the equilibrium structure
factor, S(k) at low (7T) and high (7,) temperatures.

temperatures (7<0p/2) and a positive or negative
linear dependence with 7 at higher temperatures
(T'>0p/2), according to the proximity of 2k to k.
Correspondingly, a shallow maximum is predicted in
the resistivity of those alloys at the crossover from
positive to negative o (Rao 1983).

These predictions are certainly in broad agreement
with experimental measurements and provide a sim-
ple qualitative explanation for the general features of
the temperature dependence of the resistivity and also
for the Mooij correlation (Fig. 4). A more quantita-
tive agreement can be achieved when additional
modifications, such as a limitation of the effective-
ness of the electron—phonon interaction with decreas-
ing electron mean free path, are introduced (Cote and
Meisel 1981). However, even with such modifications
the diffraction theory does seem better suited to those
alloys with lower resistivity for which o is positive
rather than negative.

As the particular characteristics of the atomic
structure of amorphous materials lies at the heart of
the Faber—Ziman approach, the diffraction theory
unfortunately provides little insight into the general-
ization of the Mooij correlation beyond amorphous
alloys to disordered crystalline materials. This issue
was elucidated to some extent by a simple but elegant
approach suggested by Markowitz (1977) in which
the temperature-dependent Debye—Waller factor is
introduced multiplicatively in Mattheissen’s rule, i.e.,

p(T) = [po + pu(T))e 2" ED ()

to account for higher order phonon processes. This
correction is entirely negligible for the general case of
po<pL(T) but becomes increasingly important for
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Temperature dependence of the resistivity (normalized
to the value at 7=293 K) of the amorphous alloy series
(Nig.sPdg.5)100—P. Note the crossover from o>0 to
o< 0 with increasing x, and also the occurrence of a low-
temperature logarithmic term at all concentrations (after
Harris and Strom-Olsen 1983).

po> pr(T) causing the sign of « to change from pos-
itive to negative, in line with the Mooij correlation.

A more severe limitation of the Faber—Ziman ap-
proach is the inability of the diffraction theory to
account for an ‘“additional” prominent feature ob-
served in the low-temperature (7'< 50 K) resistivity of
many amorphous metals (Fig. 4). This feature, which
can be loosely characterized as a logarithmic increase
in the resistivity towards low temperatures, is seem-
ingly uncorrelated with the sign of o (although there
are very few examples of materials with positive o for
which no logarithmic term is observed) (Harris and
Strom-Olsen 1983).

The apparent —In(7) dependence of the low-tem-
perature resistivity, which leads to a distinctive min-
imum for those alloys with positive o, has provoked
comparisons with Kondo processes observed in crys-
talline alloys. However, unlike the conventional
Kondo effect, the —In(7) term observed for the
amorphous alloys is entirely insensitive to the pres-
ence of either spin glass or ferromagnetic order.

The —In(7) description of the low-temperature re-
sistivity is only approximate and the heuristic form,
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Relative low-temperature resistivity as a function of 7'/
for (V) Y77.5Al0 5, (&) FeqoNigo(P, B)ao, (&) CugoZra,
(O) Fe79Cr1B20, (.) PngCrlg (after Cusak 1987)

—ln(T2+A2), with A~1K, often provides a better
description. It has been widely suggested that this
term is not magnetic in origin, but is instead a struc-
tural analogue of the Kondo effect. This model as-
sumes that the liquid-like structure of the amorphous
state provides internal degrees of freedom allowing
atoms to tunnel between two local equilibrium posi-
tions (Harris and Strom-Olsen 1983). However it is
not clear that such two-level scattering processes are
sufficiently effective to produce contributions of the
magnitude observed experimentally.

Some authors have argued convincingly that the
low-temperature logarithmic term is better described
as a T"? term, as illustrated in Fig. 5. This will be
discussed in the next subsection.

4. Quantum Corrections: Localization and
Interaction Effects

The theoretical models discussed so far have all been
based upon conventional ‘“Boltzmann” transport
theory, a weak-scattering approximation in which
the nearly free electrons are considered to follow
classical trajectories between scattering events (see
Boltzmann Equation and Scattering Mechanisms).
Unfortunately, such assumptions are of questionable
validity for topologically disordered amorphous al-
loys in general and for the highly resistive alloys with
negative o in particular.

In the strong scattering regime, where the electron
mean free path is comparable to the interatomic
spacing, it becomes necessary to consider quantum
corrections to the conductivity, and in some cases
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these corrections can dominate the temperature
dependence of the resistivity.

Mechanisms of electron localization resulting
from a high degree of structural disorder have been
extensively discussed in the literature (Howson and
Gallagher 1988, Dugdale 1987). In addition to the
possibility of weak incipient localization of electron
states, the weak localization that arises from a
quantum interference effect known as ““2kg-scatter-
ing” is of particular relevance to amorphous alloys.
This phenomenon is associated with a diffusing con-
duction electron returning to its primary scattering
point, after a series of intermediate elastic scattering
collisions with nearby ions, with a probability that is
significantly enhanced due to the phase coherence
between scattered partial waves. The higher than
classical probability of the electron being found at its
starting point is interpreted as a tendency towards
localization. These quantum considerations increase
the probability of back- (hence “2kg”’-) scattering, a
process that has already been shown to be significant
in amorphous alloys.

This quantum interference mechanism is parti-
cularly sensitive to any factor that is effective in sup-
pressing the coherent summation of the amplitudes
of the scattered partial waves. So, for example, inelas-
tic electron—phonon scattering, spin-orbit effects, or
external magnetic fields can inhibit localization by
changing the phase of the electron wave function on
its closed path.

An appropriately corrected form of the Boltzmann
conductivity, op = €’k%1,/3n°h, is therefore

0:03{1—(1(:—[0)2(1—1{)} (6)

where /. is the elastic mean free path, and L is the
inelastic diffusion length (related to the inelastic
mean free path, /, through L?=1l,/2) or the cyclo-
tron radius, (ch/2eH)"?, in a magnetic field H, which-
ever is the shorter (Howson and Gallagher 1988).
Using a scaling approach to localization, and with
some simplifications, it is found that the correction to
the Boltzmann conductivity arising from the temper-
ature dependence of the mean free path for inelastic
scattering, i.e., Aa,,=e*/3n*hL(T), takes the form

Ao ocT for T<0p/3

Acyy oc TV? for T>0p/3.

The quantum interference effects leading to weak
localization do not include electron—electron inter-
actions. However localization processes can signifi-
cantly enhance the effective Coulombic electron—
electron interaction causing a gap, or at least a
minimum, to form in the density of states at the
Fermi energy and leading to a further correction to
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the Boltzmann conductivity of
AGeeoc T'/?

This electron—electron interaction correction term
is significant only at low temperatures below a limit
(typically 15-20 K) determined by the electron diffu-
sion coefficient, the dynamic screening of the Cou-
lomb interaction and the temperature-dependent
mean free path for inelastic scattering, 4(7). It is this
contribution that has been identified with the Kondo-
like —In(7) term in the resistivity discussed in the
previous section (Howson and Gallagher 1988), and
shown in Fig. 5.

The unmodified Boltzmann conductivity is here
associated with the Faber—Ziman weak scattering
model that predicts either a positive or negative ther-
mal coefficient of resistivity, «. However, each of the
quantum corrections to the conductivity increases
with temperature and therefore contributes a negative
o. Moreover, in the strong scattering regime, for
which /. </, the temperature dependence of the re-
sistivity will be entirely dominated by the quantum
“corrections,” thereby reinforcing the Mooij correla-
tion for the highly resistive amorphous alloys. It
should also be emphasized that the quantum correc-
tions discussed above are not based upon consider-
ations of the structure of amorphous alloys and are
thus equally valid for disordered crystalline alloys,
providing that the appropriate conditions for weak
localization are met.

The low-temperature T'? behavior has already
been encountered in Fig. 5, whereas a typical pro-
gressron from the 7"/ through a T-, then back to a
T"*-dependence of the correction to the Boltzmann
conductivity with increasing temperature can be
clearly seen in Fig. 6 where the data for several
amorphous (Nig sZrg 5);_ Al alloys is shown (Nath
and Majumdar 1997).

It therefore appears that the quantum corrections
can account for all the principal features in the con-
ductivity of the highly resistive amorphous alloys, at
least up to Op. Beyond this it is likely that other
processes, such as phonon assisted tunneling, thermal
expansion effects, and thermal smearing of the Fermi
function will become increasingly significant.

Finally, a particular shortcoming of the Faber—
Ziman diffraction model has been is its inability to
explain satisfactorily the magnitude of the magneto-
resistivity observed for many amorphous alloys A
fractional magnetoresistance of the order of 10~*
1T is often measured at low temperatures, even for
those alloys which contain no magnetic constituents.
This is some four orders of magnitude greater than
the effect calculated using nearly free electron mod-
els. However, both the weak localization and
electron—electron interaction models predict magne-
toresistivities of this order (Howson and Gallagher
1988).
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The logarithm of the correction to the Boltzmann
conductivity as a function of In(7) for several
amorphous (Nig sZrg5);_Al, alloys. The progressive
transitions from 7V to 7- then back to TV
dependence are clearly seen (after Nath and Majumdar
1997).

5. Magnetism, Spin Fluctuations, and
Superconductivity

The magnetic properties of amorphous intermetallic
compounds are extremely varied. Manifestations of
almost all of the classes of magnetic behavior found
in crystalline alloys and compounds are represented
and, as in crystalline alloys, are determined by the
magnitude and stability of the magnetic moment, and
the balance between the exchange interaction and
magnetic anisotropy. The superposition of topolog-
ical disorder and consequent randomization of local
magnetic anisotropy axes can additionally lead to
magnetic phenomena which are peculiar to the amor-
phous state, particularly in those alloys containing
non-S-state rare earth ions (for a review see, e.g.,
Chudnovsky 1995). In most cases, however, the tran-
sition from a low-temperature magnetically ordered
state to a high-temperature paramagnetic state is ac-
companied by an increase in resistivity associated
with spin disorder scattering, similar to that observed
for crystalline alloys. In comparison with the under-
lying resistivity of the amorphous alloy this contri-
bution is relatively modest.

However, in several amorphous transition metal
alloys, 3d elements that are normally considered as

“magnetic” (e.g., Fe, Co, Ni) do not support local-
ized magnetic moments over relatively wide compos-
itional ranges. For example in amorphous Fe, ,Zr,
the loss of weak itinerant ferromagnetism with in-
creasing zirconium composition is accompanied by a
collapse of the iron moment itself. Close to and at
either side of the critical concentration for ferromag-
netism (approximately 65at.% Zr) the resistivity
shows clear evidence of spin fluctuations (see Spin
Fluctuations), with a large contribution of the char-
acteristic form

pstCAT2

At higher Zr concentrations in the Fe;_.Zr, sys-
tem, in common with other TM;_,Zr, amorphous
alloys (with TM =Co, Ni, Cu, Rh), a low-tempera-
ture (7T.<3K) superconducting phase is recovered.
The observed spin fluctuations are generally held re-
sponsible for the suppression of superconductivity, a
view reinforced by resistivity measurements under
pressure, which show a reduction in the spin fluctu-
ation contribution, and a concomitant rapid increase
in the superconducting transition temperature with
increasing applied pressure (Hamed et al. 1995 and
references therein, Poon 1983).

6. Summary and Conclusions

Even the simplest nonmagnetic amorphous inter-
metallic alloys exhibit an anomalous temperature-
dependent resistivity that reflects a complex combi-
nation of electron scattering, localization, and
interaction processes. Nevertheless, the general fea-
tures of the temperature dependence of the resistivity
and the widely applicable Mooij correlation that re-
lates the magnitude and temperature coefficient of
resistivity are generally well explained by a combi-
nation of the Faber—Ziman amorphous structural
diffraction model and the appropriate quantum
corrections.

However, in the literature, there remains a ten-
dency, on the one hand, to emphasize the importance
of the topologically disordered structure of amor-
phous alloys, and on the other hand to categorize the
alloys as either weak scattering (p <150 uQcm, a>0)
or strong scattering (p > 150 pQQcm, «<0) and to de-
velop theoretical models accordingly. This belies the
Mooij observations that the characteristic features of
the resistivity of amorphous intermetallic alloys can
also be found in highly disordered but nevertheless
fully crystalline alloys, and that the progression from
the weak to the strong scattering limit is entirely
continuous.

It is apparent that there is considerable scope for
further theoretical and experimental studies of elec-
tron transport in these fascinating materials.
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See also: Amorphous and Nanocrystalline Materials;
Amorphous Materials: Electron Spin Resonance;
Amorphous Materials: Nuclear Magnetic Resonance,
New Techniques; Amorphous Materials: Nuclear
Spin Relaxation; Amorphous Superconductors;
Magnetic Systems: Disordered
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Amorphous Materials: Electron Spin
Resonance

Electron spin resonance (ESR) is a spectroscopic
technique that uses the spin magnetic moment of the
electron as a probe of its local environment. Only
unpaired electrons can participate in ESR. In most
insulating materials virtually all electrons are paired
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and their magnetic moments cancel. However, a few
unpaired electrons may be present in the form of
electrons or holes trapped at point defects or located
in partially filled d or f'shells of transition group ions.
ESR is sufficiently sensitive to detect unpaired elec-
trons in concentrations sometimes as low as a few
parts per billion.

1. ESR Theory and Practice

The spin S and spin magnetic moment u of the elec-
tron are related quantum mechanical vectors:

n=—-gps (1)

where i = |e|h/4mmc is the Bohr magneton, e is the
charge of the electron, m is its mass, & is Planck’s
constant, ¢ is the speed of light, and g is a dimen-
sionless number. For the free electron g=g.=
2.00232, and p=p.=—g.fS. When any magnetic di-
pole p is placed in an external magnetic field H, its
Zeeman interaction energy is given by the scalar
product

EZeeman =—u- H (2)

A quantum-mechanical property of spin angular
momentum is that its projections on the direction of
H are limited to the values Ms=S, S—1,..., —S, where
the scalar quantity S is termed the “spin.” For the
free electron, S = % In general, atoms or assemblies of
atoms binding N electrons may assume net spins as
large as N/2, but in practice S:% for most point de-
fects, and S for transition group ions can be no larger
than % multiplied by the number of electrons in d and/
or f orbitals.

The most common ESR spectrometer exposes sam-
ples to microwaves of a fixed frequency v and an
applied magnetic field H. The allowed transitions be-
tween the Zeeman levels of Eqn. (2) are those for
which AMg= +1. Near thermodynamic equilibrium
there are more electrons in the lower energy Zeeman
states than the higher ones, resulting in a net ab-
sorption of microwave power when |H| = H, given
by the “resonance condition”

hv
Hps = — 3
.= G)

There is also a magnetic moment associated with
the orbital angular momenta of electrons circling
about atoms. However, when atoms are embedded in
solids, local electric fields (“‘crystal fields) tend to
“quench” the orbital angular momentum of their
ground states leaving a magnetic moment due mostly
to the spin, i.e., pap.. Nevertheless, the spin-orbit
and orbit-Zeeman interactions admix small amounts
of orbital angular momentum back into the ground
state. These residual orbital effects require the
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replacement of ¢S in Eqn. (1) with g - S. The so-called
“g matrix” is expressed by (e.g., Weil et al. 1996)

g=g1+2/A (4)

where 1 is the unit matrix and 4 is the spin-orbit
coupling constant. The elements of the matrix A take
the form (correct to second order in perturbation
theory):

AU_:Z<O|Liin><n|Lj|O> )

n (En - EO)
where L; and L; are orbital-angular-momentum
operators and |0> and |n) are the ground- and
nth-excited-state wavefunctions, respectively, of the
paramagnetic species and £, and E,, are their energies.

The energetics of unpaired electrons subjected to
electric and/or magnetic fields are contained in the
“spin Hamiltonian # operator, (e.g., Weil et al.
1996). For the case of the Zeeman interaction in the
presence of crystalline electric fields

# =PH g-S+S-D-S (6)

where g is given by Eqns. (4) and (5) and the second
term on the right (sometimes called the ﬁne-structure
interaction) is nonzero only for S> When |H| =
Sis quantrzed along the set of axes Wthh dlngl’lthC
D =/’A, where A is given by Eqn. (5). In its diag-
onalized form, the diagonal elements of D are com-
monly expressed as —D E, D + E, and ——D where D
and E (|E| < |1D|) are the axial and orthorhombic
fine-structure sphttings respectively.

In general, solutions of Schrédinger’s equation us-
ing Eqn. (6) as the energy operator yield resonance
conditions which depend on the angles between the
direction of the applied field H and the principal axes
of g and D (which in turn relate to axes of crystalline
symmetry). For exam]i)le in the case of a paramag-
netic center with S=3 located on a high-symmetry
site in a crystal with a three fold axis of symmetry or
higher (i.e., a ¢ axis), the value of g to be used in the
resonance condition of Eqn. (3) is found to be

g= gﬁcosw + g% sin®0 (7)

where 0 is the angle between H and the ¢ axis.
Many atomic nuclei have nonzero quantum me-
chanical spin vectors I and, by analogy with Eqn. (1),
nuclear magnetic moments pny=gnfnl, Where gy is
the nuclear g factor and fin=|e|h/4nMc is the nu-
clear magneton (M is the proton mass). The projec-
tions of I on the direction of an imposed magnetic
field can take only integral or half-integral values
given by My=1, I-1, ...,—I, where the scalar quantity
1 is called the “‘nuclear spin.” A single unpaired elec-
tron whose ground-state orbital bears a fixed geo-
metric relationship to a companion ‘“‘magnetic”

nucleus (7#0) is therefore subjected to the vector
sum of the applied magnetic field H and one of 27+ 1
possible magnetic field values corresponding to the
27+ 1 possible orientations of the nuclear magnetic
moment vector pn. In these cases, a hyperfine term
thf—S A -1, must be added to the spin Hamilton-
ian of Eqn. (62 In an actual experiment (usually
involving > 10 unpaired electrons) a paramagnetic
species with S—% which is associated with a single
nuclide of spin I gives rise to a manifold of 27+ 1
equally intense hyperfine lines with spacings which
depend on the angles between the field H and the
principal axes of the hyperfine matrix

A=A, 1+T (8)

where A, is the isotropic hyperfine coupling con-
stant and T is a traceless matrix accounting for the
angular dependence. A second-order-perturba-
tion-theory resonance condition for # =fH-g-S+
S - A-T assuming axial symmetry and collinear g and
A matrices can be found, e.g., in Griscom (1990) or
Weil et al. (1996). For the special case of a p orbital
centered on the magnetic nucleus, T is diagonal with
elements —B, —B, and 2B.

Many point defects in insulators are characterized
by sp hybrid-molecular-orbital ground-state wave-
functions of the form

Vo = eslnsy +¢plnpy + > eilki )

where |ns) and |np) are, respectively, s- and p-state
valence orbitals of an atom at the apex of a triangular
or trigonal-pyramidal cluster of atoms and |k;) are
the remaining valence orbitals of the cluster. Where
the apex atom incorporates a magnetic isotope, the
coefficients ¢, and ¢, can be determined from the
experimental hyperﬁne coupling constants according
to ¢; = Aio/ 4o and ¢, = B/B,, where A, and B, are
s-state and p-state Coupllng constants of the free atom,
respectively, available from tables (e.g., Weil et al.
1996). In general, there is a direct relationship between
the hybridization ratio c,/c, and the apex bond angles
(see, for example, references in Griscom 1990).

2. ESR in Crystals and Powders

Figure 1(a) exhibits a plot of the expected positions of
H,s(0) specified by Eqns. (3) and (7) for a particular
set of parameters (g;=2.185, g, =1.999, and
v=9.23GHz). If this crystal were to be crushed into
a fine powder, the resulting ESR signal would become
“smeared” between the field values Hi,=hv/g)p
and Hy.x=hv/g, f. However, this smearing is not
random. In practice, all solid-angle orientations Q of
the particle’s ¢ axes with respect to the direction of H
are represented with equal probability. This uniform
orientational distribution, Pq(Q)= constant, trans-
forms into a function Pg(H..s)=Pa(Q)- [Jx(Q)],
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ESR of crystals and powders using the example of a
resonance condition specified by Eqns. (3) and (7): (a)
simulated angular dependence data for a hypothetical
single crystal; (b) “powder pattern” absorption in the
case of an infinitesimally narrow single-crystal linewidth;
(c) first derivative of the powder pattern (bold curves)
with superposed experimental (thin curve) and simulated
(dots) spectra due to O3 ions in polycrystalline Na,O,.
The simulation assumed an axially symmetric g matrix
(which is only approximately true of the experimental
spectrum) and a Lorentzian single-crystal line-
broadening function whose (finite) width was used as a
fitting parameter.

where Jz(Q) is the Jacobian of the transformation
Q— H. Py(H,) is called a powder pattern and ex-
presses the probability of resonance absorption per
unit interval of H.

Figure 1(b) is the powder pattern for the case in
point, where J ;(Q) = [0H s(cos 0)/0 cos 017" and H,e
is given by Eqns. (3) and (7) (the vertical arrow marks
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a mathematical singularity which would occur if the
single-crystal linewidth were infinitesimally narrow).
The first derivative of this envelope is shown as the
bold lines in Fig. 1(c). The thin curve in Fig. 1(c) is an
experimental first-derivative spectrum (solid curve)
arising from superoxide ions (O, ) in polycrystalline
Na,O,. The dotted curve is a computer simulation
based on the (approximately valid) assumption of
an axially symmetric g tensor. This simulation is the
result of convoluting the powder pattern with a
Lorentzian single-crystal line shape of an appropriate
finite width (Griscom 1990).

3. ESR in Amorphous Materials

Glasses and other amorphous materials differ from
powdered crystals in a fundamental way. Whereas
each particle of a crystalline powder has a structure
and density identical to all others, the structure of
each nanoregion of a glass differs randomly from
other nanoregions of equivalent size. In particular,
glasses display spatial density fluctuations. Thus, a
simplistic but instructive way to visualize a glass
would be as a nanocrystalline solid wherein the en-
semble of randomly oriented nanocrystallites is char-
acterized by a statistical distribution of densities.

3.1 How ESR Spectra of Amorphous Materials
Differ from Those of Powders

It can be shown theoretically that an O; ion in free
space (or in a material of zero density) is character-
ized by gy =4, g, =0, whereas in a hypothetical ma-
terial of infinite density gy=g, =g.. Figure 2(a)
illustrates the predicted angular dependencies of the
ESR spectra of O, ions in a material of finite density
subjected to ten incrementally different isostatic pres-
sures. The decreases of g and correlated increases of
g with increasing pressure were calculated from the
theory of Kénzig and Cohen (1959) by approximat-
ing their formulae to axial symmetry. Figure 2(b)
shows the result of adding together the powder pat-
terns corresponding to each of these 10 cases accord-
ing to a bell-shaped weighting function. The subtly
rounded shape of the “‘glass pattern” which would be
obtained by replacing the 10-element summation of
Fig. 2(b) with a continuous integral over the same
weighting function contrasts with the sharply angular
powder pattern of Fig. 1(b).

Figure 2(c) (unbroken curve) illustrates the exper-
imental first-derivative spectrum of O; ions in an
amorphous peroxyborate material (Griscom 1990).
The dotted curve in Fig. 2(c) is a computer simulation
based on the correlated skew-symmetric g-value dis-
tributions of Fig. 2(d), which in turn were derived by
assuming a Gaussian distribution PA(A) in the crys-
tal-field-imposed splittings A of the 2pm, energy levels
of the O; ion in a solid (Kénzig and Cohen 1959).
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Conceptualization of the ESR spectrum of a glass: (a)
simulated angular dependencies of the spectra of O3
ions in a hypothetical single crystal subjected to a range
of isostatic compressions; (b) powder patterns of the
foregoing ten cases summed according to a bell-shaped
weighting function; (c) experimental spectrum of O3
ions in an amorphous peroxyborate preparation (solid
curve) and its computer simulation (dots) based on a
statistically weighted set of powder patterns deriving
from (d) correlated distributions of g and g, values
semiempirically determined under the constraints of the
g-value theory of Kinzig and Cohen (1959).

