
Chapter 1 

Magnetism 

and Magnetic Resonance 

The Bell System's interest in magnetic materials dates back to the very 

beginning of the telephone. It was recognized early that understanding the 
physics of magnetism would be crucial to progress in the technology using 
magnetic materials-whether for finding magnetic metals or allays having 
high permeability or low ac lass for transformers and loading coils, or for 
designing permanent magnets with large remanent magnetization. The 
research activities an ferromagnetic metals and alloys, an the physics of mag
netic domains, and on magnetic oxides-ferrites and garnets-extended the 
application of magnetic devices to the higher frequencies needed for larger 
carrier capacity. 

The techniques of magnetic resonance were introduced in solid state physics 
in the mid-1940s. They probe the internal fields of magnetic materials on the 
atomic level and deepen our understanding of the fundamentals of 
magnetism-the interaction between elemental atomic magnets and the much 
weaker nuclear magnetic moments. The techniques of Miissbauer spectros
copy make use of the very narrow gamma rays emitted by the nuclei of cer
tain magnetic materials and provide complementary information an funda
mental magnetic interactions. 

Magnetic fields are involved in many physics experiments discussed in 
ather chapters of this volume-in magnetaresistance (Chapter 4), plasma 
physics (Chapter 6), superfluidity in 3 He (Chapter 9), and magnetospheric 
physics (Chapter 7). 

I. THE PHYSICS OF MAGNETIC SOLIDS 

G. W. Elmen's discovery of Permalloy, Perminvar, and other materi

als has already been described in Chapter 8, section 2, of the first 

volume of this series, The Early Years (1875-1925). L. W. McKeehan 
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and R. M. Bozarth introduced the technique of using X-ray diffraction 
to study the effect of heat treatment of ferromagnetic materials in the 
presence of a magnetic field on HtE! magnetic properties relevant to 
communications technology. Their accomplishments reinforced the 
confidence of Western Electric management in the role that basic 
research could play in solving the long-term needs of the evolving 
communication systems, particularly when carrier frequencies were 
rapidly increasing into the microwave region of the elec:tromagnetic 
spectrum. 

Thus, right after World War II the atmosphere was conducive· to the 
initiation of scientific investigations of the fundamental atomic 
processes that give rise to magnetism. There was ample e·ncour
agement to use and to contribute to the most up-to-date quantum 
mechanical theories and related ~~xperimental techniques. X-ray 
diffraction techniques were extended to many single crystals and to 
detailed analyses of crystal structur,es. These techniques led to the 
explanation of the magnetic properties of materials and to the 
discovery of interesting new materials. It was found to be very fruit
ful to couple these investigations with crystal chemistry research and 
the application of physics research tools such as nuclear magnetic 
resonance and ferromagnetic resonance. Consequently, a program 
was initiated to study the role of ferromagnetic domains and 
domain-wall motion in determining basic magnetic properties such as 
permeability, ac losses, and coercive force. Studies were conducted 
on the effect of atomic exchange and superchange forces (]In fer
romagnetism, on localized magnetic moments, on the role of conduc
tion electrons in ferromagnetic metals, on spin waves, and on the 
propagation of electromagnetic wave·s in media containing ferromag
netic material. Other aspects of magnetism received attentilon in 
superconductivity research and in matgnetosphere studies. 

1.1 Ferromagnetic Metals and Alloys 

Soon after joining Western Electrk in 1906, Elmen started looking 
for a magnetic material that would have high permeability at low 
magnetic flux density with very low hysteresis losses. (For more on 
Elmen's work see Chapter 10 of the first volume of this series.) In tht~ 
mid-1920s McKeehan introduced the techniques of X-ray diffraction 
to the study of crystal structure in iron-nickel (Fe-Ni) alloys. He 
studied the effect of anisotropy and rnagnetostriction on the magnetic 
properties of ferromagnetic materials such as Permalloy.l McKeehan's 
studies led him to suggest that the E!lectrons in deeper levels, rather 
than the valence electrons, are involved in determining the magnetic 
properties of alloys. 
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Bozorth [Fig. 1-1] joined Western Electric in 1923 and, with E. A. 

Kelsall and J. F. Dillinger, started a series of measurements of the 

magnetic properties of nickel-cobalt-iron (Ni-Co-Fe) alloys subjected 

to annealing in the presence of a magnetic field .2 Using these tech

niques, Bozorth found the conditions needed to obtain a nearly 

square hysteresis loop in the Ni-Co-Fe alloy Perminvar with 65 to 70 

percent n ickel. He also conducted a number of studies of ferromag

netic anisotropy and magnetostriction in single crystals and polycrys

talline materials.3 One technological outcome of these studies was his 

explanation that the improvement in the magnetic properties of sili

con steel was caused by the orientation of crystals aligned by the roll

ing process.4 Bozorth is probably best known for his classic book Fer

romagnetism, a comprehensive compilation of the properties of fer

romagnetic metals and alloys published in 1951. It is a widely used 

Fig. 1-1. R. M. Bozorth pioneered in fundamental investigations 

of the magnetic properties of ferromagnetic metals and alloys. 
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reference source of worldwide research in ferromagnetic materials 
published prior to 1950, as well as an exposition of the phenomeno
logical and theoretical basis giving rise to important magnetic proper
ties of ferromagnetic materials. 