The O; ion is a special case used above for illus-
trative purposes because g and g, depend in differ-
ent ways on a single energy difference A. In more
common cases where the ground-state wavefunction
is given by Eqn. (9), gy~ g. while g, is calculated
from Eqns. (4) and (5). Redefining A as E\— Ej in
Eqn. (5), skew-symmetric distributions in g, can re-
sult according to Py(g) =Pa(A)-|J,(A)|, where
Jg(A)E(ﬁg/aA)’1 is the Jacobian of the transforma-
tion A—g (Peterson et al. 1974) and again Px(A) is
taken to be a Gaussian. Skew-symmetric g-value dis-
tributions arising in this way are endemic to glasses.

3.2 Use of Hyperfine Interactions to Determine the
Ground State of a Point Defect in an Amorphous
Material

One of the common radiation-induced point defects
in amorphous SiO, is the so-called “peroxy radical”
(POR). As discovered from ESR (Friebele ez al. 1979,
Stapelbroek et al. 1979, Griscom 1990), the POR
comprises an O, molecular ion covalently bonded to
a silicon in the glass network. The most important
knowledge concerning the POR derives from meas-
urements of its hyperfine interactions with the mag-
netic nuclides *Si (I:%, natural abundance 4.7%)
and "0 (I=3, natural abundance 0.038%). Figure
3(a) shows the experimental spectrum of a neutron-
irradiated SiO, sample enriched to 36 at.% '’O. The
inset to Fig. 3 shows the structural model of the POR;
this model implies that oxygens O(1) and O(2) are
chemically inequivalent. For finite amounts of both
isotopes, there are four distinguishable cases which
must simultaneously contribute to the observed spec-
trum: 160(11)7“’0(2), 70(1)-1%0(2), '*0(1)-170(2),
and ""O(1)-"70(2). For 36% "0, the relative prob-
abilities of these four cases are calculated to be
0.41:0.23:0.23:0.13, respectively. The first-mentioned
case effectively corresponds to zero isotopic enrich-
ment; the spectrum for this case (not shown) was first
computer-simulated to determine the g-value distri-
butions (Stapelbroek et al. 1979).

Using these g-value distributions as given, the
synthetic spectra of Figs. 3(c) and 3(d) were devised
(Friebele er al. 1979) for the cases ''O(1)-'°0(2)
and '"°O(1)-'"0(2), respectively. Finally, these two
synthetic spectra were added together in the required
1:1 ratio to achieve the simulation of Fig. 3(b), which
successfully replicates all of the main ~'O hyperfine
lines. (The central part of the spectrum due to the
case '°O(1)-"°0(2) is not simulated here.) The diag-
onal elements of the hyperfine matrices,
Ay =Aiso+2B and A, = A4;j,—B, were determined
from this simulation for both cases. As a check, the
same coupling constants were used successfully to
predict the positions of the more numerous but
weaker lines of the '"O(1)-'70(2) case (vertical bars
in Fig. 3(a)). The resulting values of 4;s, and B were
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ESR spectra of peroxy radicals (PORs) in 36% '"O-
enriched silica glass: (a) experimental spectrum and (b)
simulation of the highly structured parts of (a) assuming
a POR model with one 70 (1= %) and one '°0 (I=0) per
defect. Under the assumption that the two oxygen sites
are chemically inequivalent (see inset), the simulation of
(b) perforce comprises an equally weighted sum of the
simulated component spectra (c¢) and (d).

then used to determine the coefficients in Eqn. (9),
namely, ¢(1)xcd(2)=0, ¢,(1) =0.26 and ¢,(2) =0.74.
Thus, the ground-state wavefunction of the POR in
amorphous SiO, was deduced to comprise a 2pn an-
tibonding orbital asymmetrically partitioned over
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two chemically inequivalent oxygen atoms. As in-
ferred from ESR measurements of samples enriched
2Si, the reason for this chemical inequivalence is
that one of the oxygens is bonded to a single silicon
atom in the glass network (c.f., Griscom 1990).

3.3 Transition Group Ions in Glasses

For a single electron (S=1) in a d or f orbital of a
transition group ion 1nvol2 ving a nonmagnetic iso-
tope, the resonance condition is given by Eqns. (3),
4), (5), and (7). In this event, the skew-symmetric
g-value distributions which occur in glasses are sim-
ply calculated by assuming Gaussian distributions in
the energy denominators of Eqn. (5) and effecting the
transformation A—g as described above (Peterson
et al. 1974). However, in many cases where more than
one electron is found in a d or f shell, details of the
coordination sphere and crystal-field strengths deter-
mine not only the matrix elements of D but also the
value of S (e.g., Griscom 1990, Weil et al. 1996). For
S >% the spin Hamiltonian of Eqn. (6) applies. Per-
turbation-theory-based resonance conditions have
been derived for the cases, hv>|D| and |D|> hv.
Notable is the case of Fe’" ions (S=3) in glasses,
where the conditions |D|>hv and |E|~ 1|D| com-
monly prevail, leading to an isotropic absorptlon at
an effective g value of ~4.3 (reviewed, e.g., in
Griscom 1990). However, situations where 4v and D
have comparable magnitudes necessitate exact matrix
diagonalization of Eqn. (6).

Figure 4(b) shows the allowed transitions of an
S=3 state determined by matrix diagonalization of
Eqn. (6) for H parallel to each of the principal axes of
D; these transitions are plotted here as normalized
resonance fields, g.ffH.s/hv, versus the normalized
fine-structure coupling constant, |D|/hv, for the spe-
cial case |E|=|D|/3 (Grlscom and Griscom 1967).
This diagram pertains to Fe* " and (neglecting >Mn
hyperﬁne interactions) also to Mn>". ESR spectra
of Mn?" in an alkali borate glass recorded at two
separate microwave frequencies are displayed in
Fig. 4(a). Note that the normalized magnetic field
scale for the Ka-band spectrum (v =35 GHz) is com-
pressed by a factor of ~4 relative to the X-band
spectrum (v =9 GHz). Figure 4(c) represents a single
Gaussian distribution in |D| values plotted as
Pip|(ID|/hv) for two separate values of v (9 and
35GHz). On the basis of the correspondences indi-
cated by the dotted lines, it has been proposed that
a single bell-shaped distribution Pp(|D|) might
account for all details of the experimental spectra at
both microwave frequencies (Griscom 1990).

In any event, the dlagram of Fig. 4(b) appeared to
account for the Mn2* spectrum in the Li>O-4B,03
polycrystalline compound by assuming a single dis-
crete value of | D| corresponding to | D|/hv=0.4 at X
band (Griscom and Griscom 1967). Actual computer
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Figure 4
ESR of Mn®* in an alkali borate glass: (a) absorption spectra recorded at v=9GHz (solid curve) and v=35GHz
(dashed curve); (b) calculated resonance conditions (neglecting **Mn hyperfine splittings) gefHes/Av for H parallel to
each of the principal axes of the tensor D (for the special condition | E| :%lDl) shown as functions of |D|/hv; (c) a
Gaussian distribution of |D| values plotted as Pp(| D|/hv) for the two values of v pertaining to the spectra of (a).

line-shape simulations of glassy-state ESR spectra
based on matrix diagonalization in this parameter
regime have been carried out by only a few workers
to date (e.g., Kliava and Purans 1980, Cugunov ef al.
1994, Legein et al. 1993).

3.4 The Bigger Picture

For convenience, the examples given above have per-
tained to a single paramagnetic species, O, , and its
occurrences as point defects in the amorphous per-
oxyborates (Sect. 3.1) and irradiated silica glasses
(Sect. 3.2) and to a single transition group ion, Mn? ",

|D|/hv

in an oxide glass system (Sect. 3.3). Critical reviews of
the application of continuous-wave (c.w.) ESR to
much broader ranges of point defects and transition
group ions in oxide glasses have been given by
Griscom (1980, 1990). The importance of carrying
out comparative studies of both glassy and polycrys-
talline forms of the same material system when at-
tempting to model paramagnetic centers in the former
has been stressed in a review paper featuring point
defects in the alkali borate system (Griscom 1993a).
Continuous-wave ESR of point defects in chalco-
genide and multicomponent fluoride glasses have
been reviewed by Griscom (1980) and (1993b), res-
pectively. Examples of ESR investigations of
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transition metal ions doped into fluoride and
chalcogenide glasses can be found in Legein et al.
(1993) and El Mkami et al. (1996), respectively. Street
(1991) has reviewed applications of ESR to hydro-
genated amorphous silicon (a-Si:H).

Continuous-wave ESR has also been employed to
good advantage in the characterization of ferro- and
ferrimagnetic particles precipitated in both synthetic
and natural glasses (Griscom 1980, 1984). ESR stud-
ies of ferrimagnetic particles in 65-million-year-old
glasses have a bearing upon the theory that an aster-
oidal impact triggered the extinction of the dinosaurs
(Griscom et al. 1999).

Modern pulsed-ESR spectrometers afford several
new capabilities over and above those inherent in ¢c.w.
methods. These include the possibility of separating
overlapping spectra of paramagnetic centers charac-
terized by differing spin-lattice relaxation times and
the ability to resolve weak hyperfine interactions with
ligand magnetic nuclei by the study of electron spin
echo envelope modulation (ESEEM). ESEEM stud-
ies of defect centers in alkali borate glasses (Kordas
1997, Shkrob et al. 1999) appear to compel revision
of some of the defect models proposed earlier on the
basis of c.w. ESR results. Isoya et al. (1993) have used
ESEEM to probe the spatial distribution of deuteri-
um near dangling-bond defects in deuterated amor-
phous silicon.

Morigaki (1993) reviews the results of electron-nu-
clear double resonance (ENDOR) and optically de-
tected magnetic resonance (ODMR) studies of
dangling bonds in a-Si:H. Electron-hole recombina-
tion processes in a-Si:H have been investigated by a
time-resolved ODMR technique (Mao and Taylor
1995). Shkrob and Trifunac (1997) comprehensively
review time-resolved pulsed ESR and ODMR in ra-
diation chemistry, including applications to amor-
phous silicon dioxide and a-Si:H.
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Amorphous Materials: Nuclear Magnetic
Resonance, New Techniques

The elucidation of the structure and dynamics of sol-
id or highly viscous amorphous materials represents a
major challenge for techniques of characterization.
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This holds, in particular, if atomistic resolution is
desired. Here solid-state NMR offers unique possi-
bilities, owing to its selectivity and versatility, in par-
ticular if multidimensional techniques are employed.
This article describes advances in the field, empha-
sizing multidimensional exchange and double-quan-
tum NMR. These techniques allow one, for example,
to probe the conformation of macromolecules and
their packing in both the solid state and the melt, as
well as the connectivity of building blocks in inorganic
glasses, and both the geometry and memory effects of
complex dynamics.

1. Multidimensional Exchange NMR

In two-dimensional (2D) exchange NMR, informa-
tion on the structure of the material is obtained by
monitoring the transfer of nuclear magnetization be-
tween different building blocks, which can be distin-
guished in the NMR spectrum if differences in the
chemical structure, conformation, or orientation of
the distinct residue are reflected in different resonance
frequencies. For optimum spectral resolution, magic-
angle spinning (MAS) is employed, while nonrotating
samples often yield better geometric information.
Magnetization exchange can result from the dipole—
dipole interaction between the nuclear spins; this
leads to through-space spin diffusion, from which the
spatial proximity and mutual orientation of molecu-
lar moieties, i.e., valuable structural information, can
be determined.

Alternatively, magnetization exchange can result
from a spatial movement of the moiety under study,
thereby changing its NMR frequency, and thus pro-
viding information about dynamics. From the time
needed for the exchange to occur, the time scale of the
dynamic process can be directly obtained in real time.
Moreover, the mutual orientation of molecular moi-
eties before and after the move can be read from the
off-diagonal exchange patterns (geometry of dynam-
ics). This experiment provides information on slow
dynamic processes on time scales between 1 ms and
100 s, which is equivalent to that available via inco-
herent neutron scattering on fast dynamics. By ex-
tending the NMR technique to three and four
dimensions, memory effects concerning the orienta-
tion as well as the rate of molecular dynamics become
experlmentdlly accessible. For organic materials, Bc
and *H are widely used, Whlle in inorganic sys-
tems, spin 1/2 nuclei such as °'P are most popular
(Schmidt-Rohr and Spiess 1994).

1.1 Structure

Multidimensional exchange and other solid-state
NMR techniques are used to determine the packing
of amorphous polymers in the glassy state (Klug ez al.
1997, Tomaselli ef al. 1997) and the connectivity of

building blocks in inorganic glasses (Eckert 1994).
Advanced approaches then combine the information
provided by spectroscopy with computer simulations
of the packing. Similarly, information about the con-
formation of macromolecules 1s readlly available
from an analysis of the observed '*C chemical shift,
making use of ab initio calculations of this spec-
troscopic parameter (Born and Spiess 1997).

1.2 Dynamics

The molecular dynamics is probably most complex in
amorphous melts close to the glass transition. Nev-
ertheless, applying various 2D exchange NMR tech-
niques it has been possible to show that molecular
dynamics, in both low molar mass glass-formers and
synthetic polymers, consists of small-angle fluctua-
tions causing total displacements of 2-4° and occa-
sional jumps through 10-25° (Spiess 1997). By
extension to 3D or even 4D NMR, the orientation
of individual moieties can be probed at three, or even
four, subsequent times, and memory effects concern-
ing the geometry as well as the rate of the molecular
dynamics in vitrifying polymer melts can be eluci-
dated. Studies along these lines lead to the notion of
dynamic heterogeneities, as shown schematically in
Fig. 1. By combining 4D exchange NMR with spin
diffusion, the length scale of these heterogeneities has
been determined (Tracht et al. 1998).

2. Double-quantum Solid-state NMR

In 2D exchange NMR, direct magnetization transfer
cannot readily be distinguished from transfer via a
third spin or orientation. Likewise, it is difficult to
distinguish transfer back to the original moiety or
orientation from no transfer at all. Such problems do
not occur in double-quantum (DQ) NMR, where a
DQ coherence is generated within selected spin pairs.
These can elther be introduced by isotope labeling, in
particular '*C-"3C, or separated from others by fast
MAS. The latter approach even allows one to use
solid-state '"H NMR, which makes the technique
widely applicable. Although mainly aimed at deter-
mining structure, the connectivity of functional
groups provided by this technique also yields infor-
mation about dynamic processes on mesoscopic
length scales (Spiess 1997).

2.1 Structure

The advantages of DQ solid-state NMR have already
been exploited for both inorganic and organic amor-
phous materials. In inorganic phosphate glasses, the
connectivity between coordination polyhedrons has
been elucidated with previously inaccessible detail by
fast MAS DQ NMR, with motifs involving sequences
of at least three polyhedrons of the same kind being
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Schematic of (a) dynamic heterogeneities and (b) how
their time and length scales can be measured by
multidimensional NMR (after Tracht ez al. 1998).

identified in such glasses for the first time (Feike ez al.
1998). The conformation of organic polymers can be
probed by the determination of torsional angles
between nedrby groups via DQ NMR on systems
containing '*C~"3C labels, and clear-cut differences
between crystalline and amorphous regions have been
elucidated (Schmldt Rohr 1996). Moreover, using
fast MAS DQ 'H NMR, the structure of hydrogen
bonds in disordered organic materials is now readily
accessible. Owing to the high sensitivity of "H NMR,
such experiments can be performed with samples of
about 10 mg and measuring times as short as 30
minutes, thus seriously challenging the use of neutron
scattering for this purpose (Schnell et al. 1998).

2.2 Dynamics

The application of DQ NMR with MAS to viscous
melts even allows one to probe both the conforma-
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Schematic of (a) experimental scheme for measuring
residual dipole-dipole couplings for selected proton—
proton pairs in (b) trans-1,4-polybutadiene from (c) a 'H
DQ MAS NMR spectrum (after Graf ez al. 1998).

tion of chains on mesoscopic scales as well as trans-
lational dynamics. This is due to the fact that the
chain motion in entangled polymer melts is not com-
pletely isotropic, resulting in residual dipole—dipole
couplings. From these residual couplings, dynamic
order parameters can be determined, which are de-
fined in the same way as the conventional order pa-
rameters in liquid crystals. As shown in Fig. 2, the
spectral resolution of DQ MAS "H NMR of polymer
melts is high enough to probe the order parameters
for the chain direction. The values found are about an
order of magnitude higher than anticipated from
standard theory of polymer melts (Doi and Edwards
1986). From the time, molecular weight, and tem-
perature dependence of the dynamic order parameter,
information about translational chain motion as well
as the length scale of the regions with partially or-
dered chains could be deduced (Graf er al. 1998).

3. Conclusions

The specific examples of advanced solid-state NMR
discussed here indicate the potential of this technique.
Moreover, it is possible to cover all length scales from
molecular via mesoscopic to macroscopic levels
(Spiess 1997). For example, the combination of spin-
diffusion experiments with filters, which can discrim-
inate between different dynamic behavior, allows one
to probe the phase behavior and the interphase struc-
ture of heterogeneous polymers such as block copol-
ymers, core-shell particles and organic-inorganic
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hybrid materials, while NMR imaging can detect
subtle differences in molecular dynamics resulting
from nonlinear plastic deformation of solid polymers.
Close analogies exist between solid-state exchange
NMR and incoherent neutron scattering. Moreover,
DQ solid-state NMR provides information even
equivalent to coherent neutron scattering, albeit for
much slower processes in the region of milliseconds.
In short, advanced solid-state NMR is already an in-
dispensable tool for the characterization of amor-
phous materials, and its importance is expected to
increase further in the future.

See also: Amorphous Materials: Nuclear Spin Re-
laxation; Nuclear Magnetic Resonance Spectrometry
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Amorphous Materials: Nuclear Spin
Relaxation

Nuclear spin relaxation (NSR) techniques are widely
used to investigate the dynamic properties of amor-
phous materials over a very wide time scale ranging
from seconds to nanoseconds. Application of strong
magnetic field gradients allows the measurement of
tracer _diffusion coefficients down to about
107 "°m?s~" on mesoscopic-length scales (Geil 1998).
The techniques are extensively employed to amor-
phous polymers to study rotational and translational
motions of molecular groups as well as glass-transi-
tion dynamics. In particular, incorporated site-spe-
cific deuterium probes yield very detailed information
about molecular dynamics in polymers (Schmidt-
Rohr and Spiess 1994). Until now, however, only a
few NSR studies have been performed on amorphous
metals. For instance, (Tang et al. 1998) have observed
the diffusion of beryllium in a beryllium-containing
metallic glass by means of “Be NSR.

In inorganic glasses containing alkali ions, three
processes are important which occur in different tem-
perature regions. At low temperatures low-frequency
transitions take place between energetically nearly
equivalent positions of atomic configurations which
are intrinsic to the glassy state (Dieckhofer et al.
1997). At elevated temperatures, ionic diffusion be-
comes dominant, whereas close to the glass-transition
temperature the shear viscosity decreases rapidly cor-
responding to fast-growing density fluctuations. The
present contribution focuses on the study of ionic
diffusion by NSR.

1. Diffusion-induced Nuclear Spin Relaxation

Atomic diffusion gives rise to a time evolution of the
nuclear magnetization in a sample towards the ther-
mal equilibrium. The time constant (NSR time) 7' of
the process is given by the relation

1/Ty = J(wo) + 47 (202) (1)

where

J(wo) = Re /0 " Gloeindr (1a)

denotes the spectral density of the diffusional pair
correlation function

G(l) = Z <wij (0) . wij(l) Y therm.av (lb)
i<j

at the applied Larmor frequency w, of the nuclear
probes. wji(?) represents the time fluctuation of the
coupling frequency between a resonant probe nu-
cleus i and a neighboring species j (resonant or
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nonresonant nuclear spin, electron spin, local charge,
etc.) caused by the atomic movements.

For probe nuclei with spin 7= 1/2 (such as 'H, '°F,
»Si, and *'P) wjj is due to mutual magnetic dipolar
interactions7, while for nuclei with 7>1/2 (alkali
atoms like "Li, 2*Na, 8>%Rb, ''B, and 27Al) the cou-
pling is dominated by the interaction between the
nuclear quadrupole moment of the probe and electric
field gradients at the probe site created by neighbor-
ing charges, e.g., ionic point charges. In either case
wjj is related to the distance rjj of the particles by
wjocl/ri.

For a thermally activated diffusion of dilute par-
ticles in an ordered lattice, G(¢) can be expressed to a
very good approximation by G(7) = {w?yexp(—t/1)
which corresponds to a Debye-like behavior of the
diffusion-induced NSR rate 1 éTl |pige in accordance
with J(w) = (@?>1/(1 + w?t?). Here, 1/1=1/1,
exp(—E/kT) is the jump rate of the moving particles
with E being the corresponding activation energy and

N

1
Ca}y =5 <o

i<j

denotes the mean-square coupling frequency.

In practice, {®?) 12 is roughly equal to the width
of the respective NMR line at sufficiently low tem-
peratures (“‘rigid line width’’). Moreover, one should
note that the diffusive motion is observable not only
by the NSR rate of the mobile particles but also by
measuring the NSR rate of immobile probe nuclei.
This is caused by the pair character of the coupling
frequency w;; which becomes time dependent for both
mobile and immobile probes whenever a hopping
event occurs. Finally, as mentioned in the introduc-
tion, the measured NSR rate 1/7; can be induced by
different relaxation processes. If the processes are in-
dependent of each other, the related rates add up to
the observed rate:

1T = 1Tl + > _ /T

other

2. Ionic Diffusion in Glasses by Nuclear Spin
Relaxation

Ionic diffusion in glasses gives rise to a NSR rate that
does not exhibit the classical Debye-like features de-
scribed above. As shown as an example in Fig. 1
(diffusion-induced "’F NSR in the glassy fluorine ion
conductor 27ZrF,-27HfF,-20BaF,-3LaF;-3AIF;-
20NaF (ZBLAN20) (Kanert et al. 1996) the Ar-
rhenius representation of 1/7|pir exhibits an asym-
metric peak with remarkably different slopes on
either side of the maximum. Further, the frequency
dependence of 1/T|p;i on the low-temperature side
does not obey the w™ ~ law proposed by the Debye
relation.
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Figure 1

Arrhenius plot of the diffusion-induced '’F NSR rates in
the glassy fluorine ion conductor ZBLAN20 observed in
the rotating frame at three different frequencies (after
Kanert et al. 1996).

Two theoretical approaches exist to interpret this
unusual behavior. On the basis of the random struc-
ture of the glassy network, the correlation time 7 (and
correspondingly the activation energy E) is assumed
to be distributed according to an appropriate distri-
bution function g(t) (Svare et al. 1993). Then, G() is
formed by a superposition of exponential decays ac-
cording to

G(r) = /0@ g(r)e™/*dInt (2)

This approach represents the motion of a single
particle in a random landscape. As discussed in detail
by Beckmann (1988), a large variety of functions g(t)
can be used to fit properly the experimental data to
the model.

There is strong evidence, however, that G(¢) decays
inherently nonexponentially due both to the Cou-
lomb interaction between the mobile ions and to their
interactions with the glass skeleton. There exist dif-
ferent theoretical approaches dealing with the com-
plex coupled motion of charged particles in a random
matrix—e.g., Monte Carlo simulations (Maass et al.
1995), an analytical jump relaxation model (Funke
1993), a diffusion-controlled relaxation model (Elliott
and Owens 1991), and a phenomenological coupling
model (Ngai 1993)—which all result in a nonexpo-
nential time evolution of G(f). So far, the models do
not take into account the real structure of the glasses,
i.e., a quantitative agreement cannot be expected be-
tween the experimental data and such calculations. In
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future, molecular dynamics simulations will offer
more realistic results of ionic diffusion-induced NSR
in vitreous solids.

However, from the different models the following
general features can be extracted: above a lower
cross-over time 7.(~107''s) the complexity of the
ionic motion enhances the initial ionic jump time 1=
70, .eXp(V/kT) to the apparent jump time

w(t) = f(ten) -7y = 1 exp (ﬁ) (3)

where V' is the microscopic barrier height for the
hopping ion and n denotes the so-called coupling
coefficient where 0<n<1. Instead of n, often the
coefficient f=1—n is used in the literature. In con-
sequence, the mean-square displacement {r*(¢)> of a
moving ion becomes sublinear in time between 7. and
o(T) ({r*(f)Y oct'™") which corresponds to a fre-
quency dispersion of the apparent diffusion coeffi-
cient (Funke 1993) and gives rise to the non-Debye
behavior of the NSR rate. For > 1(7) the ion enters
the Gaussian region where {r*(f)) oct. Here one
observes the d.c. activation energy E which is related
to the barrier height V' by E=V/(1—n).

The corresponding correlation function G(¢) can be
expressed to a good approximation by a stretched
exponential function in the relevant time regime
10°<1/1<10%

G(1) = <o} yexp[—(t/)' "] 4)

The diffusion-induced NSR rate is given by Eqns.
(1), (1a), and (4), where for arbitrary exponents 1—n
the Fourier transformation has to be performed nu-
merically. The following analytical relation, however,
represents a good approximation to the numerical
results (Maass et al. 1995):

{ o ) T 4z
/Tl |D1ff <0‘,1> (1 + (wor)Z—n + 1 + (260()‘[)2") (5)

Applying this relation to Fig. 1 one obtains from
the slopes E=1.15¢V and V'=0.34¢V, i.e., n=0.70.
The data confirm also the " >-dependence of 1/T} as
proposed by Eqn. (5) for wgt> 1. Moreover, the tem-
perature dependence of the NSR rate maxima, which
is given by the condition wt=0.6, leads to a temper-
ature-dependent correlation time t= 10"'%. exp
(E/kT) with E=1.15 eV equal to V/(1—n) in accord
with Eqn. (3).

Approaching the glass-transition temperature 7,
the shear viscosity n and, therefore, the related cor-
relation time 7, of the glass both decrease rapidly.
The question whether the diffusion-induced NSR rate
is affected by the process in the vicinity of T, is an-
swered by the actual magnitude of the decoupling
coefficient R=1,/t. For R>1 the glass structure is

rigid on the time scale of the ionic hops, i.e., the
observed NSR rate is dominated by the diffusion.

By use of site-selective spin excitation, NSR is able
to detect the ionic diffusion separately in different
environments. Kim ez al. (1997) observed the motion
of lithium ions in Li,S - B,S; glasses near 3(BS;)- and
4(BS; )-coordinated boron atoms by measuring the
temperature dependence of the ''B NSR rate of dif-
ferent parts of the ''"B NMR spectrum belonging to
BS; and BS; units, respectively. They obtained two
well-separated NSR rate peaks. From the position of
the maxima they drew the conclusion that the lithium
ions move much faster close to the 3-coordinated
boron than to the 4-coordinated boron. Such site-
selective NSR experiments should also be applied to
highly-resolved magic angle spinning (MAS)-NMR
spectra (Eckert 1992) of glasses, opening new insights
into the ionic motion at different sites of the glassy
network.

With increasing temperature, the correlation time t
reaches the magnitude of the inverse NMR line
width, and the width starts to decrease. Such motio-
nal line-width narrowing offers a simple possibility to
distinguish diffusing from immobile probe nuclei:
while for mobile probes the line width approaches
zero for sufficiently high temperatures, the corre-
sponding width of the immobile probes remains finite
(Kanert et al. 1996).

3. Comparison Between Nuclear Spin Relaxation
and Ionic Conductivity

It is very instructive to compare the results of diffu-
sion-induced NSR with those obtained from complex
ionic conductivity (6) measurements. Though both
1/T(w,T) and 6(w,T) measurements are probing the
same physical process, in practice the results can differ
due to the different structure of the underlying corre-
lation functions G(f) and G,(z). While G(?) is a pair
correlation function of the coupling frequencies w;;, G,
is a particle autocorrelation function of the ionic ve-
locities v; (Ngai 1993). In practice, however, the results
of NSR and ionic conductivity agree fairly well, i.e.,
both the correlation functions can be approximated by
a stretched exponential (Eqn. (4)) with the same cou-
pling coefficient n but different time constants 7 and ,.

This is due to the fact that 7 is the mean waiting
time (correlation time) of an ion between consecutive
hops, while 7, denotes the relaxation time of the de-
caying electric field under constant dielectric dis-
placement. According to Funke (1993), T and z, are
related by

ng*x;

T = 768()8wkTTU =C-14 (6)

where n is the density and ¢ the charge of the ions,
and x, denotes the mean jump distance of a hopping
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ion. Using appropriate values for the different quan-
tities (see below) one finds C=5-+100, i.e., >1, in
qualitative accord with experimental findings (Kanert
et al. 1996).

For a uniform correlation function G(¢/7) for both
NSR and conductivity differing only with regard to
the time constant 7 (i.e., T, #7,..), the NSR rate 1/
T can be linked to the imaginary part of the electric
modulus, M”, by the following general expression
(Funke 1993)

1/ Ty (wot(T)) oc [M" (wot4) + 2M" (2wo1,)] /w0 (7)
This relation turns out to be very useful for compar-
ative NSR and conductivity experiments on ionic
transport in glasses.

Unfortunately, until now only a limited number of
investigations exists on ionic diffusion in inorganic
glasses comparing in detail NSR and conductivity
data. Blache er al. (1998) performed an extended
study on a series of lithium silicophosphate glasses
measuring the temperature dependence of Li " diffu-
sion by NMR and electrical conductivity for different
glass compositions. Part of the results are shown in
Fig. 2 exhibiting the dependence of the activation
energy E and barrier height 7 on the concentration
¢(Li) of the lithium ions for a fixed ratio of the net-
work formers SiO, and P,Os. The data were obtained
from electrical conductivity, 'Li and *'P NSR, and

"Li tracer diffusion Dy(7) using the NMR ﬁeld-
gradient technique (Geil 1998). As expected for the
diffusion of a single species of charged carriers, D(T)
was found to be in accord with the diffusion constant
D,(T) calculated from the dc conductivity o4. by

ho o EEC
14k [P2Os)/ISIO,]=4 o E’LiNSR
¢ EJIPNSR
12 v E'LiFG
® V%EC
o VLiNSR
2 a V3IPNSR
;i;: 081 —— Anderson—Stuart
g
m 0.6
)
0.4
2T
L4 o
02} s 3 T 4
0 2 4 6 8 10 12 14 16 18 20
o(Li) (at. %)
Figure 2

Dependence of the activation energy E and barrier
height ¥ of lithium diffusion on the amount of lithium in
the glassy lithium ion conductor Li>O - SiO, - P,Os
observed by different methods (see text). Solid curve is a
fit by the Anderson—Stuart model (after Blache ef al.
1998).
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=k/(¢’n) - o4 - T, ie., the Haven ratio Dy/D, is
about 1.

The figure demonstrates that the corresponding
quantities V" and E obtained from the different ex-
periments agree well, resulting in a uniform coupling
coefficient n=0.67 for ¢>2 at.%. For ¢<2 at.% the
data indicate a slight decrease of n as proposed by the
coupling model (Ngai 1993). The observed mono-
tonic decrease of the activation energy E with in-
creasing amount of lithium ions could be interpreted
fairly well by the simplified Anderson— Stuart relatlon
(Patel and Martin 1992) E=FE,+ E;- Cng) /3 using
E;=1.5¢eV and E,=1.52¢eV (at.%) /7 as best-fit
parameters.

Moreover, the authors measured the dependence of
7 and 7, on temperature and on the concentration of
lithium ions. Evaluation of the data revealed that the
following relation is approximately valid:

- E(c(Li))
~1 . 1 14
=107, =5x 107"s exXp (—k

for ¢(Li)=5 at.%. This result seems to confirm Eqn
(6): using the suitable values <{n) =~0.8 x 10 m-
(=10at.% Li), {(T) =500K, ¢, =3, xg=2. 4A one
obtains C=10 in accord with the experimental ﬁnd-
ings. It has to be noted, however, that in some glassy
ionic conductors the activation energy E observed by
NSR was found to be somewhat larger than the cor-
responding energy E, measured by dc conductivity,
i.e., n>n, using the relation £=V/(1 — n) (Kanert
et al. 1996). Such deviations were proposed also by
Monte Carlo simulations (Maass et al. 1995). At
present, however, a final decision whether Eqn. (6) is
correct and E equals E, cannot be made because of a
lack of sufficient experimental data.

See also: Amorphous Materials: Nuclear Magnetic
Resonance, New Techniques; Nuclear Magnetic Res-
onance Spectrometry
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Amorphous Superconductors

Amorphous superconductors are a class of supercon-
ducting materials that lack long-range, translational
ordering in their atomic arrangement. Since the dis-
covery of superconductivity in amorphous bismuth
and gallium (a-Bi, a-Ga) by Biickel and Hilsch in the
1950s, noncrystalline superconductors have been the
subject of numerous experimental and theoretical
studies. Recently, interest in this field has been fo-
cused on amorphous transition-metal (TM) super-
conductors as opposed to the amorphous non-
transition-metal (non-TM) superconductors investi-
gated earlier.

The techniques used to synthesize amorphous su-
perconducting materials include quenching from the
vapor (obtained by evaporation or sputtering), par-
ticle irradiation, ion mixing or ion implantation, and
liquid quenching. The technique of quenching from
the melt is capable of producing large quantities of
metallic glasses in the form of ribbons, flakes or
powder suitable for large-scale engineering applica-
tions. Vapor deposition and particle bombardment

methods are used to prepare thin films amenable to
small-scale electronic device applications.

In general, the Cooper pairs in superconductors are
formed from time-reversed electron states, no matter
how complicated these states are in real space as a
result of scattering from various disorders. Hence, the
basic mechanism of superconductivity is not expected
to be different in disordered or crystalline materials.
There are, however, several interesting differences
between amorphous superconducting materials and
their crystalline counterparts; these differences will be
discussed.

1. Systematics of the Transition Temperature
1.1 Nontransition Metals

Amorphous non-TM superconductors usually show
an enhancement in transition temperature 7, over
that of corresponding crystalline phases. For exam-
ple, a-Bi thin films become superconducting at about
6K, whereas the crystalline phase, a semimetal,
remains normal down to 0.05K. The value of T,
for a-Ga is found to be 8.4K, significantly higher
than the T, of the crystalline phases (7. =1.08 K for
o-Ga and 6K for -Ga). A more complete listing of
the T, values of amorphous superconductors and
their crystalline counterparts is given in Table 1. It is

Table 1
The T, of some amorphous (or highly disordered)
superconductors and their crystalline counterparts.

Amorphous or

highly
disordered Crystalline

Metals (K) (K)
Nontransition

metals

Pb 7.16 7.2

PbsoBis, 6.99 8.1

Ga 8.4 6(S-Ga)

1.08 (x-Ga)

Bi 6.1 <0.05

Be® 10 0.026

Al* 6 1.18
Transition

metals

Nb 5.7 9.2

Mo 8-9 0.9

NbsGe 3.6 23

Nb;Si 3.9 18

NbsSn 3 18

V;Si 1.5 17

MosSi 7.5 1.4

a Extrapolated values.
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noted that 7, for amorphous non-TM superconduc-
tors tends to increase with valence and with atomic
number for a given valence (Johnson 1981; Bergmann
1976).

1.2 Transition Metals

A systematic study by Collver and Hammond (1973)
on amorphous 4d and 5d TM elements and alloys
thereof indicates that the well-known Matthias rule
for crystalline superconductors (see Superconducting
Materials, Types of) is significantly altered for the
amorphous state. The variation of T, as a function of
e/a (the average valence electrons—atom ratio) shows
a sharp peak at e/a=6.4, corresponding to a half-
filled d shell (see Fig. 1). More recent work has re-
vealed that T, as a function of e/a is more symmetric
than the original Collver-Hammond curve and sim-
ilar systematics are also observed in some liquid-
quenched TM-metalloid metallic glasses. The T, of
amorphous TM alloys made from elements widely
separated in the periodic table is always significantly
lower than that of the original Collver-Hammond
alloys composed of nearest 4d or 5d elements. The T
of alloys mixing the 4d and 5d elements shows an
even more intriguing behavior. For example, whereas
the values of T, for a-MoRe alloys are slightly higher
than those for the a-MoRu alloys, lower T, values
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o
oo\
.\.
o
o,
“\»O
o
* .
i
-

sk 7 FET T
/./o ° A o8y %ae
I/ },'A (o] \\\
/. ‘0 Q’)O& Yo
/ &
/7 ST NN
o g o ad A}
7 - s5d
/a0 50 \
0 L 1 L 1 L L 1
3 4 6 7 8 9
/ 2r Nb Mo (Te) Ru Rh
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Figure 1

The T, of amorphous TM elements and alloys as a
function of e/a. The original Collver-Hammond curves
for amorphous TM superconductors are shown for (e)
4d and (A) 5d metals; also shown are (O) the T values
of various amorphous TM alloys made from elements
widely separated in the periodic table and from mixing
the 4d and 5d metals. For a given e/a, there is an upper
limit of 7, as outlined by the triangular peak (—-—-)
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have been found for all the a-MoRh alloys in the
same range of e/a. The T, values for a-Nblr, a-NbRh,
a-TaRh and a-Talr alloys are considerably lower
than those for corresponding amorphous near-neigh-
bor TM alloys and show essentially no variation of
e/a. These data along with others are plotted in
Fig. 1. (Recent T, data on amorphous alloy systems
containing 3d elements and noble metals, for example
a-ZrCu, a-ZrFe and a-ZrNi, are not included in this
plot and should be treated separately.) It is clear from
Fig. 1 that there is no universal curve of T, as a
function of ¢/a for all amorphous TM alloys. It has
been suggested that the effects of spin fluctuations
and charge transfer may be responsible for this.

At present, there is no satisfactory interpretation
for all the systematics of T, previously described. The
data shown in Fig. 1 do suggest, however, that there
is an upper limit of 7, for a given e¢/a in amorphous
4d and 54 TM alloys as roughly outlined by the
modified Collver-Hammond curve. The fact that the
peak of this upper-bound curve coincides with half-
filled d shells suggests that there is an atomic param-
eter characterizing the e/a dependence of T.. This
point can be qualitatively discussed with the aid of
the well-known McMillan formula:

—1.04(1 + 2)
Te(0p/1.45)exp J— (1 +0.627)

(1)
where 4 is the dimensionless electron—phonon cou-
pling parameter, u* is the effective electron—electron
Coulomb pseudopotential and 0p is the Debye tem-
perature. The parameter A can be expressed as

A= N(Ep)<I*) /Moy )

where N(Ef) is the bare electronic density of states
at the Fermi level, { w*) is an average square phonon
frequency and () is the Fermi-surface average of
the electron—phonon interaction strength.

In terms of tight-binding models, it has been sug-
gested that the Collver—-Hammond curve essentially
reflects the e/a dependence of N(Eg) and that the
ratio (I°Y/{w?) is a constant throughout the 4d
series. A systematic study of the low-temperature
specific heat of some of the more stable Collver—
Hammond alloy films is crucial in determining N(EF)
quantitatively as a function of e/a. It should be
pointed out that the empirical and calculated values
of () for the 4d transition metals (Butler 1977) are
insensitive to structural change and their e/a varia-
tion closely mimics the T, upper limit shown in Fig. 1.

2. Strength of the Electron—Phonon Interaction

The coupling between electrons and phonons is fun-
damentally important to the occurrence of super-
conductivity and is of particular interest in the case
of amorphous superconductors in view of possible
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enhancement of the coupling strength through struc-
tural disorder as suggested by several theories. The
strength of the electron—phonon interaction can be
estimated from (a) the ratio of Bardeen—Cooper—
Schrieffer (BCS) energy gap to transition tempe-
rature, 2 A(0)/kgT., and (b) the parameter 4 (see
Superconducting Materials: BCS and Phenomeno-
logical Theories). The BCS gap can be measured
directly by superconductive tunnelling experiments or
estimated indirectly from calorimetric measurements.
The parameter A can be determined using either the
McMillan formula for T, or the technique of super-
conductive tunnelling spectroscopy through

) - —1.2
A—Z/O do o™ o (0)F(w) (3)

where o?(w)F(w) is the Eliashberg electron—phonon
spectral function.

The results accumulated so far clearly lead to three
conclusions.

First, amorphous non-TM superconductors are all
characterized by a very strong electron—phonon cou-
pling (i.e., 2 A(0)/kgT.~4-5 and A>2), as are their
crystalhne counterparts

Second, amorphous TM or TM-based supercon-
ductors are found to be in the BCS weak-coupling
limit. In particular, the electron—phonon coupling
strength of several strong-coupled A15 superconduc-
tors is found to be reduced to the BCS limit in the
amorphous state. These experimental findings suggest
that structural disorder alone does not necessarily
give rise to a significantly enhanced electron—phonon
interaction.

Third, a detailed analysis of the tunnelling data for
various amorphous non-TM superconductors has re-
vealed that the Eliashberg function is enhanced and
varies linearly with o in the low-frequency region as
predicted by various theories. There is no 51gn1ﬁcant
low-frequency enhancement found in «*F(w) for
amorphous nitrogen- stablhzed niobium and molyb-
denum films. The function o>F(w), in fact, follows the
phonon density of states F(w) based on a structural
model of dense random packing of hard spheres.
From this finding, it is concluded that the observed
low-frequency enhancement in o>F(w) for amorphous
non-TM superconductors is essentially a manifesta-
tion of an increase in the electron—phonon interaction
caused by structural disorder. The lack of such
enhancement in amorphous TM superconductors is
attributed to the ““nearly localized” nature of d elec-
trons, which are relatively insensitive to structural
disorder.

In a more general perspective, this result can also
be understood by noting the difference between the
TM and non-TM amorphous superconductors in the
effectiveness of the phonon modes in contributing to
the electron—phonon coupling. Unlike amorphous
TM superconductors, the phonon density of states in

non-TM superconductors (crystalline and amor-
phous) is distributed over a range from 0 to approx-
imately 10meV and is most efficient in achieving a
strong electron—phonon interaction (Tsuei 1981).

3. Critical Fields

Amorphous superconductors are all characterized by
relatively large upper critical fields H, in view of
their generally low T, values. This is mainly a man-
ifestation of a short electron mean free path (/< 1nm)
leading to a short zero-temperature coherence length
&(0) (see Coherence Length, Proximity Effect and
Fluctuations). The upper critical field at 0 K is related
to ¢(0) by
He(0) = ®o /27 (0) 4)

where ®y = /1/2¢ is the flux quantum. Typical values
of pyHe(0) are about 2-5T (20-50kG) for amor-
phous non-TM superconductors and are in the range
1040T (100400 kG) for the noncrystalline TM or
TM-based superconductors. The lower critical field
H(T) for several metallic glasses has been meas-
ured; poH.i(0) values are typically of the order of
1-10mT (10-100G). Both He(T) and He (T) are
found to vary linearly with temperature over a wide
range of temperatures below T(~0.5T to T¢). Ex-
amples of dHy/dT near T, are about —2TK™
—3TK ™! for amorphous TM superconductors and
about —0.5TK ™' for amorphous SImple metals. The
values of dH, /dT are about 1 mT KL

From critical-field measurements, values for &(0)
and the Ginzburg-Landau parameter x can be esti-
mated; the values are of the order of 5nm and 60,
respectively. Such large values of x represent a true
indication of the extreme type II, or “dirty limit,”
behavior expected for amorphous superconductors.
Detailed studies of the temperature dependence of
H,(T) for several amorphous TM alloys indicate
that H., is enhanced at low temperatures by the effect
of weak localization as predicated by the FEM theory
(Fukuyama et al. 1984). The amount of the H,, en-
hancement depends on the alloy system and can be as
large as 20% (Poon 1985a,b). It should be mentioned
that the quantum correction effects of weak localiza-
tion and interaction also manifest themselves in sup-
pressing 7. (Fukuyama ez al. 1984) and reducing the
temperature coefficient of the normal-state resistivity.

4. Flux Pinning Phenomena

The pinning of the flux line lattice (FLL) in super-
conductors can be studied by measuring the critical
current density J.(7, H) as a function of temperature
and applied field. Results of critical-current measure-
ments on amorphous superconductors show that J.
at H=0is in general relatively low (~10"-10® Am_z)
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and that it decreases rapidly with increasing field.
Such a weak FLL pinning can probably be attributed
to the homogeneity and isotropy, on a scale of £(0),
intrinsic in all amorphous materials. It is exactly this
characteristic property which makes direct use of
amorphous superconductors in high-field applica-
tions less attractive. A possible solution to this prob-
lem is to incorporate, by appropriate heat treatments,
some second-phase precipitates in an amorphous
superconducting matrix (Johnson 1981). Homogene-
ous amorphous superconductors, however, are ideal
for studying flux pinning phenomena in terms of
existing theory (see Electrodynamics of Superconduc-
tors: Flux Properties). The fact that amorphous TM
or TM-based superconductors are weak coupled
and in the extreme type II limit simplifies the anal-
ysis of the experimental data considerably, because
theoretical expressions in the dirty limit are highly
developed. Furthermore, pinning behavior in these
materials (in the form of carefully prepared thin
films) is expected to be insensitive to complications
arising from pinning by surface irregularities, edge
dislocations and buckling of the flux lines.

A recent fundamental study of flux pinning in
amorphous films of Nb3;Ge and NbsSi (Kes and Tsuei
1981) led to the following results.

(a) Owing to the large k and low J., the FLL in
amorphous thin-film superconductors is essentially
two dimensional.

(b) The pinning force density F,(=J.B, where B is
flux density) as a function of perpendicular field and
temperature is found to be in good agreement with
the theory of collective pinning.

(c) A sharp peak in F, is observed near H,.
A pinning-mediated renormalization of the shear
modulus of the FLL is probably responsible for this
peak effect.

(d) The F, for samples with relatively large J.
shows a domelike behavior characteristic of strong
pinning. By annealing, J. decreases by up to two or-
ders of magnitude and both two-dimensional collec-
tive pinning and the peak effect are recovered,
supporting the view that weak pinning is an essen-
tial requirement to observe the collective behavior. It
has also been demonstrated that the flux pinning can
serve as a sensitive probe to study structural relax-
ation in amorphous metals.

The concept of collective flux pinning along with
the consideration of the thermal fluctuation effects
has been used to understand the flux-creep-related
phenomena in high-7,. cuprate superconductors
(Feige’'man and Vinokur 1990). It is interesting to
note that both amorphous superconductors and high-
T. copper oxides are characterized by short coherence
length and relatively high normal-state resistivity
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except that there is a large difference in 7, and tem-
perature scale.

5. Potential Applications

Most amorphous non-TM superconductors are struc-
turally stable only at very low temperatures. For ex-
ample, a-Bi films are found to crystallize at 20 K and
the amorphous phase of gallium films transforms into
a crystalline state (f-Ga, T.=6.4K) at about 15K.
Further annealing at 60 K results in the room-tem-
perature stable phase «-Ga with a T, of 1.08 K. In
sharp contrast, many TM or TM-based supercon-
ducting alloys can resist crystallization at temperatures
up to more than 1000 K. In addition to this phase
stability, these materials are ductile, flexible and pos-
sess extremely high mechanical strength, comparable
with that of single crystals. Potential areas for using
amorphous superconductive materials include high-
field magnets, especially for use in an environment of
high-level radiation, and possibly some specialized
vortex memory devices for computer applications.