In the early 1950s research in ferromagnetism shifted to a new 
group of materials, the rare earths-elements of the Periodic Table 
with atomic numbers ranging from 58 to 70. The rare earth atoms 
have strong paramagnetic moments arising from an incomplete 4f 
subshell of the fourth electron shell in the usually trivalent ions. 
These materials became more available after World War II because of 
their presence in uranium and thorium ores. Wide scientific and 
technological interest developed in the properties of these elements, 
their alloys, and compounds. At Bell Laboratories E. A. Nesbitt and J. 
H. Wernick initiated a study of the magnetic properties of rare earth 
alloys and intermetallic compounds, including such compounds as 
SmCo5 and PrCo5,5 which were found to have hexagonal crystal struc
tures, large ferromagnetic moments, and the largest magnetic aniso
tropies known.6 These studies are discussed in Chapter 12 of this 
volume. 

1.2 Ferromagnetic Domains 

The concept of a ferromagnetic domain, or a region where all the 
elementary atomic magnets point in the same direction, has played a 
central role in the understanding of the magnetic properties of fer
romagnetic materials. This, in turn, has led to the development of 
improved magnetic materials for inductors with high permeability 
and low hysteresis loss, and of permanent magnets having high resi
dual magnetization and large coercive force. As early as 1907, P. 
Weiss, at the University of Strasbourg, proposed that a ferromagnetic 
material is composed of many regions, each magnetized to saturation 
in some direction? In the unmagnetized state, which generally 
prevails in the absence of an externally applied magnetic field, the 
directions along which the domain are situated are either randomly 
distributed or are perhaps distributed along preferred ("easy") direc
tions of magnetization, so that the resultant magnetization of the 
specimen as a whole is zero. 

The first observation of effects caused by domains was made in 1919 
by H. Barkhausen of the Technische Hochschule of Dresden.8 He 
detected noise or clicks in earphones connected to a coil wound 
around an iron specimen that was demagnetized continuously. This 
could be interpreted as caused by the fact that the actual demagneti
zation of the specimen proceeded in jumps, even though the demag
netizing current was increased continuously, arising from the discon
tinuous change in magnetization direction of the whole domain. At 
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Bell Labs Bozorth and Dillinger repeated the Barkhausen experiment 

in 1930 and by refined measurements, were able to deduce the aver

age volume of a domain associated with Barkhausen discontinuities.9 

However, direct observation of such domains was to take another 15 

years. 

1.2.1 Domains in Single Crystals 

Shortly after the end of World War II, W. Shockley and 

H. J. Williams initiated a study designed to develop more direct tech

niques for identifying a single ferromagnetic domain and for follow

ing its movement when the strength of an externally applied field is 

varied slowly. This work was undertaken with the expectation of 

providing a sound physical understanding of the magnetic properties 

of ferromagnetic materials in terms of the domain picture. In 1947, 

using the technique involving colloidal particles of Fe30 4 that had 

been developed after 1931 by F. Bitter and others,10 Williams 

observed a domain pattern in an electrolytically polished strain-free 

surface of single-crystal iron having about 4 percent silicon.11 This 

was followed by a more detailed study of the domain pattern on 

strain-free, single-crystal surfaces and a comparison with theory, pub

lished in 1949 by Williams, Bozarth, and Shockley.12 Later that year 

Williams and Shockley published the results of measurements on a 

beautifully designed hollow rectangular sample cut from a single 

crystal of silicon-iron with edges and surfaces all cut along easy direc

tions of magnetization.13 Each leg of this "picture-frame" single crys

tal was about 1.5 by 0.1 by 0.1 centimeters in size. [Fig. 1-2] 
Williams and Shockley observed the position of the wall boundary 

between the domains with magnetization in opposite directions at the 

same time that they measured the magnetization of the specimen 

with an appropriate flux meter. Their study established a direct 
correlation of magnetization with domain boundary motion and 

demonstrated that changes in magnetization in such an experimental 

arrangement occur by the growth of one domain at the expense of its 

neighboring domain. 
In the late 1940s the study of magnetic domains continued to flour

ish at Bell Labs. Williams and his coworkers adapted and perfected 

the technique of using a colloidal suspension of magnetic on electro

polished surfaces of metallic magnets to observe the domain structure 

of hundreds of samples. Williams produced several moving pictures 

concerning domains and the response of magnetic domain structure 

to ap~lied fields. These movies were of great educational impor

tance. 4 They gave a whole generation of students and research work

ers a feeling for this fundamental view of magnetic properties. 
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Fig. 1-2. (A) A photograph showing magnetic domain walls (at 
a rrows). (B) Magnetization curve. Circles labeled (a), (b), and 
(c) correspond to domain walls (a), (b), and (c) in (A). (C) The 
shape of the single-crystal silicon-iron sample. [Williams and 
Shockley, Phys. Rev. 75 (1949): 179,181). 

1.2.2 Domain Structure Theory 

Complementing the experimental work on magnetic domains, C. 
Kittel carried out theoretical calculations on a variety of domain prob
lems. He explained the domain structure in thin films and fine parti
cles, and the magnetic losses exhibited by magnetic materials with 
domain structure. In a review article published in 1949, and a subse
quent paper published with J. K. Galt in 1956, Kittel presented a com
plete account of the physical phenomena involved in ferromagnetic 
domains.15•16 Most of the volume of a ferromagnetic specimen is con
tained in one domain or another. Between two domains there is a 
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thin transition region, the domain wall, in which the magnetization 

direction gradually changes from that of one domain to that of a 

neighboring domain. [Fig. 1-3] These fundamental magnetic domain 

concepts have served to explain the magnetic behavior of the soft 

metals and alloys used in transformers and have provided a theoreti

cal foundation for the design of high coercive-force permanent mag

nets. 