See also: Thin Films, Multilayers and Devices,
Superconducting

Bibliography

Bergmann G 1976 Amorphous metals and their superconduc-
tivity. Phys. Rep. 27, 159-85

Butler W H 1977 Electron—phonon coupling in the transition
metals. Phys. Rev. B 15, 5267-82

Collver M M, Hammond R H 1973 Superconductivity in
“amorphous” transition-metal alloy films. Phys. Rev. Lett.
30, 92-5

Feige'man M V, Vinokur V M 1990 Thermal fluctuations of
vortex lines, pinning, and creep in high-7, superconductors.
Phys. Rev. B 41, 8986-90

Fukuyama H, Ebisawa H, Mackawa S 1984 Bulk supercon-
ductivity in weakly localized regime. J. Phys. Soc. Jpn. 53,
3560-7

Johnson W L 1981 Superconductivity in metallic glasses. In:
Guntherodt H, Beck H (eds.) 1981 Glassy Metals 1. Springer,
Berlin, Chap. 9, pp. 191-223.

Kes P H, Tsuei C C 1981 Collective flux pinning phenomena in
amorphous superconductors. Phys. Rev. Lett. 47, 19304
Poon S J 1985a Amorphous and highly disordered metallic su-

perconductors. Physica B 135, 259-66
Poon S J 1985b Localization effects on superconductivity in
homogeneous metallic glasses. Phys. Rev. B 31, 7442-5
Tsuei C C 1981 Amorphous superconductors. In: Foner S,
Schwartz B B (eds.) 1981 Superconductor Materials Science.
Plenum, New York, Chap. 12, pp. 735-56.

C. C. Tsuei
IBM, Yorktown Heights, New York, USA



B

Boltzmann Equation and Scattering
Mechanisms

When an external force is applied to the conduction
electron system of a solid, a drift velocity results.
Random scattering effects tend to restore a dynam-
ical balance between the acceleration caused by the
external forces and restoring forces due to scattering
processes.

In general we expect currents J; to develop as a
response of the system to generalized external forces
X. If these responses can be considered to be linear
the relation between the forces X and the currents J;
can be written as

Ji=Y_ LuXi (1)
k=1

The coefficients L; are called the linear transport
coefficients. Their physical nature depends on which
current is connected to which force. If the forces and
the currents are properly selected so that the internal
entropy production per unit time is

= znjj,-x,» 2)
i=1

then they are canonically conjugated in the sense of
irreversible thermodynamics. In this case Onsager’s
theorem provides the symmetry relation

—

Li(B) = Li(— B) (3)

for these transport coefficients, where B is an external
magnetic field.

In principle two different kinds of force can induce
a current J;. The first and the more familiar type is an
electric field acting on the electron system. The sec-
ond type of force has its origin in statistics; it is not a
“force” in the usual sense but arises from concentra-
tion and temperature gradients. It should be noted
that an external magnetic field is influencing the
transport phenomena but does not contribute to a
current in the sense discussed above.

In order to give a theoretical description of the
transport phenomena (electrical and thermal resistiv-
ity, thermopower, Peltier effect, etc.) the Boltzmann
formalism may be used as one among a number of
different other theoretical concepts.

1. Distribution Function

The Boltzmann formalism is based on the assumption
that a distribution function in phase space ( r, k) can

be defined. Since we are dealing with a strongly in-
teracting quantum mechanical system it is by no
means clear that such a function can be defined be-
cause of the Heisenberg uncertainity principle. In
many cases, however, one considers the distribution
function to be a function of k only; the Heisenberg
uncertainity principle does not preclude the use of
this distribution. When an r -dependence is consider-
ed at all, the position in real space usually occurs
through the dependence of the distribution function
on external position dependent parameters, such as
the 7-dependence of the temperature in the case
of an applied temperature gradient. This expression
makes sense if the electrons can be localized over
macroscopic distances. This can be done by using
wave-packets which contain a small number of wave-
numbers. In this limited sense one can use a distri-
bution function which is a function of both k and 7
(Butcher 1973).

1.1 Bloch Electrons

For an electron interacting with a periodic potential

V(¥ +R) =V(r), R lattice vector (4)
the stationary eigenstates are given by the solutions
of the Schrodinger equation
r

) =Eu(k)W -(7) (5)

h -
(‘%A +yir >) Vil i
where n, o, and k denote the band index, the spin,
and the wave-vector of the conduction electrons,
respectively.

The eigenstates are usually written as Bloch func-
tions

’):—ew' u () (5a)

with the periodic amplitude

u (V+R1)

no /\ no’

;(7) (5b)

where N is the number of the unit cells of the crystal.
The eigenvalues E,,(k) of Eqn. (5) are functions of
the wave-vector k. From Kramer’s degeneracy

Epol— k) = Epo(k) (5¢)

it follows that the electrical (and the thermal) currents
for a thermodynamical equilibrium state are zero.
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1.2 Semiclassical Motion of Wave-packets

In order to describe the movement of an electron
through the periodic array of the ions in the lattice,
the electrons are represented by wave-packets. Con-
structing a wave-packet from Bloch states in the
vicinity of a wave vector k in the energy band na, we
can consider the time dependence of the shape of this
wave-packet in real space as well as in reciprocal
space corresponding to a_classical particle with
position r and momentum p

The corresponding semiclassical equations describ-
ing the movement of a wave-packet are:

dr 1~ N

v :?:%V/(Eno—(k) (63.)
dk | .
anF (60)

F is an external force acting on the electron (for an
electromagnetic field this force is the Lorentz force).
The mechanical momentum p is connected in the
usual way with the wave vector: p =17 k.

1.3 Electrical and Heat Current

Using Eqns. (6a) and (6b) each electron in an energy
band ng, gives a trajectory in the 6-dimensional phase
space (k 7). We therefore define (in analogy to clas-
sical statistical mechanics) a distribution function
f(n, a, k, r,t) with the following properties

—— AkAYr
(2ﬂ)
number of electrons
- in the energy band no

= o
xf(n, o, k, r,1) within the phase space

volume A kA’r

The factor 1/(2n)* ensures, that the distribution
function f(n, o, k, 7, t) for a local thermodynamical
equilibrium state (characterized by the local temper-
ature 7(r) and the local chemical potential p(')) is
identical with the local Fermi distribution function

i N N Enriz _u( )
f(n, o, k; T(r), p(r))=/o W ®)
whereby
fol) = —

e¥+1
Using the distribution function we are able to calcu-
late the mean values of all single electron properties.
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In the following the abbreviation y is used for all
three quantum numbers n, o, and k (y=n, g, k) in
order to characterize the Bloch states. Furthermore
we use the notation

Z Z Vol /IBZ )

where the integral is over the 1st Brillouin zone. The
local electron density can now be written as

WP 0 =5 G ) ()

with the total number of electrons N,

N =/d3rn(77 1) (11)

—

It then follows that the electrical current density, 7,
may be expressed as

10 =3 S0, Fo(=e¥y) (12)

whereby e =|q.| is the absolute value of the electric
charge of an electron.

A similar expression may be derived for the ther-
mal heat current density J,

r, Volzf H) (13)

The energy is measured relative to the chemical po-
tential u; this is the correct heat-current for a statis-
tical force caused by a temperature gradient. Then we
obtain the usual relation between the thermopower S
and the Peltier coefficient IT: IT1=TS.

2. Boltzmann Equation

For the calculation of the current densities / and J
the distribution function fis needed (see Eqns. (12)
and (13)). This distribution function is a solution of
the Boltzmann equation in presence of external forces
F. The Boltzmann equation describes the time devel-
opment of the distribution function and can be writ-
ten in the form

af(yv 77 l) 1- - N
TJF%F'ka(“/’ r, )
52 - 0,
+9Vs00 70 = () (149
C

The left hand side describes the time development of
the distribution function caused by the semiclassical
equations of motion (see Eqns. (6a) and (6b)). These
terms are called drift terms. The right hand side is the
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collision term. It takes into account the changes of the
distribution function due to scattering processes.

2.1 Collision Term

The change of f(y, . ) caused by scattering proc-
esses may be subdivided as follows:

Scattering processes from electron state 7' to elec-
tron state y result in an increase of f(y, r, ?):

1o WL =) Py,

Scattering processes from electron state y to electron
state 7' result in a decrease of f{(y, r, 1):

Sl _f(“//)}P)Hv'

The factor f gives the probability that the initial state
is occupied whereas the factor (1—f") ensures that the
final state is empty. P,_,,s is the quantum mechanical
probability per unit time for the transition from the
state y to the state y’. It is expressed using first order
perturbation theory by Fermi’s golden rule

(15a)

(15b)

2n
Pry =25 S gy | o Hdl 7' P(Eyy — Eyy) (16)
vy

In this equation H;,, is the interaction Hamiltonian
between the Bloch electrons and the system (rest of
the solid) characterized by quantum states i and /.
gy is the probability that one finds the system in the
state . If a thermodynamical description of the sys-
tem is possible, this factor corresponds to the Boltz-
mann factor

e—/wa
8y = Z@fﬁE'/’ (]7)

whereby f is proportional to the inverse temperature:
p=1/(kgT) (kg is the Boltzmann constant, T is the
temperature). The collision term is now the sum over
all possible scattering processes which contribute to a
change of the distribution function at y:

(%2) - S P
( [1_ ( ]P*/ﬂ"} (18)

2.2 Thermal Equilibrium

The thermal equilibrium distribution function f is
characterized by a vanishing collision term:

( ) = LRGN AP
_fo( )[1 _fo( )]P;,-_,ﬂ/-r}:() (19)

Because this equilibrium condition must be fulfilled
for any interaction, it follows that each term of this
sum is zero and hence:

SOOI =foWIPy oy =S =fo()Pysy (20)

This equation allows the definition of a symmetric
equilibrium transition rate

Wy =fo(0)[1 = fo(N)IPy -y
=00 =/ )Py = Wy (21

which will be used in the treatment of the linearized
Boltzmann equation.

The thermal equilibrium distribution function f; is
the Fermi—Dirac function

1

eBE—n) +1 (22)

Jo(B(E; — W) =

characterized by a temperature 7 and a chemical po-
tential u. With this function we obtain from Eqn. (20)

the relation
PEPy ., =P, (23)

which has to be fulfilled by the transition probabil-
ities P,_,,» for any scattering process.

3. Linearized Boltzmann Equation

Assuming that there is simultaneously a time-inde-
pendent electric and magnetic field applied to the
system of conduction electrons we can make use of
the Lorentz force

;‘:—e(l;xé—i-;?) (24)
C

For this time-independent force we can look for a
time-independent distribution function /(7 , r) which
fulfils the Boltzmann equation (Eqn. (14))

f% (;, X
— e — 0
3,90, ) = (5) (25)

—

- o e— - R
B)'ka(“/, V)*%E-ka(”/, I‘)

As it is shown in Eqn. (18) the collision term depends
also on the distribution function.

3.1 Linearization of the Boltzmann Equation

Due to the external forces the local thermodynamical
equilibrium distribution function fo(y, T(¥), u(7)) is
disturbed. Assuming this distortion to be small we
can use

fOo, )Y =0, T(F), p(F) + £k, 7)  (26)
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The Boltzmann equation thus splits into equations of

zero, first, and higher order. Terms of higher than first

order will not be included in the further discussion.
The zero order equation reads:

— ) oy 8f
i BTt D= (%) @)

with the zero order collision term given in Eqn. (19).
A thermodynamic state characterized by a local tem-
perature distribution T(*¥) and a local chemical po-
tential u(7) has the undisturbed distribution function

- 1
So(y, 1)=———— (28)
eﬁ(r)[E,‘—u(r)] +1
and therefore Eqn. (27) is fulfilled since both sides are
Zero.
The first order equation reads:

—

vkﬁ)(% 7) + ;/ . vl:f()(yv 7)

I
/—\S'\N

%) Vo BV ) @)

with the first-order collision term
( ) = SR RO =R OROP =

—f1( M =LoONPyr + L0 )Pyy}
(30)

Equation (29) is frequently called linearized Boltz-
mann equation and it is used to calculate the linear
transport coefficients.

Using the symmetric equilibrium transition rate
from Eqn. (21) the linear collision term can be written
as:

S()

>\ _ A0 B |
(a[)cl_ Z{ (NI =f0)] () afo(v)}}W”""
(31)

Using for fy the local thermodynamic distribution
function given by Eqn. (28) we can calculate the gra-
dient of this function. The linearized Boltzmann
equation is then given by:

_Of, T) 5
JE, 7

o N Ev—ﬂa
)
B+ Vo + = V,TJ

eE’

o e e
- [a] C1+E(U;VXB) V/c]l(% r) (32)

We have assumed that a spatial variation of the tem-
perature 7'(¥) and the chemical potential p(7) are
represented by first-order terms.
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3.2 Operator Formalism

Instead of describing the distortion of the distribution
function by f; we use a function ¢, which is connected
to f; through the relation

fin 7= =P g0, 7)
— B, P Ao, PG F) (33)

Equation (31) is now used to define the linear colli-
sion operator C

>y g
co )= (% )
=B Z Wy
The second term on the right hand side of Eqn. (32) is

used in an analogous fashion to define a magnetic
operator Q:

Qp(y, 7):=

oG ) =90, T (34)

AL —=fo(r, 7))

Bl
oV, x B)-Vig(y, 7)) (35)

With these two operators the linearized Boltzmann
Eqn. (32) can be written in the short notation

_0/{0(?7 7) > v

(C+@9(, F) = —5, X (36)

with the general force X’ defined as

— — & =
X=eE +2 37
e TV (37)

and a modified electron energy

5 =FE —n (38)

4. Linear Transport Coefficients
Using Eqn. (26) we can calculate the stationary elec-

trical current density / and the stationary heat cur-
rent density J according to Eqns. (12) and (13)

=~y 20 FIHAG TAT, (5w

J(F) = Vol Zfo F)+fily, FIE, —n] v, (39b)

There is no contribution to both current densities due
to fo. Using the function ¢ (see Eqn. (33)) the
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expressions for the current densities are

" _ 8ﬁ)/7
(r)= Volz Oe,

s, T)  (40a)

foly, ¥) - —

R S n e ) ()

For the calculation of the heat current the modified

electron energy ¢, is used according to Eqn. (38). The

function ¢ obtained as a solution of the linearized

Boltzmannn equation (Eqn. (36)) can be written for-
mally as:

00, F) - 3

@y, 7)=—-(C+Q) 5o VX (4D

The current densities thus obtained are given by:

—

2 € 8f ”*,F)" 78]((1/’?)”
)= -y 3 B e B0,

(42a)

T o L aﬁ)(V? ?) e
J(r)—+VolZ Be (C+Q)™"!
L T) - 2

8& . (42b)

4.1 Phenomenological Transport Coefficients

Using the expression for the general force X (see Eqn.
(37)) these current densities are linear functions of the
general electric field strength £’ and the temperature
gradient V,T":

-

1()‘) =¢? IH(OO‘E-FEICB Eo] ‘6rT (433.)

—

j(’):—ekBTlHilo-E—k@TﬁH~€,,T (43b)

It is important to note that the coefficients K rep-
resent tensors which are functions of the external
magnetic field:

o 1 & \ohG, F) - o
K;i(B) = — — : Q
i(B) Vol £ (kBT) Oe, vy(C+Q)
o, 7) - (& Y
e, ""\ksT (44)

Equations (43a) and (43b) are now compared
with the phenomenological transport equations as

obtained in the scope of irreversible thermodynamics

E=5-1+8-V,T (45b)
J=0.1-71-V,T (45b)

The different transport tensors: electrical resistivity
3, thermopower §, Peltier coefficient I1, and ther-
mal conductivity 4 can now be written as:

7 (B) = 5(Koo(B) " (460)
S(B) = 2(Kuw(B) Ka(B)  (46)
H(B) = LK 0(B) - Ku(B) ' (d60)
1(B) = K3T[K 11 (B) ~ Kig(B) - (Koo(B)) ™" Koy (B)
(46d)

In the following we consider homogeneous materials
and therefore there is no r-dependence.

4.2  Relaxation Time Approximation

If we use for the collision term the relaxation time

approximation
g\ _ N
(@) 0

v

we see, that in this approximation the collision op-
erator C reduces to a factor:

_oh1

88 ‘L', (48)

Without a magnetic field the coefficients K;; are then:

v 1 &y " 6ﬁ)(y) -
Ki =7 ;(kBT) oe, Vv (@)

For an isotropic material (or a material with cubic
symmetry) these tensor coefficients are proportional
to the unit tensor

ﬁ,‘j = Kij 7 with K,"/ = %TI' I?,y (50)
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where
No(y) -, 1 o
Ky = - Al
0 3V0/ 6& oE e? / de Oe a(2)
(51a)
_ Afo(y) 72
Ror =K = 3VoleBT e, 1"
_ ] & (9f()
= —— [ de T 05 a(e) (51b)
! &\ 90 -
K= =375 Z<kBT) 9s, 1"
1 8f0 .

a(e) is a short notation for the energy-dependent
electrical conductivity defined by:

o(e):= 3V ;2 e)vlt,
2 ;5(6 —e&)0lT,
- — 52
BENZ 125(8 Y oe—c,) (52
N @',

The energy dependence of a(¢) derives principally
from the energy dependence of the density of states
N(e), whereas the mean value of v’t shows little var-
iation with energy.

Applying a series expansion

a(e) = a(0) +d'(0)e + - (53)

and taking into account only the leading terms it
follows that

electrical conductivity:

I
—/da 8—; a(e) = a(0)

thermopower:

7 a'(0)
=—— kT
S 3¢ B o

(54a)

(54b)

thermal conductivity:

k3T
3; a(0)

A= (54c¢)

In the expression for 1 the second term in the
square bracket of Eqn. (46d) has been neglected.
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From Eqns. (54a) and (54¢) the Wiedemann—Franz

law follows:

o
3e?

To = LyTo (55)

with L, the Lorenz—number

2k2
3e?

1
K
(

56)

V2 mW
_ 8 _ . .
Ly = =245x 107" — =245 mK uQem

4.3 Variational Principle

For the diagonal elements of the electrical conduc-
tivity and the thermal conductivity tensor it is pos-
sible to formulate a variational principle. If a finite set
of basis functions ¢,(y) (s=0, 1,...,r—1) has been
selected one can determine the distribution function
using this variational principle. The result can for-
mally be written as (Gratz et al. 1987)

—1 r—1

[C+Q R =" > o)
=0

K =0

C+Q] )

- o 56 (57

where h(y) denotes an arbitrary function. Note:
[C + Q] s the inverse of the matrix C + Q with the
matrix elements

(C+9Q), = VOZZ¢ NC+Qp,(y)  (58)

This matrix describes the effect of the sum of the
collision operator C and the magnetic operator Q on
the selected set of basis functions. Using Eqn. (57) for
the calculation of the coefficients KU (see Eqn. (44))
allows to calculate the transport coefficients (see
Eqns. (46a)—(46d)).

(a) Scalar transport coefficients

For a material with cubic symmetry or a polycrys-
talline sample the transport coefficients in zero mag-
netic field are scalars (see Eqn. (50)). Therefore the
tensor component (Kj;), . corresponds to the scalar

coefficient Kj;, which can be written as:

Kj=—Y M(C" (59a)
with
i 1 >y Iaf (“)
- Z(ﬁ) B ()8 ()
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The transport coefficients which then follow from
Eqns. (46a)—-(46d) are:

electrical conductivity:

o= e’Ky (60a)
thermopower:
kg Ko
S=—— 60b
¢ Koo (60b)
Peltier coefficient:
kgT K
Im=- — 60
e Ko (60c)
thermal conductivity:
KoK
h=IAT( Ky — 2220 (60d)
Koo

(b) The simplest variational approach

From the relaxation time approximation (Eqn. (48))
it can be seen, that the function ¢ (Eqn. (41)) is pro-
portional to v(y) or v.(y)e, depending on which ex-
ternal force is acting in the x-direction. If we operate
in a two-dimensional variation space with the two
basis functions

bo(7) = vx(), ¢1(7) = vx(7)ey (61)

the simplest result within the scope of the variational
approximation is obtained:

1

electrical conductivity: ¢ = *Kog = —e*h) =—— h) (62a)
00
.. 1
thermal conductivity: 1 = kyTKy = —kgThi o hi
1
(62b)
kg Koi kg h} Cor
th S == 62
ermopower e Ko e WG (62c)
where the inequalities

CooCni>CioCor, hy, hi>hy, b (63)

have been used.
The electrical and the thermal resistivity are then
expressed by:

lectrical resistivity: p = — = Coo (64
electrical resistivity: p 2 hgho 0 (64a)
thermal resistivity: W = 1 ¢ (64b)
T TR TR "

p and W are proportional to only one matrix element
of the collision operator C whereas in the expression
for the thermopower two matrix elements Cy;, Cyy
enter (see Eqn. (62c)). However, when multiplying W
and S, the product contains only one matrix element

1 |

WS=———0C 65
ekgT /18h{ ol (65)

4.4  Sum Rules

If there are two or more independent scattering
mechanisms (e.g., A and B) for the Bloch electrons
then the transition probabilities can be added. In
terms of the collision operator this can be written as:

CAB =y B (66)
For the relaxation time approximation it follows
from Eqn. (48) that:

1 1 1
A AT (67)

where t*® denotes the total relaxation time.

Since the electrical and the thermal resistivity
(Eqns. (64a) and (64b)) are proportional to the col-
lision operator, the sum rules for p and W are:

pAB(T) = pN(T) + p(T) (63a)

WAB(TY = wA(T) + wB(T) (68b)

or

L B
BTy AT AB(T)

Equations (68a) and (68b) are known as Matthi-
essen’s rules. Even if more than two scattering
mechanisms exist Matthiessen’s rule is applicable,
provided the different scattering processes are inde-
pendent.

For the thermopower no such simple relation ex-
ists, however from Eqn. (65) it can be seen, that for
the thermopower S multiplied by thermal resistivity
W a similar rule follows:

WAB(T)SAB(T) = wA(T)SMT) + WB(T)SB(T) (69)

Inserting Eqn. (68b) than gives the Kohler rule for
the thermopower:

WA(T
) sz )
+ W) SHT)  (70)

WA(T) + WB(T)

It follows from this equation that the thermopower
AB . ot
S™” in the presence of two independent scattering
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processes lies between the thermopowers S* and S®.
The weighting factors depend on the respective ther-
mal resistivities. The thermal conductivity is fre-
quently not known, and there is the additional
problem in determining the contribution of the lat-
tice thermal conductivity. However, it is possible to
replace the thermal resistivities in Eqn. (70) by the
electrical resistivities using the Wiedemann—Franz
law (Eqn. (55)):

pB(T)

AB N pA(T)
$TI) = AT + p3(T)

A
AT S D

S¥(T)
(71)

This is the well-known Nordheim—Gorter rule.

5. Scattering Mechanism

Three of the most important scattering mechanism
will be considered in the following: elastic potential
scattering, inelastic phonon scattering, and magnetic
scattering.

5.1 Potential Scattering

Since these scattering processes are elastic, no energy
transfer from the conduction-electron system to the
scatterer takes place. Such scattering may occur from
dislocations, foreign atoms and grain boundaries.
However, if the material includes magnetic moment
carrying atoms also, a disorder in the static moment
arrangement will contribute to these scattering
mechanism.

The transport coefficients due to this kind of
interaction are given by

po(T) = Cj (72a)
Wo(T) = C/T (72b)
So(T) = —CT (72¢)

where the different constants C, are temperature in-
dependent (the subscript 0 characterize potential
scattering and the suffices p, w, and s the type of
the corresponding transport coefficient). The con-
stants Cfj and Cy are proportional to the interaction
strength (this means the electrical and thermal resis-
tivity becomes lower for a smaller interaction
strength). This is not the case for the constant C of
the thermopower (the thermopower must not become
lower if the interaction strength decreases). The sim-
plest approximation for this constant is given by

7'Cde

C) = —In
07 3e| de

() (73)
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whereby the energy dependence of the square of the
electron velocity is given analogous to Eqn. (52) by
the equation

(e —e) v
2 —
vo(e) == Zé(s—s},) (74)

In the schematic pictures shown below the tem-
perature variation of pg, Wy and Sy is depicted to-
gether with p,, W, S, and p,,,, W,,, S,,, the subscripts
p and m referring to phonon and magnetic scattering.