1.2.3 Application to Permanent Magnet Design 

The snagging of a domain wall by an imperfection was one of the 

phenomena seen vividly in the domain observation experiments, and 

the understanding of the effect has had clear technological impact. A 

void or a nonmagnetic inclusion was observed to anchor a domain 

wall and to restrain its motion. A coercive field could be measured as 

the field necessary to break the wall free from a particular imperfec

tion. In 1961, Nesbitt and E. M. Gyorgy deliberately introduced 

imperfections into the magnetically very soft alloy known as 79 Per

malloy.17 They added gold to the components, and by careful heat 

treatments were able to bring about the precipitation of a gold-rich 

phase that interfered with the motion of domain walls. Variations of 

the alloy and its heat treatment enabled them to control the coercive 

force of the material and its switching behavior to achieve highly 

Fig. 1·3. The Bloch wall, showing the gradual change in direction 

of magnetization in a domain wall. [Kittel and Galt, Sol. State 

Phys. 3 (1956): 474]. 
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desirable properties. The same approach was subsequently applied to 
several other systems. One example was the study of cobalt-iron-gold 
by Nesbitt, G. Y. Chin, and D. Jaffe. 18 The alloy, 84%Co-12%Fe-4%Au, 
when annealed gave a very square hysteresis loop and a coercive 
force of about 12 oersteds. This alloy found extensive application in a 
memory device known as the piggyback twistor. Piggyback twistors 
were used as the basic storage elements in the early versions of the 
Traffic Service Position System and the Electronic Translator System, 
used respectively in long distance dialing and long distance call 
routing. 

The domain point of view also helped to improve the understand .. 
ing of the properties of permanent magnet materials. The theory 
shows that a domain wall has a finite width, in many cases about 
lOOOA [angstrom unit (A) = 10-to meters], and that magnetic particles 
smaller than that width simply cannot support a domain wall.l 9 The 
magnetization of such particles reverses only by the rotation of the 
whole domain, a process that might require much higher magnetic 
fields than those needed for the domain wall motion pro(:ess that 
proceeds by the growth of one domain at the expense of its neighbor. 
In 1950, Kittel, Nesbitt, and Shockley suggested that the properties of 
the permanent magnet alloy Alnico 5 could be explained in terms of 
the shape anisotropy of plate-like precipitates that could be produced 
by the heat treatment of the material in a magnetic field.2° [Fig. 1-4] 

Shortly thereafter, Nesbitt and R. D. Heidenreich demonstrated that 
the precipitates could be observed by electron microscopy.21 They 
were able to correlate precipitate morphology with magnetic proper
ties. In materials with the optimum properties, the precipitate parti
cles were about 75A to lOOA across by about 400A long, with spacings 
between the rows of about zooA. 

1.3 Magnetic Oxides- Ferrimagnetic Garnets 

1.3.1 Ferrites 

Because of their high resistivity, the non-metallic magnetic materi
als have been of particular interest for the reduction of eddy-current 
losses in transformers and other related applications. Research on 
metallic oxides at Bell Labs and elsewhere increased rapidly after 
World War II. Initially, the most prominent of such magnetic materi
als were the ferrites or ferrimagnetic spinels. The chemical formula 
for ferrites may be written as MFe20 4, where M could be any of the 
divalent ions of magnesium, zinc, copper, nickel, iron, cobalt, or man
ganese, or a mixture of these ions. Except for compounds containing 
the divalent iron ions, these ferrites may be made with resistivities in 
the range of 102 to 106 ohm-em. This is contrasted with a resistivity 
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Fig. 1-4. Electron micrographs of oxide replicas taken from a single crystal of 
Alnico 5 cooled at 2 • per second from 1300 • C with a magnetic field along 
[100] and then aged 2 hours at 800"C to grow the precipitate. Note the long 
rods of precipitate in (A). Photograph (B), taken on a surface normal to the 
heat treatment field, shows that the rods aggregate to form rough plates. 
[Nesbitt, Encyclopedia of Chern. Tech. 12 (1967): 7371. 
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of about 10-5 ohm~cm for the ferromagnetic metals. These high resis~ 
tivities make it possible to use ferrites in devices operating at radio 
frequencies up to tens of thousands of megahertz. Though there had 
been significant earlier work, interest in the ferrites was greatly 
stimulated by the publication in 1947 of reports of work done at the 
Philips Research Laboratories in the Netherlands during the war.22 

The materials effort on ferrites and the application of ferrites to 
inductors, transformers, and filters are discussed in Chapter 12 of this 
volume. 

The work of the French Nobel laureate, Louis Neel of the Univer~ 
sity of Grenoble, provided a basic understanding of the ferrites.23 
These oxides belong to a class of magnetic materials known as ferri~ 
magnets. The metal ions in these mixed oxides may be at either of 
two types of sites. At the A, or tetrahedral sites, the metal ions are 
surrounded by four oxygen ions at the corners of a tetrahedron. At 
the B, or the octahedral sites, the metal ions are surrounded by six 
oxygen ions at the corners of an octahedron. The magnetization of 
the crystal is determined by three interactions: between metal ions 
within the lattice of tetrahedral sites; between ions within the lattice 
of octahedral sites; and between ions on an A site and ions on a B 
site. The dominant interaction is the antiferromagnetic A-B coupling, 
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so that in most cases of interest the moments of A-site ions are paral·· 
lel to each other and antiparallel to those of B-site ions. 

Because the sum of the A-site moments generally differs from the 
sum of the B-site moments, the crystal has a net magnetization, giv
ing rise to ferromagnetic-like properties. The term ferrimagnetic is. 
used to designate an arrangement of magnetic moments in two sub
lattices, with the magnetic moments in one sublattice all pointing in 
one direction and the magnetic moments in the second sublattice all 
pointing in the opposite direction. 