5.2 Phonon Scattering

Using the Debye model to describe the lattice dy-
namics, the simplest results (Gratz and Nowotny
1985) for the transport coefficients are (in what fol-
lows the subscript p denotes phonon scattering)

pp(T) = CJTF)(©p/T) (75a)
Wy(T) = G F,(6p/T) (75b)
S)(T) = =T(CY F;(®p/T) + CEG(Op/T))  (75¢)

where the different constants C, are again tempera-
ture independent (because the formula for the
thermopower consists now of two terms, the suffix s
is extended to sf or sg, corresponding to the function
F or G). The functions F, and G, are given by

FY(x) = J5(x) (760)

FY(x) = Js(x) + % 2 (JS (x) — gh (x)) (76b)

(76¢)
1
p W(y) —
G,(x) = ) (F)(x) + F,(x) — 2F(x)) (76d)
where the generalized Debye integrals J,(x) are
n—1
St / o sy ()
and the function F(x) is
_ I, x?
F(x) = (1 +z >—(ex i (77b)
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The functions F)), F); and F}, are normalized, hav-
ing the limit one for very high temperatures, whereas
G, vanishes in the high temperature region (see insert
in Fig. 3).

The temperature dependence of the electrical resis-
tivity p, given in Eqn. (75a) corresponds to the well
known Bloch-Griineisen law. The constant C) in-
cludes the electron—phonon coupling constant, the
atomic masses of the different types of atoms and
the characteristic temperature ®p for the phonons.
From Eqn. (75a) (together with Eqns. (76a) and
(77a)) it follows for the low and the high temperature
region

pph(T)ocC{,’T5 for T<@®p (78a)

pp(T) = C4T for T>®p (78b)

The derivation of these equations is based on the
assumptions that the Boltzmann formalism is appli-
cable. Basically this means that the scattering events
are separated spatially by a sufficient numbers of
wavelengths of the conduction electrons so that an
electron recovers from a previous collision before
experiencing the next one. Another important sim-
plification is the assumption that the Debye model
for the description of the phonon dynamics is valid.
Therefore one of the parameters in the theoretical
model calculation is the Debye temperature Op,
which can most easily be obtained from a fit of
the Bloch—Griineisen law to the resistivity data (for
examples see Intermetallic Compounds: Electrical
Resistivity).

The thermal resistivity due to the electron—phonon
scattering given in Eqn. (75b) corresponds mainly to
a formula obtained by Wilson (see e.g., Ziman 1962).
For the low and high temperature ranges the thermal
resistivity follows simple relations:

W,(T)oc C) T for T <Op (79a)

W,(T) = C, for T>0p (79b)
For the high temperature region the Wiedemann —
Franz law follows from these equations.

The temperature variation of the thermopower its
not as simple as for the electrical and thermal resis-
tivity even for simple nonmagnetic compounds, since
the thermopower can take positive or negative signs
depending on temperature. This is because its sign is
determined by the conduction electron properties at
the Fermi level. The parameters CY and C}¥ are pro-
portional to the energy derivative of the velocity and
the density of states of the conduction electrons at the
Fermi level:

d d
sff 2 g
(& ocdglnv (¢), C, ocdglnN(e) (80)

The calculation of S,(T) requires the knowledge of
these two model parameters (Durczewski and Aus-
loos 1996).

5.3 Spin-dependent Scattering Mechanism

For a magnetic RE-compound the existence of scat-
tering processes of the conduction electrons on the
localized 4f spins of the RE-ions has to be taken into
consideration. We will describe a ferromagnetic sys-
tem of localized 4f-moments by a Heisenberg-Ham-
iltonian in the molecular field approximation and the
magnetic scattering processes between the conduction
electrons and the localized 4f moments by a s-f in-
teraction Hamiltonian. When neglecting a possible
influence of the crystal field or short range correla-
tions, one obtains after some simplifications the fol-
lowing magnetic contributions to the electrical
resistivity, the thermal resistivity, and the thermo-
power (the subscript m denotes magnetic scattering):

pu(T) = CLEL(T/Te) (81a)
Win(T) = CoE(T/T)/T (81b)

T, represents the ferromagnetic ordering tempera-
ture (Curie temperature). Above T, the function G,
vanishes and the functions F,, F,, and F;, are equal
to one (see inset of Fig. 3). Within this paramagnetic
region (7> T,) the magnetic scattering processes are
called spin—disorder scattering. The results for this
spin—disorder scattering are similar to those for po-
tential scattering because of the elastic nature of these
interactions:

pxpd(T) = Cill)1 (82‘1)
Wya(T) = C,,/T (82b)
Sya(T) = —Cyi T (82¢)

In the ferromagnetic region (7<7,) the magneti-
zation M(T/T.) mostly determines the temperature
dependence of the transport coefficients. This mag-
netization is proportional to the average value of J.
given in the molecular field theory by

Iy = B, (2) (83a)
where Bj is the Brillouin function for localized spins
with the fixed total momentum J

:2J+l Oth2J+1 1

1
37 [¢ 37 x—ﬁcothﬁx

By(x) (83b)
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and 7 is a function of the reduced temperature 7/7,
determined by
2J+1) T

- (83c)

B;(2Jy) = 3 T

The functions F%,, Fl, F and F are given by:

Fi(T/T.) = R)(T/T.) (84a)
Fy(T/Te) = RY(T/T.) + R;(T/T.) (84b)
5 RY(T/T,)
Fo(T/Te) = R(T/T) + RA(T/Te) (84)
5 RI(T/T,)
G(T/T.) = RIT/T.) + R(T/To) (84d)

with the abbreviations

RUT/T,) = (<J§> 152 ;) (85a)

JU+1)

RY(T/Te) =

4 1
— 85b
n2 J(J+1) sinh?y (850)
whereby <(J.) is given by Eqn. (83a), n has to be
determined from Eqn. (83c) and (J2) is given by

Iy =J(J + 1) — {J. ycothy (85¢)

The parameters C, and C5¢ are again proportional
to the energy derivative of the velocity and the den-
sity of states at the Fermi level (see Eqn. (80)). Below
T., S,(T) can show a maximum, whereby the mag-
nitude of the max1mum strongly depends on the ratio
of the parameters C3, and C:% (see Fig. 3). It should
be noted, that such a maximum (or minimum) ob-
served below T, in magnetically ordered materials is
caused by the inelastic spin flip scattering of the con-
duction electrons. Such a behavior has sometimes
been interpreted to be a drag effect (magnon drag,
phonon drag; hereby magnons and/or phonons are
taken along with the conduction electrons). Such
drag effects may have some influence at very low
temperatures, but each maximum (or minimum) in
the temperature dependence of the thermopower is
not an indication of a drag effect.

The contribution to the total electrical or thermal
resistivity depends strongly on whether the material is
magnetically ordered or is in the paramagnetic state.
If the magnetically ordered state is not ferromagnetic
no general rules can be given for the electrical resis-
tivity or for those of W and S since the magnetic
order in general can show a complex non collinear
arrangement of the spins (see also Localized 4f and 5f
Moments: Magnetism). Mainly at low temperatures
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the temperature variation is sensitively dependent on
the spin dynamic which itself might be very complex
in an antiferromagnetic ordered state (this spin wave
scattering also occurs in ferromagnetic material and
is not included in the formulas given above).

In the following figures the temperature depend-
encies for the different contributions to electrical re-
sistivity, thermal resistivity and thermopower are
sketched.

1\ p/
g
=
? pspd
=
2
7]
&
g P, Pe
= /
]
=2
&= Po
1 2

Figure 1

The calculated temperature dependence of the electrical
resistivity for a magnetic compound is shown assuming
that the total resistivity is the sum of the residual, the
phonon, and the magnetic resistivity.

Thermal resistivity [a.u.] —=

Figure 2

The calculated temperature dependence of the electronic
thermal resistivity W due to impurity, phonon and
magnetic scattering (schematic). The total electronic
part of the thermal resistivity is the sum of the residual,
the phonon, and the magnetic thermal resistivity.
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Figure 3

The calculated temperature variation of the
thermopower S for a ferromagnetic compound due to
impurity, phonon, and magnetic scattering (the inset

shows the functions F;,, F), G, and G,

Fig. 1 shows schematically the temperature varia-
tion of the electrical resistivity due to potential scat-
tering (po), phonon scattering (p,) and magnetic
scattering (p,, and pgpq). The total resistivity piocar 18
the sum of the residual, the phonon and the magnetic
resistivity. That means we assume that Matthiessen’s
rule holds.

Fig. 2 shows in an analogous way to Fig. 1 the
temperature variation of the thermal resistivities W
due to impurity, phonon and magnetic scattering.
The total thermal resistivity W, is again the sum of
these three thermal resistivities (Matthiessen’s rule).

In Fig. 3 the temperature variation of the thermo-
power due to potential scattering (Sp), phonon scat-
tering (S,) and magnetic scattering (.S,,) are sketched.
The inset shows the functions F3,, F;. G, and Gj,.

6. Conclusion

In this section the electronic transport coefficients
(p, W, S and IT) have been considered in the scope of
the linearized Boltzmann equation. To use this clas-
sical formalism it is necessary that

(1) the conduction electrons can be desgribed by
Bloch wave-packets (characterized by y = k, n, 0)

(ii) scattering processes can be described as tran-
sitions from a state y into a state )’

(iii) the time in between two successive scattering
processes has to be long enough in order to establish
the formation of a wave packet.

From the latter point it follows that the mean free
path of a conduction electron has to be much longer

than the interatomic distances. This means that only
a limited number of collisions per unit time can be
experienced by an electron (for a normal metal this
gives an upper limit for the electrical resistivity of
about 200-300 uQ cm). If these conditions are not
fulfilled the classical treatment of transport phenom-
ena fails and a quantum mechanical consideration is
necessary (Kubo 1959). For an example, see YMn, in
Intermetallic Compounds: Electrical Resistivity. In the
scope of the Boltzmann formalism the external fields
change the distribution function which is used in or-
der to calculate the corresponding current densities
(see Eqns. (39a) and (39b)).

The linear relations between these current densities
and the external fields determine the linear transport
coefficients (see Eqns. (46a)—(46d)). The necessary
distribution functions were calculated as a solution of
the linearized Boltzmann equation. In this section,
two of the most simplest solution methods for the
Boltzmann equation have been discussed

(1) Relaxation time approximation

(ii) Variational method (however with only two
trial functions)

An important result of these simple approxima-
tions are the sum rules, since these rules are very
helpful for the analysis of experimental data (see
also Intermetallic Compounds: Electrical Resistivity,
Kondo Systems and Heavy Fermions: Transport Phe-
nomena). As independent scattering mechanisms, the
potential scattering, the phonon scattering and spin
dependent scattering are considered and the corre-
sponding temperature dependence of p, W and S are
outlined. In the figures these temperature dependen-
cies are schematically shown according to Eqns.
(72a)—~(72c) (potential scattering), Eqns. (75a)—(75c)
(phonon scattering) and Eqns. (81a)—(81¢) (magnetic
scattering).
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Bulk Magnetic Materials:
Low-dimensional Systems

The magnetism in space dimension D reduced to one
or two shows very interesting and nontrivial features
which result essentially from the enhancement of
both the thermal and quantum fluctuations. The
ground and excited states of low-dimensional mag-
netic systems appear more exotic as the spin dimen-
sion, n, increases (n=1, 2, or 3) and the spin value, S,
decreases (S:%, 1 ...). Thus, the largest effect is ex-
pected for the one-dimensional (1D) S :% Heisenberg
(n=13) system. The nature of the ground state also
depends strongly on the type of spin—spin couplings
which are involved (see Magnetism in Solids: General
Introduction): ferromagnetic, antiferromagnetic, or
frustrating, at short or long range. The most inter-
esting cases are predicted (and observed) for ex-
change interactions favoring antiferromagnetic or
frustrated spin configurations, this resulting from the
enhancement of quantum effects at low dimension.
As a direct consequence of the strengths of both the
thermal and quantum fluctuations in one or two di-
mensions, in most cases the spin system can no longer
develop a long-range ordering at finite temperature
and thus remains disordered down to T=0K.

This article outlines the main features of magnet-
ism at low dimension, emphasizing in particular the
role played by quantum fluctuations, frustration, and
doping.

1. Generalities and Definitions

A one-dimensional magnetic system is one in which
the spin interactions are strong only along a well-
defined direction in space, thus defining a quasi-iso-
lated chain of spins. When the spin interactions are
large along two directions in space and weak along
the third one, the spin system can be viewed as a
stacking of quasi-isolated magnetic layers. Figure 1
gives examples of 1D, 2D, and “intermediate” antif-
erromagnetic lattices. Figure 2 shows an example of a
spin-ladder spin-chain system (Sr;4Cu»404;). Follow-
ing the general theory of phase transitions (Domb
and Green 1972, 1976; Domb and Lebowitz 1983,
1988), a spin system at a given temperature 7 is
characterized by an order parameter which is gener-
ally defined as the thermal expectation value of the
spin S; at site 7, |{S;)>y|. The magnetic system
exhibits a phase transition towards long-range order-
ing if the order parameter becomes nonzero below
some characteristic temperature 7¢ called the critical
temperature.

Generally, the spin fluctuations are characterized
by the space- and time-dependent spin—spin correla-
tion functions:

G (1) = (SH(Ri,0)+S/ (R, 1) > (1)
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Figure 1
The n-leg antiferromagnetic spin-ladder system: the 1D-
2D crossover.
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Figure 2

An example of a low-dimensional system:
crystallographic structure of the spin-ladder dimer-chain
compound Sr;4Cus4Oy;.

where o and f label the various spin components.
Some experimental techniques such as NMR (Slichter
1990) or inelastic neutron scattering (INS) (Lovesey
1987) probe more or less completely the various
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dynamical structure factors $*%(q, ) which are noth-
ing else than the Fourier transforms of the spin—spin
correlation functions Gg-/j (1). The quantities S *#(q, )
contain all the physics of spin fluctuations and spin
excitations. They are related to the wave vector and
energy-dependent generalized susceptibilities 5**
(q, ®) through the well-known fluctuation—dissipa-
tion theorem:

L1 — exp(—ho/kT)SH (@, 0)  (2)

(g, 0) = -

Information on y*#(q, w) can be obtained from
various techniques such as susceptibility (3**(q=0,
7)), magnetization (M*(H, T)), specific heat (C(7)),
and ESR measurements (Abragam and Bleaney
1970). In the absence of long-range ordering, the
spin system is characterized in the direction v by a
length scale &,(T') (the correlation length), defined as
the average distance over which two spins are corre-
lated. &,(T) can be determined from INS studies of
the g-dependencies of the energy-integrated structure
factors:

Sia) = [ S.(a.0)do (3)

In the vicinity of a “classical” critical point (when
it exists), the quantities | <S;> r|, &(T), and y(7T) are
expected to exhibit power-law dependencies of
Tc—T:

1<Si>rloc(Te —T) (4)
T)oc(Tc—T)™" (5)
1(T)oc(Te —T)™ (6)

allowing one to define critical exponents f, v, and 7,
whereas at T the “instantaneous’ correlation func-
tion {Sp*S, ) should behave at large distance as 1/¢".

2. Critical Phenomena in Low-dimensional
Classical Systems

It is now accepted that the existence of a magnetic
phase transition at finite temperature depends in a
crucial way on both the space dimension (D) and spin
dimension (n). Following the usual terminology,
n=1, 2, and 3 correspond, respectively, to the so-
called “Ising,” “XY,” and “Heisenberg” models (see
Magnetism in Solids: General Introduction).

In the space dimension D=2, there exists a true
phase transition only for the Ising model (de Jongh
and Miedema 1974, de Jongh 1990). The general
characteristics of this phase transition depend only
weakly on the type of lattice under consideration,
even in the presence of “frustration’ (as in the case of
the antiferromagnetic triangular lattice (see Magnetic

Systems. Lattice Geometry-originated Frustration)).
Owing to the Ising character, the spin excitation
spectrum displays a gap A;x2zJS> (z being the
number of adjacent spins), whereas both the longi-
tudinal susceptibility and the specific heat follow
thermal activation laws (~exp(—A/kT)). Theoretical
predictions for the critical exponents of the 2D Ising
model for a square lattice (f=1/8, v=1, y=7/4, and
n=1/4) have been quantitatively verified by quasi-
elastic neutron scattering experiments on the proto-
type compound K,CoF, (Ikeda and Hirakawa 1974).
Figure 3 shows, for example, that the sublattice mag-
netization closely obeys the well-known Onsager
formula established for that model:

() o

M(T)
0

osk o (100),,
s (300),
02 .
oL —2DS- JTsing
ol v v 15y I h ]
0 50 100
Temperature (K)
Figure 3

Temperature dependence of the normalized magnetic
intensities in the two-dimensional Ising material
KQCOF 4.
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For such a systemi the magnetization M(7T) van-
ishes at kT-~1.8JS". For the frustrated antiferro-
magnetic triangular lattice, kT~ 1.5JS> is smaller,
reflecting closely the change of nearest-neighbor
number z.

For D=2, n=2 and D=2, n=3, no phase tran-
sition towards long-range ordering can exist, owing
to the increase of thermally activated spin fluctua-
tions: |{S;> | =0. For n=3, the correlation length
diverges exponentially as 7—0, according to the re-
lationship:

E(T)ocexp(cJS?/kT) (8)

where ¢ is a constant of the order of 2z. The spin
excitation spectrum of the 2D Heisenberg model is
gapless, and linear or quadratic in ¢, respectively, for
antiferromagnetic or ferromagnetic couplings. At
wave vectors ¢ smaller than some cut-off value
q. (roughly corresponding to the relationship
hw(q.)~kT), the spin dynamics become of the dif-
fusive type. The case D=2, n=2 is quite pathologic.

For the 2D XY model, there exists a very peculiar
phase transition (the so-called Kosterlitz—Thouless
(KT) transition) below some finite temperature Tt
towards a new ‘“‘topological” order (Kosterlitz and
Thouless 1973). The low-temperature phase is char-
acterized by the absence of long-range ordering to-
gether with a divergence of the spin susceptibility
(x(T) remains infinite down to 7'=0K). The instan-
taneous correlation function decays following a
power-law relationship:

{Sg*S, > oc /D (9)

where n(Txr)=kT/2nJS? (indeed defining a line of
critical points with n(Txr)=1/4 and Tkt =nJS?/2).
The physical origin of this nonconventional behavior
has been attributed to the existence in the low-tem-
perature phase of “‘topological” vortex—antivortex
pairs melting at the KT transition.

This gives rise to a very special temperature de-
pendence of the correlation length which behaves ex-
ponentially according to the well-known relationship:

b
T
T—C—l

E(T)ocexp (10)

where b = 11/v/2. At T~ 0K, the low-energy magnetic
excitation spectrum of the 2D XY model is gapless, as
expected for any quasi-isotropic system. It is, more-
over, linear in ¢ at small ¢ (even for the ferromagnetic
case), giving rise to a T2 term in the specific heat.
There are no good experimental realizations of the
classical D=2, n=2 and D=2, n=3 systems (de
Jongh and Miedema 1974, de Jongh 1990). For the
former case, this situation is mainly ascribed to the
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fact that the KT ground state is marginal and easily
destroyed by any small corrective term (interlayer
coupling or axial anisotropy), which should be in-
herent to all real materials. Both tend to induce a
long-range ordering when the temperature becomes
sufficiently low.

Experimental investigations exist for the quasi-2D
planar compounds K,CuF,4, Rb,CrCly, BaNiy(POy),,
or BaCo,(AsQOy), (de Jongh 1990), which give some
evidences for the exponential behavior of the corre-
lation length above Txrt. Concerning the 2D Hei-
senberg model, prototype systems like Rb,MnCly or
K>MnF, exist (de Jongh 1990). Unfortunately, they
all order at finite temperature owing to non-negligible
interlayer couplings and to the presence of a small
axial single-ion anisotropy term, preventing the ob-
servation of the true 2D behavior.

In the space dimension D =1, the strength of spin
fluctuations increases so much that no spontaneous
magnetization can appear down to 7=0K, even for
the Ising system (Steiner et al. 1976). For D=1,n=1,
the correlation length obeys the quasi-exponential
relationship:

a

S(7) = [In(tanh(JS2/kT))]|

(11)

where « is the intrachain spin—spin spacing. The ex-
citation spectrum has a spin gap, implying an expo-
nential decay of both the longitudinal susceptibility
7(T) and the specific heat C(T) at low temperature.
For D=1, n=2 and D=1, n=3, the correlation
length behaves linearly in 7 according to the simple
relationship:

ET) = &EJS(S+ 1)/kT (12)

where prefactors &, =2 and 1, respectively. The exci-
tation spectrum is gapless (hw(g)ocq at small ¢) for
both systems, a result again in agreement with the
isotropic character of this spin system. As for the 2D
case, there exists a cut-off wave vector g.~ &~ '(T) sep-
arating the diffusive regime from the quasi-propagat-
ing spin wave regime. The specific heat C(7) is linear in
T and y(7T) remains finite at low temperature.

One of the best prototypes of the classical Hei-
senberg chain is probably the manganese-based
(S=5/2) chain compound ((C,H3)4NH;)NMnCl,
(TMMC), which exhibits magnetic properties in very
quantitative agreement with the theoretical predic-
tions of that model. In particular the relevance of
nonlinear excitations (also known as solitons) in the
thermal properties (Mikeska 1980) has been clearly
demonstrated in TMMC by very comprehensive
NMR and INS studies as functions of temperature
and field (Regnault et al. 1982).

Indeed, in real materials there always exists either a
small interchain coupling (quasi-1D system) or a
small interlayer coupling J’' (quasi-2D system) which
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finally leads to the occurrence of a phase transition
towards a true long-range ordering at finite temper-
ature. Qualitatively, the critical temperature 7 can
be determined from the implicit relationship:

20/ S2EP(Te)~kTc (13)

which means that the phase transition takes place as
soon as the thermal energy is comparable to the ex-
change energy of adjacent correlated segments. For
the quasi-1D isotropic chain, this relationship gives:

kTcx28*/JT' (14)

For the quasi-2D Heisenberg system this implies a
logarithmic dependence on the ratio J'/J:

47 JS?

Terx—F—
M i)

(15)

The latter relationship explains why very good pro-
totypes of the ideal 2D Heisenberg and XY systems
are lacking (de Jongh 1990).

3. Effects of Quantum Fluctuations

Quantum fluctuations are expected to become strong-
er as the spin value, S, decreases from infinity (clas-
sical limit) to % (strongly quantum limit). However,
the space dimension, D, the number of adjacent spins,
and the sign of the intrachain or intralayer couplings,
J, also play an important role. Qualitatively, one
finds that the smaller D, the larger the quantum ef-
fects. Antiferromagnetic interactions are particularly
suitable for the existence of strong quantum fluctu-
ations, the more so if they are frustrating the spin
system. This is especially the case in the antiferro-
magnetic triangular lattice, for the J,—J, antiferro-
magnetic model of the square lattice, or in the J,—J;
S =1 antiferromagnetic chain.

3.1 The Two-dimensional Case

In space dimension D=2, for evident topology ar-
guments the predictions are not much different from
the classical case. The thermal behavior is qualita-
tively the same as to some renormalization of co-
efficients or prefactors. Thus, the 2D Ising model
exhibits a phase transition at finite temperature,
whereas the 2D XY model exhibits again the topo-
logical phase transition. For the 2D Heisenberg mod-
el, the ground and excited states correspond to the
so-called “‘spin-liquid” state, as far as the frustration
is absent from the problem. The predictions are qual-
itatively the same for both the ferromagnetic and the
antiferromagnetic system. Basically, the quantum an-
tiferromagnetic system exhibits no phase transition at
finite temperature and remains short-range ordered
down to T=0K. The temperature dependence of the

in-plane correlation length is again exponential, given
by an expression similar to that predicted for the
classical model (as to some renormalization of the
prefactors).