The technological interest in the ferrites and similar magnetic 
oxides arises from two fundamental properties: the high resistivity, 
and the relatively high magnetization. Therefore, the magnetic 
oxides are very useful for high-frequency inductors and are particu
larly important for microwave communications. When properly 
inserted in a waveguide with an externally applied magnetic field, 
the material possesses a strong Faraday rotation of the plane of polari
zation of a propagating electromagn•etic field. This forms the basis 
for the microwave gyrator and the related circulators and one-way 
isolators. 

In order to understand the loss mechanism in ferrites, in 1952 Galt 
studied the motion of single magnetic domain walls in crystals of 
nickel-iron ferrites. J. F. Dillon used more perfect single crystals of 
a different ferrite, MnuFe1.60 4, to perform experiments in which the 
characteristic behavior of a simple wall system was much more evi
dent.26 He also observed that there was a steep rise in the losses 
experienced by the domain wall as temperature was lowered. In both 
the nickel and manganese ferrites comparisons were made with the 
losses observed in microwave ferromagnetic resonance experiments 
on the same compositions. Based on these observations, Galt27 and 
A. M. Clogston28 were able to apply relaxation theories to explain 
the observed losses. 

1.3.2 The Magnetic Garnets 

In the mid-1950s, a considerable expansion in the research at Bell 
Laboratories on new magnetic materials resulted from the collabora
tive work of S. Geller, M. A. Gilleo, and J. P. Remeika. This began 
as a study of the crystallographic properties of the rare earth orthofer
rites having perovskite-like structures. These orthoferrites belong to 
a class of materials called "canted antiferromagnets" in which the ele
mentary magnetic moments of the ions are arranged very nearly anti
ferromagnetically; that is, the sum of the moments in each of the two 
sublattices are equal but are not lined. up in precisely opposite direc
tions. [Fig. 1-5] These rare earth orthoferrites provided a fruitful 
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field for the study of magnetic interactions and magnetic domain 

behavior. These studies led to the discovery of the ferrimagnetic ~ar

nets, of which Y3Fe50 12, yttrium iron garnet (YIG), is a prototype. 9-31 

The orthoferrites were first used at Bell Labs for an experimental 

verification of the ideas involved in the invention of magnetic bub

bles. For a discussion of the materials effort on magnetic garnets, see 

Chapter 12, section III. 
These garnets became the favored experimental system for a great 

variety of fundamental experiments in magnetism. In particular, 
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many advances in the study of microwave losses in magnetic materi·· 
als were made possible by the availability of garnet crystals with few 
imperfections or impurities. 

An important technological advantage of the magnetic garnets com·· 
pared with the ferrites is that the metallic ions in the garnets an~ 
ordinarily all trivalent and there is no loss mechanism corresponding 
to the hopping of electrons from the divalent to the trivalent iron 
ions in the ferrites. 

Ferrimagnetic garnets were independently discovered in France by 
F. Bertaut and F. Forrat.32 Soon after their discovery and the initiall 
publications of Geller and Gilleo, many academic, government, and 
industrial laboratories throughout thE~ world became active in studies 
of this important class of magnetic materials. 

1.3.3 Observation of Domains in Garnets-Magnetic Bubbles 

Shortly after single crystals of the magnetic garnets became avail·· 
able, Dillon discovered that thin sections (about 0.01 em thick) of 
such crystals are transparent to visible light.33 Furthermore, in pass .. 
ing through the crystal, the light interacts with the magnetization 
and undergoes a magneto .. optical rotation; that is, if linearly polarized 
light enters the crystal, its direction of polarization is found to be 
rotated upon leaving the crystal. The amount of the rotation depends 
on the direction of the magnetization relative to the path of the light 
beam. Thus, Dillon was able to see the magnetic domain structure· 
with a polarizing microscope. [Fig. 1-6] Soon after Dillon's 
discovery, Williams, R. C. Sherwood, and Remeika found that at 
number of the orthoferrites and other magnetic oxides were trans·· 
parent in the same way.34 They also found that many of these crystals 
were transparent in the near infrared region, and that by using a 
polarizing microscope with an infrared converter, domains could be· 
seen in quite thick specimens. Viewing domain structure in transmit .. 
ted light has many advantages over the magnetic-powder colloid. 
technique used by Williams (see section 1.2.1 above). It becomes pas .. 
sible to see structure inside the crystal rather than just on the surface,. 
and with flash or strobe lighting it makes possible the observation of 
rapidly moving domain systems. Most important, it is peculiarly 
applicable to the nonmetallic magnetic materials that became of such 
great interest in the late 1960s. 

The fundamental studies of the physics of magnetism, involving 
ferrimagnetism, domain behavior, single crystals, and optical proper
ties, formed the basis for the investigation of magnetic bubble de
vices, as described in Chapter 12, section 3.1. A 1972 report of the 
National Academy of Sciences (known as the Bromley Report) is a 



Magnetism and Magnetic Resonance 31 

POLARIZER 

(a) 

TRANSPARENT 
FERROMAGNETIC 

GARNET CRYSTAL 
ANALYZER MICROSCOPE 

-e o e 
\ t t 

t=gt=gE9 
(a) 

APPEARANCE OF SAMPLE 

(b) 

(b) 

(c) 

OBSERVER 

(A) 

(B) 

(c) 

Fig. 1-6. (A) Schematic drawing illustrating the visibility of magnetic doma ins in the 

ferrimagnetic garnet. (B) Magnetic domains seen in a gadolinium iron garnet single crystal 

with a n optical polariscope, as shown in (A) . Parts (a) , (b) , a nd (c) correspond to the three 

cases shown in (A). The light and dark regions in the lower half of (a) and (c) are domains 

with magnetization parallel and antiparallel to the line of sight. The upper ha lf of the field is 

occupied by domains with magnetization in the plane. [Dillon, Jr. and Earl, A m. J. Phys. 27 

(1959): 203,204]. 

case study in the relationship between fundamental research pro

grams and the evolution of new technology.36 

1.4 Magnetic Moments and Interatomic Magnetic Interactions 

The research in magnetism described in the preceding sections of 

this chapter dealt principally with the behavior of magnetic materials. 

There has also been extensive activity, both theoretical and experi

mental, concerned with the more fundamental aspects of magnetism 

and its microscopic foundations. There are a few very basic problems 

in magnetism. For example: What is the origin of the magnetism in a 

given material? How do the magnetic sources interact with one 
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another? What are the collective properties of a system of interacting 
magnets? 

Naturally, these questions overlap and what each means depends 
upon whether it is asked about an insulator or a metal. Crudely, the 
answer to the first two questions is that the electrons are themselves 
magnetic, that is, that there is a magnetic moment associated with the 
electron spin, and that their interaction is principally of electrostatic 
origin. It appears as a magnetic interaction because the exclusion 
principle forces the wave function of two parallel spins to be 
different from that of two antiparallel spins, thus changing the elec
trostatic energies in the two cases. This is the exchange interaction 
between electrons. To go from this simple example of two lonely 
spins to a real material consisting of electrons bound to nuclei to 
form ions which, in turn, are bound to form crystals, is an exceed
ingly complicated problem. Major contributions have been made in 
this area by C. Herring and by P. W. Anderson, as described below. 

Herring was mainly concerned with magnetism in pure metals and 
alloys. In the transition metals, where ferromagnetism occurs, there 
is a broad band of itinerant s electrons whose energies overlap those 
of the d electrons. A difficult problem, to which experiment gives no 
simple answer, is to decide whether the d electrons are localized or 
itinerant, or whether these terms are perhaps inapplicable. Another 
problem is to decide to what extent the clearly itinerant s electrons 
are polarized and in what way they mediate the exchange coupling. 
Earlier, it was also important to understand how such concepts as the 
domain wall and spin waves could be treated in the itinerant models. 
Herring discussed these latter problems in 1951-1952 and maintained 
a continuous, critical interest in this field for many years.37 His anal
yses38 of the state of the theory culminated in a monumental review 
article published in 1966, "Exchange Interaction Among Itinerant 
Electrons."39 

One way of clarifying the problem of the occurrence of magnetism 
in metals is to study the magnetic properties of dissolved 
magnetic-impurity atoms in nonmagnetic metals, including supercon
ductors. In 1959, B. T. Matthias and coworkers studied the effect of 
transition metal impurities in titanium, zirconium, vanadium, and 
niobium on the superconducting transition temperature, Tc.40 It had 
already been established that impurities will always alter Tc, up or 
down, because they change the electron concentration in the metal. 
However, if the impurities have a magnetic moment, this would 
interfere with the spin pairing effect and always lower Tc. Matthias 
found no evidence for such a magnetic contribution in his experi
ments. Similarly, small amounts of iron dissolved in titanium, vana
dium, or niobium gave no additional magnetic susceptibility. It was 
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apparent that iron atoms dissolved in certain hosts carried no 

moment. However, in 1960, Matthias and coworkers found that iron 

added to the superconducting alloy Mo0.aReo.2 strongly depressed Tc 

and contributed to the susceptibility, showing that in this host the 

iron carried a moment.41 By dissolving small amounts of iron in a 

series of Nb-Mo alloys they found a threshold molybdenum concen

tration for moment formation at 40 percent, above which the iron 

moment increases. In a definitive series of experiments, in which 1 

percent of iron was dissolved in an extensive series of 4d transition 

hosts covering a continuous range of electron concentrations, Clogs

ton and coworkers showed that iron first acquires a value-of-moment 

between niobium and molybdenum. The moment rises to a max

imum value of 2.8 Bohr magnetons, then falls to zero at rhenium. It 

reappears between ruthenium and rhodium, and rises to the huge 

value of 12.7 Bohr magnetons near palladium before decreasing 

sharply again.42 

A qualitative exf:lanation of these remarkable results was given by 

P. A. Wolff et al. 3 and by Clogston,44 based on approximate band 

structures of the 4d transition metals and on studies of localized states 

and moments. [Fig. 1-7] An alternative interpretation of certain 

features of these results was given by V. Jaccarino and L. R. Walker, 

which suggested that moment formation may depend statistically on 

the particular local environment of each iron ion.45 The key paper in 

this area, which attacks the basic question "Why does a moment form 

at all?", was published earlier by Anderson.46 Anderson showed that 
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a very simple model, stripped of specific local features, contains the 
essential physics. This model includes a single, localized d orbital on 
an isolated ion, a band of itinerant electrons interacting with the d 
orbital, and, most significantly, a term that describes the Coulomb 
repulsion which appears if one attempts to put two electrons of oppo
site spin into the d orbital. He then found that a localized moment 
may or may not appear, the result depending upon the parameters of 
the problem. The energies involved here are such that in any real 
material the existence or nonexistence of the moment will be essen
tially indifferent to the temperature; an iron ion, for example, either 
has a moment or it does not. Its environment is the determining 
factor. 