The excitation spectrum at 7=0K is gapless and
behaves linearly at small wave vector, hw,~ cg, with
a spin wave velocity, ¢, only slightly renormalized
with respect to its classical value. The best realiza-
tions of the 2D S :% Heisenberg antiferromagnetic
system are the two layered compounds La,CuOy,
(Tn=~320K, Jx~1500K) and YBa,Cu3;O4 (Tn=~
410K, J~1300K), well known for their very good
high T superconducting properties appearing upon
hole doping. In both materials, comprehensive INS
studies (Furrer 1998) have allowed an accurate de-
termination of magnetic excitation spectra and a
quantitative comparison with the main predictions
of the S=1 antiferromagnetic square lattice (in par-
ticular &(TY).

3.2 The One-dimensional Case

In space dimension D=1, the strength of quantum
fluctuations is considerably enhanced. The magnetic
behavior depends not only on the sign of the spin—
spin couplings, but also on the parity of the quantity
28+ 1. The case of the antiferromagnetic Heisenberg
chain is the most interesting because in that case the
magnetic properties are found to be very different for
2S+1even (S=13..)or2S+10dd (S=1,2...).

(a) The S:% antiferromagnetic chain

The main difference in comparison with the classical
system is seen in the excitation spectrum. As shown
from analytical as well as numerical calculations
(Steiner et al. 1976, Schulz 1986), the spin excitation
spectrum of the S=1 Heisenberg antiferromagnetic
chain consists of a continuum of triplet (S=1) exci-
tations limited on the low-energy side by the thresh-
old energy:

hoor (ge) = ngin(anca) (16)

and on the high-energy side by the threshold energy:
hwn(q.) = nJsin(nge.a) (17)

The excitation spectrum (unbound spinon contin-
uum (Schulz 1986)) is gapless and the ground state is
not ordered, even at T=0K. The equal-time spin—
spin correlation function behaves according to the
algebraic relationship <{SoS, ) oc (—)" In(n)/n, where-
as the magnetic susceptibility at very low temperature
remains finite and the magnetic specific heat is linear
in 7. The most important predictions of the S :%
Heisenberg antiferromagnetic chain have been quan-
titatively verified in the two prototype materials
CuCl,*2N(CsHs) (CPC) (Endo et al. 1974) and
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KCuF; (Tennant et al. 1993). Figure 4 shows, for
example, the dispersion relationship along the chain
axis and the wave vector dependence of the energy-
integrated intensity in CPC, both found to be in good
quantitative agreement with the corresponding theo-
retical predictions.

The S=1 Heisenberg antiferromagnetic chain in
the presence of non-negligible spin—lattice interac-
tions shows a quite different behavior. As shown by
Pytte (1974), the strong 1D spin fluctuations induce a
lattice instability (indeed a dimerization) below a
well-defined temperature, Tsp, called the spin-Peierls
transition temperature. As a consequence of the

n /2 0

18F CPC
T=13K

2 b
q.C

Integrated intensity (arb. unit)

0 | | | ]
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g(rl.u.)

Figure 4

Wave vector dependence of the energy-integrated
intensity in CPC. Comparison with the theoretical
prediction for the S:% Heisenberg antiferromagnetic
chain.
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presence of alternating couplings induced by the
dimerization, the ground state of the spin-Peierls sys-
tem is a nonmagnetic singlet (S=0) state. It is well
separated from the first excited triplet (S=1) states
by a gap energy of Asp~ 1.75 kTsp, directly related to
Tsp through a Bardeen—Cooper—Schrieffer (BCS)-
type relationship, as in phonon-mediated supercon-
ductivity. Under an applied magnetic field, the triplet
excited states are linearly split by the Zeeman effect
into three components of energy A,~Agp+ vgupH,
with v=—1, 0, 1.

Above a critical field H.~0.84Agp/gup, the spin-
Peierls system undergoes a first-order phase transi-
tion towards a new incommensurate magnetic phase
which can be viewed as a regular stacking of undis-
torted regions magnetized along the field direction
and distorted nonmagnetic regions (defining the so-
called soliton lattice structure). The period, L, of the
soliton lattice is directly controlled by the homoge-
neous magnetization, M, according to M= puga/L.
This relationship means that each soliton bears a to-
tal spin % The major predictions of the standard spin-
Peierls model (lattice distortion, singlet ground state,
gap in the excitation, high-field incommensurate
phase, etc.) have been quantitatively verified in sev-
eral good prototype compounds such as TTF-Cu-—
BDT (Tsp~12K) (Bray et al. 1975) or CuGeO;
(Tsp~ 14 K) (Hase et al. 1993, Boucher and Regnault
1996). As an example, Fig. 5 shows the temperature
dependence of the static susceptibility in CuGeOs,
which confirms the spin-Peierls scenario.

Magnetic susceptibility (10" emu/mole)

O b

0 50 100 150 200

Temperature (K)

Figure 5

Temperature dependence of the magnetic susceptibility
along the crystalline directions a, b, and ¢ (chain axis) in
the S:% spin-Peierls compound CuGeOs.
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(b) The S=1 antiferromagnetic chain

The spin S=1 Heisenberg antiferromagnetic chain
displays quite different magnetic properties. As
shown by Haldane (1983) and Affleck (1990), for a
spin S=1 the ground state is a nonmagnetic singlet
ground state well separated from the first excited tri-
plet states by a large energy gap Ax0.41J, where J is
the intrachain coupling constant. Contrary to the
S:% Heisenberg antiferromagnetic case, the spin—
spin correlation function behaves exponentially:

xXp(—n

(SuSy) o (—)”% (18)
with a correlation length & which is directly related to
the gap energy A by the relationship £~ ¢/A, with
c~x2.7Ja (c being the spin wave velocity for the mod-
el). As a consequence of the spin-gap opening, both
the susceptibility and the magnetic specific heat van-
ish exponentially at low temperature, according to:

exp(—A/kT)

2(T)oc Wi

(19)

and
C(T)oc Texp(—A/kT) (20)

In agreement with numerical calculations, the cor-
relation length of the S=1 chain remains finite at
T=0K (£~6.5a). Under an applied field the Hal-
dane ground state disappears at a critical field H.~
A/gug, above which a more conventional magnetic
phase is recovered. Experimentally, the nickel-based
organic compound Ni(C,HgN,),NO,CIO4 (NENP) is
probably the best and most studied prototype of the
Haldane gap system. In this material, the large Hal-
dane triplet is split into three components by the
presence of an intrinsic orthorhombic single-ion an-
isotropy. Macroscopic as well as microscopic meas-
urements have clearly demonstrated the existence at
low temperature of a Haldane phase and the opening
of three quantum gaps (Renard et al. 1987). Figure 6
shows, for example, the disappearance of the static
magnetic susceptibility along the three main cry-
stallographic directions in NENP, a clear signature of
the existence of both a singlet ground state and a spin
gap at low temperature.

For a larger spin value S, the Haldane gap vanishes
exponentially according to the semiclassical relation
A=x2JS exp(—=nS) (Haldane 1983, Affleck 1990) and
the quantum fluctuations are not strong enough to
prevent the interchain couplings from inducing a 3D
long-range order.

3.3 The Spin-ladder System
At the crossing between chain and plane (see Fig. 1),

the n-leg S :% ladder system displays quite interesting
magnetic properties, depending drastically on the

i I | | T T T

NENP

7~m(10‘3 emu)

Temperature (K)

Figure 6

Temperature dependence of the magnetic susceptibility
along a, b (chain), and ¢ axes in the quasi-1D S=1
antiferromagnetic chain compound NENP.

parity of n, the number of legs. As in the purely 1D
case, the most pronounced effects are expected when
the spin couplings are antiferromagnetic, both along
the legs and the rungs. For n odd, the spin system
behaves like the S :% chain: gapless magnetic ground
state and power-law decay of spin—spin correlation
functions. For n even, the spin system exhibits a
nonmagnetic singlet ground state separated from the
first triplet states by a gap energy A ocJ exp(—n) and
behaves like a Haldane system (Dagotto and Rice
1996). The largest quantum effect is predicted for the
two-leg (n=2) antiferromagnetic ladder with a gap
energy amounting to about 0.53J. Basically, the sin-
glet ground state results from the formation of
strongly coupled S=0 dimers along the rungs. The
main interest of the two-leg spin-ladder system is in
the very interesting conducting properties supposed
to appear upon charge doping (e.g., hole doping). As
shown theoretically (Dagotto and Rice 1996), if the
antiferromagnetic couplings along the legs and the
rungs are strong enough to cancel the Coulomb re-
pulsion, the charge carriers tend to be confined to the
rungs, leading to an anisotropic pairing mechanism
of charge carriers of d-wave symmetry, very reminis-
cent of that existing in high T superconductors.
Experimentally, the n-parity effect has been unam-
biguously observed from susceptibility measurements
in the series Sr,_;Cu, 0,5, (Azuma et al. 1994).
In agreement with theoretical studies, SrCu,0O; (a
two-leg ladder compound) exhibits a susceptibility
vanishing exponentially at low temperature, charac-
teristic of a spin-gap opening. In contrast, Sr,CuzOs
(a three-leg ladder compound) displays a finite
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Figure 7

A typical INS result showing the presence of a gap in the
magnetic excitation spectrum of the S=1 two-leg spin-
ladder dimer-chain material Sr;4Cuy4O.,.

susceptibility at T=0K, characteristic of a gapless
system. The existence of the singlet ground state and
the spin gap has been seen in the insulating ladder
cuprate Sr;4Cu,4O4; from comprehensive NMR
(Kumagai et al. 1997) and INS studies (Eccleston
et al. 1998). This compound is very interesting be-
cause its crystallographic structure (see Fig. 2) can be
described as a stacking of magnetically inert Cu,O;
two-leg ladder layers and CuO, chain layers, sepa-
rated by strontium layers (forming a so-called ““‘com-
posite” structure).

Figure 7 shows a typical INS experimental result
obtained for a single-crystalline sample, demonstrat-
ing clearly the presence in this material of a forbidden
energy window below 33meV. Interestingly, the
chain subsystem contains a large amount of intrin-
sic quasi-ordered holes (~0.6/Cu) and plays the role
of charge reservoir. When substituting calcium for
strontium, a part of these holes is released to the
Cu,05 ladders, and the new material (of chemical
formula Sry4_,Ca,Cu404;) undergoes an insulator—
metal transition at ambient pressure and finally a
nonconventional superconductivity is induced under
pressure. For calcium content of x=13.6, the super-
conducting transition temperature 7 reaches a max-
imum value of 10K at 30 kbar (Uehara et al. 1996,
Mayaffre et al. 1998).

4. Effects of Impurities

Chemical substitution takes on different aspects
depending on the substituted element. In the most
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frequent case, a part of the magnetic ions in the par-
ent material is replaced by magnetic or nonmagnetic
elements of the same chemical nature (e.g., substitu-
tion of zinc for copper or nickel for copper). The
magnetic properties of the doped system will depend
on several factors, among which is the nature of the
ground state (long-range ordered or quantum disor-
dered), the space dimension of the lattice (D=1 or
D =2), and the nature of the impurity itself (valence
state, spin). In some cases, the substitution leads to a
real charge doping and the formerly insulating ma-
terial acquires a metallic character and superconduc-
tivity can even occur.

4.1 Dilution by Magnetic or Nonmagnetic Impurities

The introduction of randomly distributed impurities
breaks the regular network of exchange links cou-
pling the magnetic ions. The effect is particularly
dramatic for a 1D system because the impurity cuts a
chain more or less completely, depending on its spin
value. Obviously, the topology of the parent lattice
plays a large role. The size of the region disturbed
around the impurity will also depend on the strength
of quantum fluctuations. The strongest effects are
again expected for the S :'5 spin-Peierls system or the
S :% alternating antiferromagnetic chain, two sys-
tems exhibiting a singlet ground state and a spin gap.
In the gapless quasi-1D or quasi-2D systems, the
main effect of impurities is to reduce the correlation
length (and thus the 3D ordering temperature) and to
bring an additional 1/T contribution to the suscep-
tibility (assuming noninteracting impurities, which is
the case if the impurity density, #;, is small). This is
easily understandable by assuming that the impurity
is “dressed” by a magnetic defect of finite size.

Within this picture, the correlation length at low
temperature is mainly controlled by the impurity—
impurity distance ;. This distance is directly related
to n; by the geometrical relationship d;~a/n'?. At
finite temperature, both the impurity and tempera-
ture effects are at first order additive:
ENm, T)~d " 4 &,1(T). Both the magnetic defects
created around each impurity and the intradefect
correlated segments contribute to the spin dynamics.
At low temperature, quasi-propagating damped spin
wave modes exist for wave vectors larger than a cut-
off value ¢.~2n/d;, whereas at low ¢ a diffusive qua-
si-elastic mode appears. This classical behavior has
been quantitatively observed in the S=5/2 Heisenb-
erg antiferromagnetic chain compound TMMC
slightly substituted with copper for manganese
(Dupas and Renard 1978).

The case of strongly quantum antiferromagnetic
chain systems displaying a spin gap A is less intuitive.
Basically, in such systems the correlation length of
spin fluctuations is strongly reduced by the quantum
fluctuations and remains finite at 7T=0K (Exc/A,
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where ¢ is the spin wave velocity, i.e., typically
¢~(3—T7)a depending on the particular system). The
main role of impurities is to suppress the quantum
fluctuations and thus the doped system recovers a
more conventional magnetic behavior, with spin ex-
citations appearing in the gap. In some cases, simul-
taneously with the destruction of the singlet ground
state, a true long-range ordered antiferromagnetic
phase occurs, coexisting with the singlet phase. This
puzzling result (order by disorder!) is attributed to the
fact that around each impurity a magnetic defect is
formed (a soliton in this case) developing a staggered
magnetization S(R;) and extending over a character-
istic length scale of the order of the quantum corre-
lation length ¢&.

Each soliton bears a total spin 1 which can be de-
tected, for example, by susceptibiiity or ESR meas-
urements. Such a scenario has been observed in the
S =1 Heisenberg antiferromagnetic chain compound
NENP doped with a small amount of copper or
cadmium. The case of the spin-Peierls compound
CuGeOs; is even more interesting. For this system, the
substitution of a small amount x of silicon for ger-
manium or y of zinc for copper is enough to consid-
erably reduce Tsp (ATsp/Tsp~—35x for silicon
doping), meaning that the coherence length of the
dimerization associated with the spin-Peierls transi-
tion decreases strongly, even at small doping. Neu-
tron diffraction measurements reveal the presence of
a true long-range ordered antiferromagnetic phase
coexisting with the short-range dimerized phase
(Fukuyama et al. 1996, and references therein). An
explanation has been proposed for such a coexistence
based on the solitonic model (Fukuyama et al. 1996).
Doping by zinc or silicon has qualitatively the same
effect: that of modifying locally the magnetic cou-
plings, either by breaking completely the exchange
links (zinc doping) or by changing the value and/or
the sign of J (silicon doping).

Topological solitons bearing a total spin § are cre-
ated around each impurity. These objects are asso-
ciated with weakly distorted regions extending over a
length scale ¢ and cut the nonmagnetic distorted
chain segments of characteristic length ~a/x (this
value corresponding roughly to the average soliton—
soliton distance). For x large enough, the solitons
overlap and the phase can propagate, giving rise to
the nonzero staggered magnetization detected by
neutron diffraction. Such coexistence is indeed a gen-
eral feature of low-dimensional systems. It has also
been observed in doped spin-ladder materials.

4.2 Charge Doping

In the doping mechanism previously considered, the
substitution between chemical elements having the
same valence states (e.g., Zn> " for Cu®") does not
change the global charge balance. In most cases the

material remains electrically inert. However, there are
systems for which the substitution of elements of dif-
ferent valence states generates charge carriers in the
material. This is, for example, the case when substi-
tuting Sr*" for La’" in the “high T¢” material
La,CuQ,, for which holes are created in the CuO,
planes. In some other cases, the host material con-
tains intrinsically an amount of charge carriers (holes
or electrons) confined to crystallographic entities
playing the role of a charge reservoir. This is the case
in the quasi-2D material YBa,Cu3O¢ ., , (YBCO) or,
as previously seen, in the spin-ladder compound
Sr14Cuy40y4, for which the charge carriers (indeed
holes) are confined to the CuO chain layers. The
change in oxygen content for the former or the sub-
stitution of calcium for strontium for the latter in-
duces a charge transfer and some holes are released,
respectively, in the CuO, planes and in the Cu,O;3
ladders, which become metallic. The superconductiv-
ity can occur either at ambient pressure (as in YBCO)
or under strong pressure (as in the ladder com-
pound). The presence of holes in the CuO, or Cu,O3
layers not only affects the exchange links but also
distorts the surrounding lattice, thus creating mag-
netoelastic defects (usually called polarons). As in the
previous case, the magnetic coherence length should
reflect directly the hole-hole distance, ~a/./m,
where n;, is the hole density, whereas the spin dy-
namics should be analogous to that of the diluted
system (assuming ny, is sufficiently small).

The presence of such large-size magnetic defects is
the origin of the strong decrease of 7 which is ob-
served in the high T¢ cuprates upon doping, just be-
fore entering the metallic regime. As shown from
comprehensive neutron scattering investigations in
LSCO and YBCO, the antiferromagnetic long-range
ordering disappears for a hole density as small as
2-2.5% hole Cu~'. Above this critical value, the pre-
viously gapless excitation spectrum starts to develop
a spin gap directly related to the superconducting
order parameter. In this nontrivial regime, a clear
non-Fermi liquid behavior is observed which origi-
nates from the existence of strong antiferromagnetic
(more or less incommensurate) correlations persisting
in the superconducting state (Furrer 1998).

5. Conclusion and Perspectives

The magnetism in low-dimensional systems often
shows quite nonconventional features resulting in a
large part from an increase in both the thermal and
quantum fluctuations. The general properties of a
given material depend on the subtle balance between
several factors: the spin fluctuations and magnetic
correlations, the (more or less dynamical) charge or-
dering, and the spin-lattice or electron—lattice cou-
plings. Depending on their relative strengths, quite
different ground states can be realized (e.g., insulating
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long-range ordered, nonmagnetic singlet, spin-liquid,
Liittinger-liquid, and superconducting ground states).
In most cases, the magnetic behavior can be well de-
scribed by considering spin Hamiltonians involving
only the spin degrees of freedom. However, there is a
tendency to reconsider the role played by the orbital
degrees of freedom in the strongly correlated electron
systems. Techniques probing directly both the spin
and orbit correlations (such as spherical neutron
polarimetry or polarized x-ray resonant magnetic dif-
fraction) should bring particularly relevant informa-
tion for the understanding of the roles played by the
spin and orbital ordering.
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Coercivity Mechanisms

Since the early days of the commercial use of per-
manent magnets (PMs) the coercive field has been a
topic of theoretical discussion concerning its quanti-
tative interpretation (Becker and Doring 1939,
Kersten 1942). With the development of the theory
of micromagnetism in the 1930s and 1940s the basic
concepts became available for a quantitative treat-
ment of magnetization processes and of the hysteresis
loop. At the beginning of the twentieth century the
application of magnetic materials was mainly based
on iron, cobalt, nickel, carbon steels, and natural iron
oxides such as magnetite (Fe;04). As a consequence
of the quantum theoretical interpretation of spin or-
der by Heisenberg, Bloch, and Néel, combined with
the development of the theory of micromagnetism
by Landau and Lifshitz (1935), Becker and Déring
(1939), and Brown (1945), a more systematic tailor-
ing of magnetic materials became possible. The
characterization of the constitution and of the
microstructure allowed an analysis of the microstruc-
ture—property relationships. The development of
high-permeability, high-coercivity, high-remanence,
giant-magnetoresistive, and giant-magnetostrictive
materials combined with suitable electrical and me-
chanical properties has influenced the whole field of
magnetic devices ranging from the energy technique
to high-density recording systems.

The hysteresis loops of these high-quality magnetic
materials are characterized by three main parameters:
coercive field, H., remanence, J;, and initial suscep-
tibility, yo (see Magnetic Hysteresis). In particular,
nanocrystalline alloys have become the leading mate-
rial for high-technology applications. These applica-
tions, the applied experimental techniques, and the
underlying physical effects are summarized in Table 1.
In all these materials the coercive field is the basic

Table 1
Nanocrystalline, high-quality magnetic materials.

property that should be either very large for perma-
nent magnets or extremely small for high-permeability
or sensor materials. For high-density recording sys-
tems H, values of 100-200kAm ' are used. The
characteristic parameters of the hysteresis loop de-
pend on the main intrinsic material parameters, such
as the spontaneous polarization, Js= oM, (Ms=
magnetization, puo=4nx 107’ VsA~'m™"), the mag-
netocrystalline constants, K; and K, (see Magnetic
Anisotropy), and the magnetostriction, A. Further-
more, the microstructure has a strong influence on H,
and yo. The important role of the anisotropy constant
K is demonstrated by Fig. 1 where the dependence of
H. of different prominent material groups is presented
schematically as a function of K;. Here the coercive
field varies over eight orders of magnitude from
10"Am™" up to 10’ Am™"'. This very large range of
variation is due to the large variations of K; and the
microstructures with length scales varying from nano-
to centimeters. The main mechanisms governing the
coercive field are nucleation and domain wall pinning
processes. Sometimes also combinations of rotation
and nucleation processes exist. In the following the
micromagnetic backgrounds of nucleation and pin-
ning in inhomogeneous regions are reviewed.

1. Brown’s Paradox on and the Role of
Microstructures

The ideal coercive field of an ellipsoidal, single-domain
uniaxial particle for a uniform rotation process
(Brown 1963) is given by the so-called nucleation field:

2K,

A (N —N1)Js )

toHN = poHe =

According to Eqn. (1), H. is independent of the size
of particles but depends only on the shape via the

Application

Experimental technique

Physical phenomena

High-coercivity—high-remanence
magnets: H.>1.5T; J,>1T
High-permeability—high-remanence
magnets: J,>1T; u>10°
Giant-magnetostrictive
alloys 2>10"*
Giant-magnetoresistive alloys AR/
R>50%
High-density recording: >1Gbcm™

Laser ablation

2

Nanocrystalline melt-spinning
Mechanical alloying
Nanocrystalline melt-spinning
Amorphous crystallization
Ton d.c. sputtering

Multilayers Ion d.c. sputtering Self-
organization of substrates and

High anisotropy Intergrain exchange
coupling

Low anisotropy Random anisotropy
effect

Single ion anisotropies of 4f electrons

Double exchange Magnetic phase
transition

Single-domain granular systems
Perpendicular anisotropy

particles on substrates
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Schematic plot of coercive field H, vs. crystal anisotropy
K, for prominent soft, hard, and extremely hard
magnetic materials.
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Figure 2
Ratio HZ*P/Hy of permanent magnets developed since
the 1950s.

demagnetization factors Ny and N, parallel and per-
pendicular to the easy axis. The coercive fields pre-
dicted by Eqn. (1) so far have not been realized for
technical materials. Only in the case of elongated iron
whiskers could the theoretical values of the curling
mode be approached (Luborsky and Morelock 1964).
According to Fig. 2, for the most prominent PMs only
20-30% of the theoretically predicted coercive field
could be realized for many years. It is now generally
accepted that this discrepancy has to be attributed
to magnetic imperfections that lead locally to a drastic
reduction of the ideal nucleation field. The main
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sources of this phenomenon, originally known as
Brown’s paradoxon (Brown 1945), are the following:
(1) reduced anisotropy constant at grain surfaces, (ii)
misaligned grains that are exchange coupled with
neighboring grains, and (iii) enhanced local demag-
netization fields at sharp edges and corners of poly-
hedral grains.

A relationship that has been shown to be very
useful in describing the role of the microstructure and
the temperature dependence of H, is a modification
of Eqn. (1) (Kronmiiller 1987, Kronmiiller er al.
1988, Sagawa and Hirosawa 1988):

2K
UoHe = M]

o — Neff.]s (2)

S

where two microstructural parameters, o« and Ny,
have been introduced. Here o<1 describes the re-
duction of the ideal crystal field 2K;/Mg owing to
lattice imperfections and atomic disorder at grain
surfaces. The effective demagnetization factor takes
care of the enhanced stray fields at edges and corners
of polyhedral grains. Equation (2) not only applies to
nucleation-hardened PMs but also describes H. of
thin films and multilayers and the coercive field of the
pinning hardened Sm,Co;-based PMs. The param-
eter o subsumes the above described microstructural
effects and is composed of three subparameters
(Kronmiiller et al. 1987, Bauer et al. 1996):

0L = OLK Oty Olex (3)

where ok, oy, and o describe the effect of a redu-
ced anisotropy constant, of misaligned grains, and
of exchange coupling between grains. An explicit
determination of o is based on solutions of the
micromagnetic equations for special models of micro-
structures.

2. Nucleation Field in Regions of Reduced
Anisotropy Constants

Nucleation fields are usually derived as the eigenval-
ues of the linearized micromagnetic equations. For
example, the nucleation field for uniform rotation has
been obtained for constant material constants Js, K|,
and A (A =exchange constant). Similarly the curling
and the buckling mode have been determined for
constant material parameters (Aharoni 1962). In
magnetically inhomogeneous regions in general all
three material parameters vary spatially. However, K;
is much more sensitive with respect to atomic disorder
than Jg and A4, as known from amorphous alloys. To a
first approximation J; and A4 therefore may be con-
sidered to be constant and only variations of K; are
taken into account. In the case of a planar grain
boundary or a deteriorated surface, the main param-
eters characterizing the magnetic defect are the half
width, ro, and the change, AK, of the anisotropy
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Figure 3

Nucleation of a reversed domain within a planar
intergranular phase of reduced anisotropy. Left:
perpendicular stripe; right: parallel stripe.

constant. A suitable one-dimensional equation for the
position dependence of K;(z) allowing a quantitative
solution of the nucleation problem is given by
(Kronmiiller 1987).

Ki(z) = Ki1(0) — AK /ch?*(z/ro) (4)

In the case of a one-dimensional problem, e.g., a pla-
nar grain boundary as shown in Fig. 3, the linearized
micromagnetic equation is then

d*e AK
24——42|K -
dz? { { (=) chz(z/ro)}
_Js(Hext'f'Nefst)}q):O (5)
where ¢ is the angle between J, and the easy axis. The
solution of Eqn. (5) leads to hypergeometric functions

and the parameter ox follows from the lowest eigen-
value of possible solutions:

2
1 & 4722
=1-—2B(1- /1 0 6
K 4n? r%( * o > (©)

where o = m/A4/K;(o0)> denotes the wall width of
the perfect crystal and o5 = ny/A/AK corresponds to
a fictitious wall width of a material with anisotropy
AK. The parameter o is presented in Fig. 4 as a
function of dp/rg and for AK as a parameter. From
Eqn. (6), three interesting limiting cases can be de-
rived:

32
1. 2nrg<dp;ox =1-— nz(‘ﬁré
0
B
1051 K, —AK
2. 27[1‘0253;0(1(:7(,3 il (7)
T o K;
K| — AK

3. 2mrg>0p;ug = Fe
1

In the case where AK= K], oy in the three limits is
agx = 1—1%3/0%, ok = (1/m)(Op/ro), and ax = 0. Inserting

1.0
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< | 03K,
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AK=10K;
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Figure 4
Variation of ay as a function of ry/dp for various AK.

ax of the second limit into Eqn. (2) gives

2K1 5]3 7B 1
N c Js P eff Mg 2 Js o eff (s ( )

where yp =41/AK, denotes the wall energy per unit
area.

3. Nucleation Field of Misaligned Grains

The nucleation field is reduced by a factor o, if the
field is applied under an angle /o with respect to the
negative c-axis. Stoner and Wohlfarth (1948) have
determined oy, for a uniaxial particle and the aniso-
tropy constant K;. An expansion of the Stoner—
Wohlfarth result including the second anisotropy
constant K, is given by (Kronmiiller et al. 1987)

1
[(cospy)™? + (sinyg) )
2K, (tanyg)*

x |14 9
Ky + Ka 1 + (tany,)*? ®)

Oy, =

The angle ¢n by which J, is rotated before sponta-
neous nucleation takes place is given by

2 K
on = tan~' {/tany, + = 2

—_— 10
3K+ Ky (10)
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Angular dependence of the nucleation and the coercive
216(10()1 of a Nd,Fe 4B sphere in reduced units (oo, = Hn/
N

where Kyq=(1/2)uo(N —NH)Mf. The parameter oy,
defined as oy, = HN()/Hn(0), is shown in Fig. 5 for
the extended theory with K,#0 for the case of
Nd,Fe4B and Ky=0 (sphere). Also shown in Fig. 5
are the coercive fields which for g<mn/4 coincide
with the nucleation fields, but decrease for o> /4,
because nucleation takes place in the third quadrant.

4. Coercive Fields of Assemblies of Grains

In the case of assemblies of grains three types of per-
manent magnets have to be distinguished that are
characterized by special microstructures, as shown
schematically in Fig. 6 and leading to hysteresis loops
presented in Fig. 7:

(1) High-coercivity PMs where the grains are mag-
netically decoupled by a paramagnetic intergranular
film. In the case of R,Fe;4B-based magnets, this
microstructure is realized by an overstoichiometry of
R and suitable additives such as gallium and niobium
(Kronmiiller er al. 1996) (see Magnets: Sintered).
There still exists a long-range dipolar interaction be-
tween the grains, which, however, becomes rather
small in the case of nanograins (Rieger et al. 1999).

(if) High-remanence-high-coercivity PMs are ob-
tained if nanograins are magnetically coupled by ex-
change interactions (Kneller and Hawig 1991,
Kronmiiller et al. 1996). These types of PMs are re-
alized by highly stoichiometric alloys.

(iii) Composite high-remanence PMs (Coehoorn
et al. 1988, Bauer et al. 1996, Goll et al. 1998, Neu
et al. 1996) are obtained by melt-spinning of alloys
with overstoichiometric content of «-Fe. In this
case, in addition to the effect of exchange coupling
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1. High-Coercivity, Two-Phase Magnets

Nd2 F614B +
dipolar coupling

2. High-Remanence, Single-Phase Magnets

gy

exchange +
dipolar coupling

3. High-Remanence, Composite,
Two-Phase Magnets

Figure 6
Schematic microstructures of nanocrystalline melt-spun
permanent magnets.

between the grains, the large magnetization of o-Fe
also enhances the remanence (see Magnets: Reman-
ence-enhanced).

4.1 Isotropic Distribution of Decoupled Grains

In the case of decoupled grains, oy, has to be replaced
by an effective value, o which takes care of the fact
that the demagnetization process takes place by irre-
versible nucleation processes and also by reversible
rotational processes. Owing to the angular depend-
ence of «, all those grains oriented symmetrically
around o=mn/4 reorient their magnetization first.
Neglecting the reversible rotations in the remaining
grains the demagnetization to zero polarization is
performed by those grains with misalignment angles
in the range 30° <y <60°. In this range the average,
(o>, is of the order of 0.53, i.e., this value is very
near to the minimum value o' = 0.5 at Yo =n/4. The
value of 0.53 is even lowered if the contributions of
the reversible rotations are taken into account. Con-
sequently, in the case of an isotropic distribution of
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Hysteresis loops of nanocrystalline PMs with the microstructures of Fig. 6. The broken curve represents the
conventional (Ba, Sr)-based ferrite. The intermediate loop results from the stoichiometric Nd,Fe4B.

easy axes, it is a reasonable approximation to use for
oy the minimum value oy, given by (Kronmiiller
1990)

mein _ K+ Kzzl
4 2K T2

(11)

4.2 Isotropic Distribution of Exchange-coupled
Grains

In nanocrystalline PMs with exchange coupling be-
tween the grains the coercive field is in general smaller
as compared to exchange-decoupled grains. Several
sources may contribute to this decrease of H.. The
random anisotropy effect (Herzer 1990) leads to a
reduction of the effective anisotropy constant if the
grain sizes are smaller than the wall width. In the case
of hard magnetic materials, dg<5nm holds whereas
in most nanocrystalline PMs D is larger than dg (10—
20nm) and therefore the random anisotropy effect
becomes ineffective. Another source of reduced co-
ercive fields are grains with misalignment angles
Yo>mn/4. According to Fig. 5 the coercive field of
these grains decreases to zero for yy=m/2 where
Hy> H,, i.e., they contribute to the demagnetization
process only by reversible rotations.

Owing to the exchange coupling these strongly
misaligned grains increase the rotation of J; within

the neighboring grains which leads to an enhance-
ment of the reversal of magnetization in these neigh-
boring grains because the critical angle, ¢, is
achieved at lower fields. The demagnetization proc-
ess of exchange-coupled grains therefore is a collec-
tive process where a cluster of grains becomes
reversed by the grain of largest misalignment. It can
therefore be assumed that the demagnetization proc-
ess in assemblies of exchange-coupled grains is gov-
erned by the grains with misalignment angles 7/
4 <y <m/2. The average coercive field of these grains
is of the order of (1/4)(2K;/Js), 1.e., dex~1/2.

5. Analysis of Temperature Dependence
5.1 The Nucleation Model

The analysis of hardening mechanisms and of the
temperature dependence of H, starts from Eqn. (2).
In general it is assumed that the grains with the
smallest H. values determine the global H,, i.e., the
grains that are characterized by oy of Eqn. (11). A
precise value of oc:;"" including Kz has been deter-
mined by Martinek and Kronmiiller (1990). With

HY" =g ay™ - Hy, Eqn. (2) may be written as

pigHe = ogtex g HE™ — NegrJ (12)
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Plots of uoH./Js vs. uoHS™/J, to determine the microstructural parameters ox and Neg: (a) CosSm sintered PM;
(b) composite PryFe 4B + a-Fe melt-spun PMs; (c) Sm, , sFe4Ga,C, carbides with 6 =0.0, 0.05, 0.14; (d)
Sm o 7Fego 3N, nitride annealed at 7, =850 °C for 7, =17 min and nitrided at 460 °C.

from which it is possible to derive the plot

NOHC(T)/JS(T)lexp V8. :uOng:mn(T)/Js(T)'lheor (]3)

The left-hand side represents the experimental and
the right-hand side the theoretical values. In the case
of a linear plot the parameters ag- o and Neg are
obtained as the slope and the ordinate intersection of
the straight line, respectively. These parameters have
been determined for a large number of rare-earth-
based PMs. Figure 8 shows the poH.(T)/Js(T) plots
for sintered CosSm, nanocrystalline Pr,Fe 4B + o-Fe,
Sm, , sFe4Ga,C, (with 6 =0.0, 0.05, and 0.14), and
the nitride Sm;(;Fego3N,. In all cases a linear rela-
tionship is found with minor deviations in the case of
the carbide, because the determination of HN'™ suffers
from a large error in K; and K, at high temperatures.
The results presented so far clearly show that linear
plots of Eqn. (13) are obtained for nanocrystalline
and sintered PMs. The validity of the nucleation
model therefore seems clear. From the measured o
parameters with the assumption o., = 1/2 for nano-
crystalline and o.,=1 for sintered and decoupled
PMs, values of ax are obtained between 0.3 and 0.8,
which corresponds to a width of the inhomogeneity
region of 0.30g <2ro< dp. For example, in the case of
CosSm with ax=0.33 and o, = 1/2, rg is of the order
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of 1 nm. Similar results have been obtained previous-
ly for Nd,Fe 4B PMs (Kronmiiller ez al. 1988). An-
other interesting result is the range of o parameters of
nanocrystalline ProFe 4B PMs (Goll et al. 1998). For
decoupled PrFeB PMs with excess praseodymium o
values of ~0.8 are obtained, whereas the stoichio-
metric exchange-coupled and composite PMs show «
values in the range 0.06-0.32. These small « values of
nanocrystalline PMs are due to the parameter oy,
which reduces the o values by at least 50%. Further-
more, it should be noted that the N values of sin-
tered magnets are large with N.p>1, whereas the
values of nanocrystalline PMs range from 0 to 0.2
because the grains have a spherical shape.

5.2 The Nucleus Expansion Model

Besides the spontaneous nucleation model discussed
in Sect. 5.1 a so-called phenomenological “global
model” has been discussed (Givord and Rossignol
1996). In this model it is assumed that the expansion
of a preformed nucleus takes place by means of a
thermally excited process within the lifetime of the
reversed nucleus that is given by an Arrhenius equa-
tion: T =1, exp(—AE/kt). The pre-exponential factor
is of the order of magnitude 7o~10''s and AE
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H ext

Figure 9
Spike-type nucleus of volume v, surface area s, and wall

energy V.

denotes the activation enthalpy required to expand
the nucleus of volume v spontaneously. For usual
measuring times of r=1—10%s the activation enth-
alpy AE(t)=kTIn(t/to) is of the order of AEx=~25kT
(Givord and Rossignol 1996).

The activation energy AFE is required in order to
overcome the magnetic enthalpy required for the ex-
pansion of the nucleus. As shown in Fig. 9, at the
coercive field H. the three terms of the magnetic
enthalpy are balanced by AE, which leads to

SV — oM Hey — o N M2y = AE = 25kT  (14)

with the domain wall energy, the magnetostatic en-
ergy of the external field at H,, and the demagnet-
ization energy. Since it is suggested that the nucleus
is formed in a perturbed region, the specific wall
energy yp is reduced as compared to the value of
the perfect crystal, giving yi = apyy = ap X 4/AK|,
where o corresponds to a microstructural parameter
less than unity. The surface, s, of the nucleus may be
related to the volume, v, by s:ocsvz/ 3 where o COr-
responds to a geometrical parameter relating the
nucleus surface to the nucleus volume. From Eqn.
(14), one now obtains

_ OsUBYB
IuOHC - MSV1/3 -

Measurements of the activation volume, v, by means
of relaxation curves have shown that v obeys a sim-
ilar temperature dependence as 0. Therefore, with

V=003, Eqn. (15) can be rewritten as

oasop 1 vp 25kT
.= — B M. Nup —
FoHe oy, Mo HofMs = eft vM
2K1 20{5063 25kT
= — poMs - Negp — —— 16
M, 7o Mo Ms - Nefr VM, (16)

Here it becomes obvious that the coercive field of the
global model is described by the same Eqn. (2) or
Eqn. (8) as in the case of the nucleation model. The
only difference seems to be that the nucleation mod-
el is based on the micromagnetic equations whereas
the global model starts from an energetic approach,
i.e., the integrated micromagnetic equations. Since
the thermal fluctuation field uoHy=25kT/vMg corre-
sponds only to 5-10% of the coercive field, the mi-
cromagnetic energy terms are the dominant ones.
Naturally the fluctuation field can also be introduced
into the nucleation model as a term reducing the
nucleation field. The microstructural parameters o
and op can be derived from the plot

H. + Hy

M Vs. “/B/.UOMSZVI/3 Or Vvs. MOVB/JSZVI/3 (17)
S

exp

where H., v, and H; are determined experimentally
and M, and yp are obtained from the intrinsic ma-
terial parameters. Figure 10 shows the temperature
dependence of the activation volume of three types
of magnets (melt-spun, sintered and annealed, and
as-sintered). The corresponding plots, according to
Eqn. (17), are shown in Fig. 11 (Becher et al. 1998).
For all three magnets linear plots are obtained and
the microstructural parameters vary between 0.66
and 1.07. For a nucleus of spherical or conical shape
(apex angle 0 = 15°) o varies between 4.8 and 2.3. In
the case of the nanocrystalline melt-spun magnet this
means that o varies between 0.2 and 0.4.

1500, v T T T r
I o melt-spun (m.s.) 1
e sintered and annealed (s.a.) 1
& as sintered (a.s.) 1
1000}- i
! ]
S500F 4

GO 200 400
TIK]
Figure 10

Temperature dependence of the activation volume of
three types of magnets.
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Plots for the determination of oy and N for the
global model of the PMs of Fig. 10.

Since the measured activation volumes are of the
order of 300nm® the reduction of the wall energy
should extend over dimensions of ~ 505 (~20nm).
The problem arising here is the fact that from high-
resolution transmission electron microscopy images
(Kronmiiller ez al. 1996) it is known that the nano-
crystalline grains are perfect with the exception of the
grain boundaries of width 1-3 nm. Accordingly, nei-
ther the values measured for v nor for ap are com-
patible with the real microstructure. The situation is
different for the nucleation model where the reversion
of magnetization starts in regions of width 0.5-2nm
in agreement with the microstructure. Since the glo-
bal theory is just the integrated expression of the
micromagnetic equation, the microstructural para-
meters, o, op, and o, may be identified with the
parameters ox and oy, i.e., 4a0p/ToH, =0 key, Which
enlightens one as to the seeming existence of two dif-
ferent theories.

6. Pinning of Domain Walls by Planar Barriers in
SmyCo;7-based Magnets

Planar defects of atomic width are stacking faults,
phase and antiphase boundaries, and planar precip-
itates as the cell walls of copper-doped Sm,Co,; PMs.
The pinning of domain walls by planar defects has
been treated by the continuum theory of micromag-
netism (Kronmiiller 1973, Friedberg and Paul 1975,
Hilzinger 1977, Gaunt and Mylvaganam 1981) and
on the basis of the Heisenberg model (Hilzinger and
Kronmiiller 1975). The pinning effect is due to the
modification of the wall energy by the planar defect.
If the planar defect has extensions larger than the
wall width the coercive field is given by

B L 1 dy(2)
€7 2J cosy, dz

—Neir M (18)

max
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where dy(z)/dz|max denotes the maximum slope of
wall energy. In the case of a linear barrler dy(2)/
dz|max is given by [y"—'/D, where y! I denote the
wall energies in the two neighboring phases and D
corresponds to the width of the defect.

In the case of a narrow defect with D <og the co-
ercive field is determined by the discrete Heisenberg
model (Hilzinger and Kronmiiller 1975) where the
planar defect is described by its n individual lattice
planes of distance d. Each plane, 7, is characterized by
a local anlsotropy constant, K, and an exchange
constant, A" "' between nelghbormg planes. The
result of a lengthy calculation is

n 2K i A 1
¢ 3\/3 A cos1//053 L| giitl

z:I

(19)

where 4, K;, and J; are the material constants of the
matrix phase and op is the wall width. Equation (19)
has a wide range of applications and may be applied
for the interpretation of the Sm,Co,7-based magnets
with additives of iron, copper, and zirconium. For
these PMs the largest coercivities of the order of 3-4
T have been found. These hard magnetic properties
are obtained after a homogenizing treatment at
1100-1200 °C (30 min), isothermal aging at 850 °C
(10-25h), dnd a subsequent slow cooling (0.5-
1.0°Cmin~") to 400°C followed by quenching to
room temperature. During the annealing procedure
a cellular pyramidal structure develops composed
of three phases (Livingston and Martin 1977,
Hadjipanayis 1982): cells of about 100nm in size
corresponding to an iron-rich 2:17 matrix, cell walls
of SmCos structure separating the cells enriched in
copper and poor in iron and zirconium, and a zirco-
nium-rich lamellar platelet phase, called a Z-phase,
which is oriented perpendicular to the c-axis of the
cells. The cell walls of width 5-10nm may act as a
barrier or pinning center depending on the copper
content and the degree of order in the 1:5 cell wall. In
the particular case of Sm(CopaCugosFeo.22Z10.02)s8.5
Goll et al. (2000) have performed an analysis of the
element distributions within the cells and cell walls by
HRTEM-EDX. The corresponding profile of the
copper and iron distribution and of the anisotropy
constant is shown in Fig. 12 (Goll 2001). The amsot-
ropy constant varies from a value of K7''=
29MIm ™ to K|®=8.1MJm > within a narrow
width of ~2nm. Assuming that this increase of near-
ly a factor 3 takes place over 10 atomic layers, where
d=0.2nm and dg=5nm, poH.=(2K,/M;) x 0.22 is
obtained from Eqn. (19) for a constant exchange en-
ergy. With the o parameter for the pinning o”" =0.22
for room temperature a coercive field of 2.8 T is ob-
tained, in excellent agreement with the experlmental
results. Figure 13 shows plots of uoH./Js vs. 2uoK,/J?
for different annealing treatments of sintered mag-
nets. Over a wide temperature range between 170 K
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Figure 12

Copper and iron profiles of the cell wall in
Sm(CopyCug ogFen20Z10.02)s.5 as measured by high-
resolution EDX transmission electron microscopy and
the corresponding profile of the anisotropy constant.

4 ¥ T } T Y T Y T 7
»T,=700°C &=0.07
L 4T,=800°C x=0.43 -
OTa=900°C a=0.37
32t —
IQ
£ 635K ]
170K
O ———f—
RS (SN SR I S
0 2 4 62 8 10
ZN'DK‘J/ Ja
Figure 13

Plots of poH./Js vs. 2,uOK1/J§ for different annealing
treatments of a sintered Smy(CoCuFeZr),7; PMs
showing the validity of Eqn. (2).

and 635K a linear relationship is found with o pa-
rameters between 0.07 and 0.43. As is well known
annealing at 800 °C gives the optimal values of the
coercive field. The dominance of the 2:17-based PMs
above 650 K is clearly shown by Fig. 14 where the
coercive fields of several prominent PMs are com-
pared with each other.

7. Statistical Pinning Theory of Domain Walls

In soft magnetic materials based on amorphous,
crystalline, or nanocrystalline alloys the coercive field
is determined by the interaction of domain walls with
a large number of imperfections such as grain bound-
aries, dislocations and point defects, or impurity
atoms. In the case of a dislocation density of
10'°cm™2, there are 10* dislocations within a domain
wall (DW) of cross-section 10 ®cm?® The resulting

i 4 Sm(Coy,Cug 12Fe0.1ZM0.03)7.0 A
- » Sm(CoyqCup 0sFep,12r0,03)8.5 ]

V'QHC [T]

Figure 14

Comparison of the temperature dependence of different
types of PMs showing the dominance of the Sm,Co;-
type PMs at high temperatures.

V(z)

Figure 15
Characteristic parameters of the statistical field of force.

force acting on a DW in this case has to be deter-
mined by statistical methods. The force of a defect at
position z; acting on a DW at position z is described
by v(z—z;), where z is the coordinate parallel to the
DW normal. The total force acting on a DW is then
given by (Kronmdiller 1997)

Vi) =) vz-2z) (20)

J

where the sum extends over all defects. The statistical
field of force, shown schematically in Fig. 15, is char-
acterized by three parameters:

(i) the average wavelength 2L defined as twice the
distance between neighboring zeros V'(z) =0;

(i1) the average value V. of the maximum of
V(z); and

(iii) the average of the reciprocal slopes of V(z) at
V(z)=0 given by 1/R=1/(dV /dz).