For insulators, the magnetic moment is a specific property of a par
ticular ion, and its origin is usually well understood. So here the 
question is: How do the ions interact magnetically? The answer 
comes down to calculating the change in wave function (and thus of 
electrostatic interactions that yield the exchange forces) when one ion 
of a pair changes its spin orientation. It had been clear that the non
magnetic ions separating the magnetic ones in an insulator transmit 
this rearrangement of wave function in a process referred to as 
superexchange. In 1959, Anderson made a major advance in theory 
by showing that if a clear separation was made between the bonding 
problem of the nonmagnetic to magnetic ions and the magnetic prob
lem, the latter can be reasonably discussed as a perturbation.47 This 
"renormalization" of the problem led to an immediate simplification 
of thinking about exchange interactions in real crystals and to a 
number of qualitative working rules to predict behavior. Important 
calculations carried out in 1963 by R. G. Shulman and S. Sugano on 
the problem of covalent bonding have close connections with 
Anderson's work.48 By an extensive study of simple magnetic sys
tems, consisting of isolated clusters of transition metal ions and cou
pling anions embedded in organic matrices, A. P. Ginsberg and M. E. 
Lines were able to verify many predictions of the superexchange 
theory in considerable detail.49 

Another area to which Anderson contributed significantly in the 
1950s was the understanding of antiferromagnetic and ferrimagnetic 
insulators.50 Here well-defined, localized moments interact in a 
known manner and the problems are concerned with the collective 
behavior of such a system. Questions may be asked about the ground 
state (no longer intuitively obvious as for ferromagnets because of 
quantum mechanical effects), about the low-energy excitations, or the 
low-temperature thermodynamics. Anderson gave a very penetrating 
discussion of these topics and introduced a useful semiclassical treat-
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ment of the spin wave oscillations, providing a clear physical insight 

into such systems. 

II. MAGNETIC RESONANCE AND SOLID STATE SPECTROSCOPY

THE GYRATOR AND PARAMAGNETIC AMPLIFIER 

Starting with the first observation of nuclear magnetic resonance 

(NMR) in a beam of molecules by I. I. Rabi and coworkers at Colum

bia University in 1938, the technique of magnetic resonance has 

proved to be a powerful research tool in physics.51 It is based on the 

simple and fundamental relation that holds for the frequency of pre

cession of an elementary magnet when placed in a magnetic field, 

namely, 
f a: gH 

where f is the frequency of precession, g is the ratio of the magnetic 

moment to the angular momentum of the precessing magnet, and H 

is the magnitude of magnetic field. An external oscillating magnetic 

field is applied and its frequency varied until it is in resonance with 

the precession frequency. Since the oscillating frequency of an 

electrical circuit can be measured with great precision, it is necessary 

merely to arrange experimental conditions so that resonance can be 

detected. In the case of a molecular beam, resonance condition is 

established by noting the change of intensity in the detected beam as 

the frequency of the applied oscillating field is varied. In other cases, 

changes in the resistance or reactance in the circuit arranged to pro

duce the applied oscillating field may be observed, as was discovered 

in 1946 by E. M. Purcell, H. C. Torrey, and R. V. Pound,52 and 

independently by F. Bloch, W. W. Hansen, and M. Packard.53 

In solid state physics research the interest in magnetic resonance 

arises from the fact that the total magnetic field at a nucleus having a 

magnetic moment or at a spinning electron in a paramagnetic atom

to cite two examples-is the sum of the externally applied (and easily 

measured) magnetic field and the internal magnetic field arising from 

various interactions. It is the sorting out of the origin of such 

interactions that is of interest to the researcher. 
A similar observation can be made for the case of the motion of an 

elementary charged particle in a magnetic field. The frequency of the 

circular transverse motion (the cyclotron frequency) for a free, electri

cally charged particle is proportional to the charge-to-mass ratio and 

the magnetic field. For the motion of such a charged particle in a 

crystal under isotropic conditions, the cyclotron resonance can be 

used to determine the effective mass of the charge carrier. For solids 
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with more complex electronic structure, cyclotron resonance experi
ments can serve as additional tests of the validity of theoretical calcu
lations describing the motion of the charged carriers in the solid. 

2.1 Nuclear Magnetic Resonance 

2.1.1 Nuclear Magnetic Resonance in Metals 

One of the early applications of the techniques of NMR was to the 
study of the Knight shift, first observed by W. D. Knight at the 
University of California at Berkeley.54 (The Knight shift shows the 
fractional increase in the NMR frequency of an atomic nucleus in a 
metal relative to that in an insulator for the same value of H.) C. H. 
Townes, Herring, and Knight showed that the Knight shift of a few 
percent observed in the NMR frequency of nuclei in metals (such as 
lithium and sodium) was due to the hyperfine field at th'e nucleus 
produced by the interaction of the conduction electrons and the 
innermost (s) electrons.55 

Several years later W. E. Blumberg and coworkers at Bell Labs 
found negative Knight shifts (that is, of a sign opposite to that 
observed in simple metals) in silicon, antimony, gallium, and plati
num of the intermetallic compounds V3Si, V3Sb, V3Ga, and V3PtY6 

[Fig. 1-8] This led to an important generalization by Clogston and Jac
carino of the origins of Knight shifts in metals and made it necessary 
to include two terms in addition to the contact hyperfine interaction 
term at the nucleus caused by conduction s electrons.57 The first iis 
caused by electrons in the unfilled d band, which normally have a 
vanishing density at the nucleus. However, the exchange interaction 
between these electrons with the paired core s electrons alters the 
radial distribution of inner-shell electrons with spin up relative to 
those with spin down. This results in an unpaired s electron spin 
density at the nucleus from the different atomic shells of such a sign 
as to give rise to a negative Knight shift. Still another source of 
hyperfine field at the nuclei of metals is the orbital paramagnetism 
induced by the applied field acting on unfilled, orbitally degenerate 
bands.58 

Thus, a comprehensive picture of Knight shifts in metals emerged 
which involved these different contributions, the analysis of which 
was facilitated by introduction of the Knight shift versus susceptibil
ity plot.59 This analysis of the different contributions to th<e Knight 
shift became an important tool in the understanding of the electronk: 
structure of many intermetallic compounds and important transition 
metals such as platinum, palladium, and rhodium.60 Additional infor
mation on the electronic structure of metals was provided by th4~ 
study of nuclear spin relaxation arising from the fluctuating parts of 
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Fig. 1-8. Knight shift Kv vs. Knight shift Kx in two V 3X 

compounds: V 3Ga and V 3As. The different points for a 

given compound correspond to measurements made at 

different temperatures. [Clogston and Jaccarino, Phys. Rev. 

121 (1961): 13611. 
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the different hyperfine fields mentioned above.61 These fundamental 

ideas on the origin of Knight shifts and relaxation formed the basis of 

the interpretation of NMR results in the metal-insulator transitions in 

the vanadium oxides and studies of local moments in metals.62 Quite 

apart from the general studies previously discussed, a particularly 

noteworthy result in NMR research at Bell Labs was the first micro

scopic observation of diamagnetic domains in silver by J. H. Condon 

and R. E. Walstedt.63 They observed the NMR shifts caused by the 
demagnetizing fields of these domains. 

2.1.2 Nuclear Magnetic Resonance in Electroconducting Liquids 

NMR has been extensively exploited by W. W. Warren to study the 

metal-nonmetal transition and attendant localization processes in a 

series of liquid metals.64 When there are sufficient mobile electrons 

present the NMR relaxation rate remains insensitive to disorder, but 

it increases abruptly when localization takes place. U. El-Hanany and 

Warren have also used Knight shift measurements as a probe of elec

tron density changes in liquid mercury subjected to very large 

volume chan~es as the metal is being heated toward the liquid-gas 
critical point. 5 
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2.1.3 Nuclear Magnetic Resonance in Magnetic Insulators 

In 1956, Shulman and Jaccarino dis~.:overed large paramagnetic 
shifts in the NMR frequency of 19F nuclei in single crystals of MnF2 
above the temperature at which the ionic spins are ordered, the Neel 
temperature.66 These shifts were caused by the unpairing of the 2s 
electrons on the fluorine atoms by interaction with the d electron 
spin of the Mn2+ ion, and the associated hyperfine field of the frac
tionally unpaired fluorine 2s electron.66 From the size of the shift in 
the paramagnetic state Shulman and Jaccarino were able to predict 
and observe the hyperfine field and NMR frequency of the fluorine 
nucleus when the Mn2+ ions were fully aligned in the ant:iferromag
netic state at low temperature. Because, in the absence of an external 
magnetic field, the NMR frequency of the fluorine nucleus in the 
ordered state is proportional to the manganese sublattice rnagneti2:a
tion, the measurement of the NMR frequency as a function of tem
perature became the most accurate and powerful way of studying sub
lattice magnetization. The studies confirmed the behavior predicted 
by spin wave theory.67 

Similar studies of the sublattice magnetization were subsequently 
carried out in many other magnetic compounds.68 Among these were 
studies of CrBr3 by A. C. Gossard, Jaccarino, and Remeika, where the 
predictions of spin wave theory were accurately verified for the first 
time in a ferromagnetic insulator.69 

This NMR technique of measuring sublattice magnetization was 
extended to compounds such as K2MnF4 and K2NiF4 with antifer
romagnetic interactions exclusively within a plane?0 Theory had 
predicted that even at the lowest temperature, zero-point fluctuations 
exist in an antiferromagnet so that the average value of the man
ganese sublattice magnetization would not correspond to align~~d 
spins with S == 5/2, although it would in a ferromagnet. The devia
tion in MnF2 is less than 2 percent and so is obscured by other effe<:ts 
of similar size. However, in the planar antiferromagnets, this effect 
was more than 8 percent for Mn2+ and almost 20 percent for NiH, 
and was, therefore, more easily measured. These studies led to a 
detailed understanding of the spin-wave and thermodynamic 
behavior of these two-dimensional magnetic systems.71 In 1958-1959, 
H. Suhf2 and, independently, T. Nakamura73 showed that there is an 
interaction between nuclei in magnetic systems arising from the vir
tual emission and absorption of spin waves. This interaction gives 
rise to observable line shifts and line broadening effects in NMR. 
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2.2 Electron Paramagnetic Resonance 

2.2.1 Electron Paramagnetic Resonance in Insulators 

The resonance frequency at which a paramagnetic ion placed in an 
external magnetic field will absorb microwaves depends upon the 
magnitude of the total magnetic field at the ion, which is the sum of 
the external field and that arising from the electronic structure of the 
ion. Since the magnetic field produced by the electronic 
configuration depends on the particulars of the crystalline environ
ment in which the ion exists, electron paramagnetic resonance (EPR) 
is a fundamental probe for investigating the electronic structure of 
magnetic ions in crystals. Moreover, the electrostatic and magnetic 
interactions between the electrons of the magnetic ion and its nucleus 
give rise to additional absorption frequencies. An analysis of the 
complete spectrum can also yield information on important nuclear 
properties such as spin, magnetic moment, and electric quadrupole 
moments. 

Shortly after E. Zavoisky's discovery of EPR in a copper salt,74 the 
observation by R. L. Cummerow and D. Halliday of the EPR of a 
manganese salt,75 and the initiation of a program in microwave EPR 
at the Clarendon Laboratory in Oxford, England,76 A. N. Holden and 
coworkers at Bell Labs reported their observation of EPR in organic 
free radicals.77 They noted that the observed linewidth was more 
than an order of magnitude narrower than what was expected from 
the dipolar interaction between the electron magnetic moments. 
They indicated that this was due to the effective reduction of the 
dipole interaction by the rapid flipping of the electrons caused by 
exchange, as proposed theoretically by Van Vleck of Harvard Univer
sity. This exchange narrowing became an important interpretive tool 
in EPR as well as in NMR in magnetic materials. 