These parameters may be determined by means of
correlation functions under the assumption that the
total forces V' obey a Gaussian distribution function

f(V). The probability, f, of finding an interaction

force between V' and V+dV or a slope R=dV/dz
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between R and R+ dR is given by

1 -2
) —WGXP(Z—BO);

. 1 —R?
S(R) :WCXP (ﬁ) (21)

The correlation functions By and B, are related to the
individual interaction forces, v, by the following in-
tegrals:

FgN 5/
Ly Jop

5[ - e

where Fy is the DW area, L; the DW distance, and N
the defect density. The characteristic parameters of
the statistical potential are related to the correlation
functions as follows:

By [vz(z) —<v(z) >2]dz

2L = 2”(BO/B1)1/2§ I7ma\x = (30/2717)1/2;
1/R = (n/2By)"? (23)

In the following the relationship of the coercive field
is considered. It is given by

nl/2 _ InLs\ /2
,UOH(::iVmax —3
M Fg|cosy,| 2L
1/2
yoHe /2 Ly (InLs
= — = 24
b = leosing S5 22 (5 (24)

From Eqns. (23) and (24) the dependence of H. and
%0 on the defect density is obtained as

H.ocV/N; 2o l/VN (25)

Equation (25) has been tested for plastically de-
formed nickel single crystals where the dislocation
density, N, is related to the applied flow stress, 7, by
(Kronmiiller 1972)

T — 19 = 0.36Gh(NI)"/? (26)

where 1, is the initial flow stress, G the shear mod-
ulus, and / the length of dislocation lines interacting
with the DW. In this case the interaction force is due
to the magnetoelastic coupling energy (Kronmiiller
1997) and is proportional to the magnetoelastic
stresses of the DW. As a function of the applied
flow stress according to Eqns. (25) and (26) a linear
relationship is expected for H. and 1/y, as demon-
strated by Fig. 16, which also shows the dependence
of the Rayleigh constant o (Kronmdiiller 1997) fol-
lowing a 1/Noc1/(t—10)*> law. Another interesting
feature is the temperature dependence of H., which,
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Test of the dependence of H., yo, and the Rayleigh
constant, ag, on the dislocation density of plastically
deformed single crystals (Kronmiiller 1972).

in the case of straight dislocations, is determined by
the intrinsic material parameters M, K;, and the
magnetostriction A, and is given by

poHo(T) oc =254 oc k14 (27)
M,

With increasing anisotropy constant Kj, i.e., de-
creasing wall width g, the pinning strength of dislo-
cations decreases. If one deals with dislocation dipoles
the interaction forces are proportional to the gradi-
ents, Vg, of the magnetoelastic stresses of the DW
leading to a temperature dependence of H, given by

Js o
,uOHc(T)ocﬁséBl/zocKllM (28)

N

In contrast to the case of individual dislocations, H,
increases in the case of dislocation dipoles with de-
creasing wall width because this leads to an increase of,
Vo, i.e., of the pinning force v. According to Eqn. (28)
the temperature dependence of H, follows a K}'* law
that has been demonstrated to be valid for amorphous
FeNi-based alloys (Kronmiiller 1997) where the stress
sources correspond to dipole type precipitates of free
volume. The existence of the K7"* and the K/ de-
pendence of H, has been found for the case of nickel
single crystals as shown in Fig. 17. In as-grown nickel
single crystals the main pinning centers are dislocations
leading to the K 14 law, whereas in neutron-irradiated
single crystals dislocation dipoles exist owing to the
agglomeration of vacancies giving rise to the K}™* law
for H.. H. and y, are governed by the self-consistency
relationship of Eqn. (24), which may be written as

M, 5

~— . — 29
20 H., L, (29)
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Temperature dependence of the coercive ﬁeld of a nickel
single crystal owing to dlsIOCdtlons (ocd¥?) and to
dislocation dipoles (55" ) after heavy neutron
irradiation (xxx =3 x 10"¥ncm™2) (Kronmiiller 1966).

if one takes into account that the average wavelength,
2Ly, of the pinning force is of the order of 20g. Owing
to Eqn. (29), yo and H, may vary only between upper
and lower bounds as determined by the ratio dg/Ls.
Thls ratio with L3 ~ 100(53710 00065 may vary between
107 and 1072 giving values of 10Am ' <M/
Ly;<10°Am™' for M;=100kAm™~'. The double log-
arithmic plot of Fig. 18 shows that the CoFe- and
NiFe-based amorphous and crystalline alloys in fact lie
between these two limits, which means that L; has
been chosen correctly. Nanocrystalline materials (see
Amorphous and Nanocrystalline Materials) such as
FeSiNbCuB alloys EHerzer 1990) have a position with
Mop/Ls=5kAm™ ", which reflects the fact that in
nanocrystalline materials owing to the random anisot-
ropy effect the DW widths are a factor of 5-10 larger
than in amorphous alloys. Figure 18 also includes the
absolute lower and upper limits of H, and y,, respec-
tively, as expected in ideal amorphous materials with
K;—0 and 13— 0 (Kronmiiller 1981).

8. Computational Micromagnetism of Coercivity

The experimental results for H, of hard magnetic ma-
terials show a discrepancy by a factor of 4-5 with re-
spect to the theoretical predictions. In Sects. 2—4 this is
attributed to the role of the microstructure, the effect of
which is described by the microstructural parameters o
and N In the case of assemblies of grains, an explicit
calculation of the parameters o and N is not possible.
Therefore, numerical calculations have been performed
by means of the finite element method (FEM) (Schrefl
et al. 1994). Simulations of magnetization processes of
assemblies of grains start from a minimization of the
magnetic free enthalpy G with respect to the direction
of the spontaneous polarization J,:

5G:5/(¢A+¢K+¢s+¢ﬂ)dV:0 (30)

| i intr
10(, B X\(HG
T (CoFe)yq (Mo Si B)y, a)
10° - %{‘ha,scw Nb3Sis3,5Bg (nc)
g ermalloy (cryst)
1UL—Hinh‘ Hmm: 1. 2Ky
: c 3 M
107 MFe Ni)gy B, ()
80
a-(CoMoFeMn);; (B Si)y3a %{Mcm}m
102' 1 z 1 1 :
10 10 1 H. (A/em]
M:OJ(Mcm}
L3
Figure 18

Upper and lower bounds for the y, vs. H, self-
consistency relationship (Eqn. (24)) for crystalline,
nanocrystalline, and amorphous alloys. The upper
bound for ™ and the lower bound for H™" are
obtained for K; =0 and /s =0 (Kronmiiller 1981).

The free enthalpy is composed of four contributions:
exchange energy pa=A(Ve)’, crystal dnlsotropy
dx = K;sin’p + K>sin*p, stray field energy ¢s=
(1/2)H, - J,, and magnetostatic energy ¢y =—H,, - J,.
The stray field, H,, follows from a scalar potential
U by Hi=—VU and U obeys Poisson’s equation
AU=ypq div J,.

For three-dimensional numerical calculations usu-
ally a cubic particle composed of polyhedral regular
or irregular grains is considered. This model allows
the variation of the average grain size, the modifi-
cation of the magnetic material parameters within
grain boundaries, and the formation of composite
PMs. As an example of the FEM calculations,
Fig. 19 shows the distribution of J, in the remanent
state within a model composite PM of 35 grains with
an average grain diameter of 10nm with easy axes
distributed isotropically and 51% of soft magnetic
grains of a-Fe, embedded in hard magnetic grains of
Nd,Fe 4B (Fischer et al. 1995). At the grain bound-
aries the direction of J, changes smoothly from one
easy direction to the other within a region of width
20p. Under the assumption of a perfect exchange
coupling between the grains, Fig. 20 illustrates the
dependence of J,, puoH., and (BH)ya on the grain
size D for the irregular grains shown in Fig. 19,
and also for a hypothetical regular grain structure of
dodecahedral grains. All three quantities decrease
with increasing grain size and J; and H, can be fitted
empirically by the following logarithmic laws
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Lk SOFT GRAINS:
HARD GRAINS:
(Hq=0, D=10nm)

Figure 19

Distribution of polarization within 35 irregular grains of
average diameter 10 nm within a cube with volume
fraction of 51% «-Fe (shaded) and 49% Nd,Fe4B.

(Fischer et al. 1996):

D
i =Jea|0.84 = 0.085In | ——
op"

H.=HY [0.22 —0.041In (i) (31)

shard
bB

with [_I(T\OI):21<¥11ard/JS and Jsat:J?ardvhard_'_J:()ftvsoft’
where the superscripts refer to the saturation polar-
izations and volume fractions of the hard and soft
magnetic phases. It turns out that for grain sizes of
20nm, i.e., 505, the coercive field is only 15% of
the ideal field A, and the remanence is consid-
erably larger than the isotropic value of 0.5J;.
Figure 21 shows the numerical results for the three
characteristic properties of the hysteresis loops as a
function of the percentage of a-Fe content (Fischer
et al. 1995). Whereas the numerical results for
J, agree fairly well with the experimental data, the
theoretical predictions for ugH. and (BH)y.x are ap-
preciably larger than the experimental values. In
the case of (BH)max, this is due to the fact that for
the experimental results the condition poH.>0.5 J; is
only valid for a-Fe concentrations <30% whereas
the numerical results fulfill this condition up to 50%
a-Fe. The observed discrepancy between numerical
and experimental results can be explained by
allowing a modification of the intrinsic material
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Remanence J,, coercivity pioH., and maximum energy
product (BH) .y for the irregular configuration of Fig.
19 and a regular dodecahedral grain structure as a
function of mean grain size D.

parameters within the grain boundaries. Owing to
the atomic disorder within a grain boundary it can
be assumed that in particular 4 and K; have reduced
values (Fischer and Kronmiiller 1996). Figure 22
shows the influence of the reduction of these two
parameters on the demagnetization curve for a cube
of 64 grains of average diameter 20 nm (Fischer and
Kronmiiller 1998). For the model calculations a
width of 3nm of the grain boundaries is assumed
where 4 and K suffer a step-like reduction. With
decreasing A and K; within the grain boundaries
toH, and J, also decrease. If the parameter f= A%/
A=K$°/K; is introduced where the superscript gb
refers to the grain boundary, H. and J, obey the
following relationships:

He/HY =0.304 + 0.098f
Jr/Jeat =0.646 + 0.036/ (32)
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Numerical results for J,, poH,., and (BH)yax of
nanocrystalline composite magnets for regular and
irregular distributions of grains (average grain size
10nm) as a function of the a-Fe percentage.
Experimental results: 4, Wilcox et al. (1994); O, Bauer
et al. (1996); O, Goll et al. (1998).

As a further interesting property, the dependence of
the coercive field as a function of the average grain
diameter, (D), is shown in Fig. 23. Here it turns out
that the experimental results obtained by Manaf ez al.
(1991) for nanocrystalline Nd;3,Fes9¢BgSi;» can
only be simulated by the modification of 4 and K
within the grain boundary. Modifications of J lead
to completely controversial results (Fischer and
Kronmiiller 1996). Figure 24 shows the magnetiza-
tion reversal process for an individual grain sur-
rounded by grains of different easy direction. Here it
is evident that the reversal of magnetization primarily

1.0
E
-

0.5

0.0 "

-3.0 -2.0 -1.0 0.0 1.0 2.0
I“I'CIHE:(‘ [Tj

Figure 22

Demagnetization curves for an assembly of 64 NdFeB
grains of average grain diameter 20 nm and an
intergranular phase of reduced anisotropy and exchange
constant.
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Coercive field as a function of the mean grain diameter
{D? and grain boundaries of reduced material
parameters. The computed points (<) with f=0.1
describe the experimental results of Manaf et al. (1991)
fairly well.

nucleates within the grain boundaries and the neigh-
boring regions whereas in the bulk of the grain the
magnetization starts to rotate reversibly into the
direction of the applied field.
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Figure 24

Vector plots of the magnetization of a nanocrystalline
assembly of grains with (D) =20nm. (a) Remanent
state. Top: magnetization at the surfaces of the cube;
bottom: magnetization along a cut through the PM.
Strong arrows refer to the bulk of the grains, weak
arrows refer to the magnetization within grain
boundaries. (b) Vector plots of magnetization within the
square of (a) for nonideal grain boundaries with f'=0.1.
Top: remanent state (H.y = 0); bottom: applied opposite
field poHex;=0.6 T showing the nucleation of reversed
magnetization within the grain boundaries (Fischer and
Kronmdiller 1998).

See also: Magnets Soft and Hard: Magnetic Do-
mains; Micromagnetics: Finite Element Approach
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Coherence Length, Proximity Effect and
Fluctuations

The phenomenological London theory for supercon-
ductivity was able to explain the Meissner effect in
terms of a rigid wave function under the application
of an external magnetic field. Under this assumption,
F. and H. London calculated the value of the London
penetration depth Ay :
2 m

= Uperng (1)
where m is the effective mass of the electron and ng is
the superfluid density, which at 7=0 is equal to the
electron density in the normal state. Since the ratio
m/n does not vary by more than one order of mag-
nitude among common metals, /; does not vary
much from one superconductor to another: roughly
by a factor of 4 from say lead (39 nm) to the high-T
oxides (about 140nm in YBa,Cu3;0;). No explicit
dependence of A; on T, is predicted.

The main modification to the London theory pro-
posed by Ginzburg and Landau (GL theory) was the
introduction of a finite correlation length £, some-
what unfortunately called the coherence length. This
is the minimum length scale over which the superfluid
density may vary with only a moderate increase of the
free-energy density. Ginzburg and Landau showed
that under small applied fields, the spatial variation
of the superfluid density remains negligible and the
London result (Eqn. (1)) is recovered, whatever the
respective values of A and £. The effect of a finite
coherence length is only apparent in strong applied
fields and when the GL parameter k = //¢ is larger
than 1/v/2. As shown by Pippard, when é>/ non-
local corrections lead to an effective value of 1 some-
what larger than that given by the London theory.

1. Coherence Length
1.1 Coherence Length in the GL Theory

Ginzburg and Landau introduced the coherence
length in the framework of their treatment of the su-
perconducting phase transition as a second-order
transition, occurring at the critical temperature 7.
The existence of a coherence length that diverges at
the transition is a general property of all second-
order phase transitions:

&) =a&(l—0" )

where a is a numerical coefficient of order unity, &g is
the zero temperature coherence length, ¢ is the re-
duced temperature (7/7.) and v is the critical expo-
nent for the coherence length. In the mean-field
approximation () can be obtained from the GL
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free-energy functional:
B
Fo= Fo+ AIAP +5]A] + C[VAP? (3)

where the coefficients 4= N(0)(t—1), B=
0.098N(0)/(kpTe)*, C =0.55 & N(0)y(2), N(0) is
the normal state density of states and y(x) is the
Gorkov impurity function. Here A is the pair poten-
tial, equal to the superconducting energy gap when it
is uniform across the sample.

The pair potential A is related to the order param-
eter ¥ by |A[* = #*|¥[*/(4mC). In some cases the
free-energy functional is written in terms of the re-
duced-order parameter y = ¥/¥ ., where W, is the
equilibrium order parameter at the temperature un-
der consideration. Sometimes it is convenient to use
the pair amplitude F = A/V, where V is the BCS
interaction parameter (e.g., in a normal metal with
V' =0 in contact with a superconductor, the pair po-
tential is zero but the pair amplitude is finite, as will
be discussed in Sect. 3). In simplified terms (F¥)? and
(F/mN(0))* are proportional to 7 in the two regions.

In the notation used here

C

2 _
e= 4)

Since Aocl —1, v :% and / is found in this ap-
proximation to diverge with the same exponent. In
the clean limit, therefore, &(7) =0.74 &y(1 — 1)71/2
while in the dirty limit &(r) = 0.85 (&,0)"/*(1 —1)~'/2
where / is the normal state electron mean free path.
The applicability of the mean field approximation to
the superconducting phase transition will be returned
to later.

The GL theory is phenomenological and does not
predict what the value of &, should be. However, it
does offer a simple method for measuring &(7)
through the expression for the nucleation field:

@y
poHa () = 522 (5

where @y = 2.07 x 1075 Tm? is the flux quantum. If
the superconductor is type II, H., as given by Eqn.
(5) is the upper critical field. If it is type I, H,, is the
supercooling field. Coherence lengths in the clean and
dirty limits, obtained from H., measurements, are
given in Tables 1 and 2, respectively. Measurements
of the supercooling field are usually affected by the
Saint James—de Gennes surface nucleation phenom-
enon which occurs at a field Hi; = 1.69 H, in re-
gions of the sample where the surface is parallel to the
applied field (Saint James and de Gennes 1963, De-
utscher 1967). Once the superconducting state has
nucleated in some region, it spreads all over the sam-
ple. Hence H; rather than H,, is usually the meas-
ured nucleation field and ¢ must be calculated
accordingly.
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Table 1
Coherence lengths in the clean limit.

T. (K) o (um) ¢oTe (nm K)
Aluminum 1.19 1.20 1.4
Indium 3.40 0.33 1.1
Tin 3.72 0.26 0.97
Gallium 5.90 0.16 0.94
Lead 7.20 0.08 0.58
Niobium 9.25 0.035 0.32
YBa,Cu;04 93 0.0015 0.14

Table 2
Coherence lengths in the dirty limit (practical
superconductors).

T. (K) &(T'=0) (um)
Nb-56 at.% Ti 10 0.0050
Nb;Sn 17 0.0040
(Nb, Ta);Sn 18 0.0035

When H. > H,, a stable superconducting surface
sheath of thickness ¢ exists below the nucleation field.
Its thickness has been measured directly in lead and
was found to be about twice the coherence length
(Deutscher 1967).

1.2 Coherence Length in the BCS Theory

The microscopic origin of & became clear only with
the advent of the BCS theory: it is the average radius
of a Cooper pair. The value of &; can be simply es-
timated from the uncertainty principle:

. hvp
CO—E (6)

where vg is the Fermi velocity and 2A is the energy
necessary to break a Cooper pair. In the weak cou-
pling limit of the BCS theory, 2A = 3.5 kg T.. Since vg
does not vary much from one metal to another, the
coherence length is essentially inversely proportional
to the critical temperature (Table 1). As a rule of
thumb, &(um)~T7."(K™"). Since /. is basically in-
dependent from T, low-T, superconductors should
be type I and high-T, superconductors should be type
II. This is well borne out experimentally. Supercon-
ductors with a T, lower than that of lead (7.2K) are
type I, superconductors with a higher 7, are type II
(niobium, the A15 compounds, the Chevrel phases
and the high-T, oxides).

The effect of impurities on 4 and ¢ has been cal-
culated by Gorkov. In the limit where the electron
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mean free path /is much shorter than &, (the so-called
dirty limit):

2 =0.6451 (5 /1) (7a)
& =0.85(&0)" (7b)

As first observed by Shubnikov, the introduction
of impurities can turn a type I superconductor into a
type II material. Nonmagnetic impurities do not af-
fect the critical temperature (Anderson theorem).
However, magnetic impurities strongly depress Tv;
for a low concentration x of paramagnetic impurities
with total angular momentum J this is given by the
BCS Gorkov theory

dT. _—m*N(0)f*(g— 1*J(J +1)
dx - 2](3

where fis the exchange coupling constant and g is the
gyromagnetic ratio. Eqns. (5) and (7b) show that H,
is inversely proportional to the mean free path and,
hence, proportional to the normal state resistivity,
that is, to the concentration of impurities. This result
is in excellent agreement with experiment (Serin 1969)
and is put into practice in the commercial Nb-Ti
wires, which have an upper critical field of about
10T, roughly 30 times larger than that of pure
niobium.

A short coherence length, achieved either in a clean
high-T. superconductor or in a dirty low-T. super-
conductor, is therefore the key to practical applica-
tions of superconductivity in strong applied fields.
However, in general, ¢ remains much larger than in-
teratomic distances. The high-T, oxides are an ex-
ception to that rule: along the CuO planes, & is about
2nm in YBa,Cu307; in the perpendicular direction it
is only 0.3nm. Practical superconductors such as
NbTi and Nb3Sn have coherence lengths of the order
of Snm.

2. Thermal Fluctuations of the Superconducting
Order Parameter

2.1 Quasi-mean-field Regime

Thermodynamic fluctuations of the superconducting
order parameter can be estimated from the GL free-
energy functional. The lowest free energy is achieved
for A=Ay, Ay = (—A/B)l/2 below 7. and Ag=0
above T.. Any other configuration A = Ag + JA(r)
can be decomposed into its Fourier components, each
of them being characterized by an amplitude and a
wavelength. The Fourier components with the largest
amplitude have a wavelength of order £. This is be-
cause, for larger wavelengths, the energy cost is high
because of the large volume involved and, for shorter
wavelengths, the gradient term in Eqn. (3) is prohib-
itive. Hence, the volume of a typical fluctuation is &.

Its amplitude can be estimated by taking its energy to
be of the order of kgT. Developing [ to second order
in 0A, one obtains below T

—2AOAP Y E ~kgT (8)

Apart from numerical coefficients, the relative am-
plitude of the fluctuations is given by:

COAPY  kpT

A2 AFE

©)

where AF is the condensation energy per unit volume
at equilibrium, AF = 42/2B = pyH?/2, where H. is
the thermodynamic critical field.

The relative amplitude of the fluctuations is thus
essentially given by the ratio of the thermal energy
kgT to the value of the condensation energy per co-
herence volume. Eqn. (9) can be immediately gener-
alized to the case of a general dimensionality d by
replacing & by ¢7. The relative amplitude of the fluc-
tuations diverges as

2
<\5AA2| >OC(1 _pyar (10)

where d <3 is achieved when one or more of the di-
mensions of the sample is smaller than the coherence
length (7).

In the preceding analysis the fluctuations have been
treated as independent of each other (quasi-mean-
field approximation). Equations (9) and (10) are thus
only valid in the limit where the relative amplitude of
the fluctuations is much smaller than unity. This ap-
proximation is in general excellent for conventional
low-T, superconductors (LTS), but not for the high-
T. oxides (HTS).

The effects of fluctuations are very small in bulk
LTS (e.g., their effect on the heat capacity is negli-
gible; this is not the case for the high-T, oxides). They
are larger for low dimensionalities (thin films, wires,
small grains) because the relative amplitude of the
fluctuations then diverges with a stronger exponent
(see Eqn. (10)). The most easily detected fluctuation
effect is an excess conductivity Ac above T.. In two
dimensions within the quasi-mean-field approxima-
tion (Azlamazoff and Larkin 1968)

2

AT =16

(=17 (11)

where the conductivity is expressed in (Q/square) ™.
In a d-dimensional sample, the conductivity diverges
as (1 — 1)7(47‘1)/2, that is, with the same exponent as
that of the relative amplitude of the fluctuations given
by Eqn. (10). Additional terms to the excess conduc-
tivity considered by Maki and Thompson lead to a
stronger divergence.
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The effect of fluctuations on the conductivity is
most easily detected when the background normal
state conductivity is small, that is, in dirty films
(Glover 1971) or wires. Another case where the excess
conductivity is easily observed is that of granular su-
perconductors (Deutscher and Dodds 1977).

On the contrary, the effect of fluctuations on the
diamagnetism (which diverges with the same expo-
nent as that of the conductivity) is most easily
observed in clean samples, with a large coherence
length. Fluctuation diamagnetism has been studied in
low-T, intercalated compounds.

2.2 Critical Fluctuation Region

The mean-field approximation is valid as long as the
relative amplitude of the fluctuations as given by Eqn.
(10) is much smaller than unity. However, since this
amplitude diverges at T, there exists a temperature
range near 7. where this approximation fails. This
range is called the critical region (for a recent review
see Ginzburg 1988). It is customary to measure it on
the reduced temperature scale ¢ = (7 — 1¢.)/ T¢. If &
is the reduced temperature at which the relative am-
plitude of the fluctuations is of order unity, it follows
from Eqn. (9) that

e =

kBT T
(12)

AF(0)&

where o is a numerical factor (actually important,
o = 2""'772) and AF(0) is the condensation energy at
T = 0. According to the BCS theory:

(13)

where N(0) is the normal state density of states. In the
weak coupling limit, A(0) is proportional to 7, dnd
since as seen before &y oc T, 1 it follows that ¢ oc T &
is extremely small for LTS typlcally ge<10712 . This
fully justifies the use of the GL mean-field approxi-
mation. However for the HTS e&. is much larger
(ec~1073) and the critical region can be studied ex-
perimentally (Salamon ez al. 1990).

As seen from Eqn. (12), the width of the critical
region is determined by the value of the condensation
energy in a coherence volume at T=0, compared
with kgT.. However, Uy = AFE® is also the typical
energy scale for core pinning of vortices. Through the
coherence length, there exists therefore an intimate
relationship between the critical temperature, t