2.2.2 Electron Paramagnetic Resonance in Semiconductors-Electron-Nuclear 
Double Resonance 

In 1954, R. C. Fletcher and coworkers reported the observation of 
the first EPR of shallow donors in semiconductors?8 [Fig. 1-9] A 
well-resolved hyperfine structure (hfs) arising from the field pro
duced by the nuclear moments at the electron or from the electron 
spin density at the nucleus was observed for arsenic and phosphorus 
donors in silicon. A comparison of the magnitude of the observed 
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Fig. 1·9. Hyperfine splitting in spin resonance of Group V donors in 
silicon, electron spin of 1/2. For phosphorus, nuclear spin (I) is 112; 
the two vertical lines correspond to the two values of m1, +1/2 and 
-112, the projections of I along the direction of the magnetic field. 
For arsenic, I = 3/2; the four vertical lines correspond to m1 values of 
+312, +112, -112, and -3/2. For antimony (14 vertical lines), six 
lines pertain to isotope Sb121 (I - 5/2), and eight lines pertain to 
isotope Sb123 (I = 7/2). In each case, if the impurity concentration is 
greater than 1018 per cm3, only single lines appear. [Fletcher et al., 
Phys. Rev. 95 (1954): 8441. 

hfs with the corresponding values found for the free arsenic and 
phosphorus atoms played a central role in the development of the 
theory of shallow donors by W. Kohn and J. M. Luttinger.79 The 
unpaired s electron of the donor in the silicon lattice moves around 
the donor nucleus in a hydrogenic-like orbit of very large radius 
(30A) caused by the dielectric shielding and reduced effective mass of 
the electron in the solid. This results in a reduced electron spin den
sity at the nucleus and a smaller hfs, as compared with the 
corresponding values for the free atom. G. Feher extended the wotk 
on the properties of shallow donors in silicon, studying their spin
lattice relaxation and developing techniques for polarizing the donor 
nuclei.80 This work led to one of the landmark developments in 
EPR-the discovery by Feher of electron-nuclear double resonan•:e 
(ENDOR).81 [Figs. 1-10 and 1-11] The ENDOR technique allows NMR 
transitions to be studied at the nucleus of a paramagnetic ion or :in 
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Fig. 1-10. Schematic representation of the energy-level diagram of a donor electron in 
phosphorus-doped silicon as a function of an externally applied magnetic field. Each of the 
two electronic states corresponding to the electron spin (S) of phosphorus, ms - ± l/2, is 
split by hyperfine interaction with the phosphorus nuclear spin (/) of 1/2 and designated by 
m1 - ± 1/2. The allowed transitions between ms - 112 and ms - -112, which take place 
at microwave frequencies (about 10 MHz), are between the same ln/s, resulting in the two 
absorption lines separated by about 118 MHz shown in Fig. 1-9. Each of the m8 , m1 levels 
is split further by interaction with Si29 nuclei (the much more abundant Si28 not having a 
nuclear moment), but these splittings-which are in the MHz range-are too small to be 
resolved in the electron-spin resonance spectrum. However, if a strong microwave field is 
applied to saturate the electronic transition and superimposes an auxiliary radio frequency in 
the MHz range corresponding to the separation between nuclear sublevels, the microwave 
signal corresponding to the sublevel transition is unsaturated. This results in an intensity 
change that is far easier to detect (because of a greater population difference affected) than 
the direct absorption of radio frequency by the nuclear spins. [Feher, Phys. Rev. 114 (1959): 
12191. 
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Fig. 1-11. (A) Microwave absorption representing the interaction of the 
phosphorus electron spin with the phosphorus nuclear spin (see Fig. 1-1 O). 
The center of the two lines, indicated by the arrow, is the measurement of the 
hyperfine interaction. The difference of the two lines is the measureme:nt of 
the nuclear moment. (B) Microwave absorption representing the interaction 
of the phosphorus electron spin with neighboring Si29 nuclear spins. [Feher, 
Phys. Rev. 114 (1959): 12231. 

surrounding nuclei by monitoring a change in EPR intensity, rather 
than by observing direct radio frequency absorption corresponding to 
transitions induced in the nuclei. The significance of this was two
fold: it enabled the study of small hfs that was unresolved in the 
EPR spectrum; and the increased sensitivity provided by EPR versus 
NMR detection enabled the determination of nuclear moments in 
small concentration. The ENDOR technique was applied by Feher to 
plot the donor wavefunction in silicon by studying the ENDOR of sil
icon nuclei at different lattice sites moving out from the P donor.82 

This study was the prototype of many studies in other systems, such 
as the F center in alkali halides.83 

Feher's activity in EPR led to his collaboration with H. E. D. Scovil 
and H. Seidel in 1956 to build the first continuous-wave (cw) solid
state maser (microwave amplification by stimulated emission of radia
tion) using the Gd3+ ion in lanthanum ethylsulfate. It is interesting 
to note that building this maser provided the first demonstration of 
EPR cross relaxation. A small amount of cerium was used to cross 
relax certain gadolinium levels to prevent population buildup, which 
would be undesirable from the point of view of maser action, in a 
particular gadolinium level. 
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W. B. Mims was the first to apply the electron-spin echo technique 
to measure cross relaxation in paramagnetic systems. He developed 
even more sensitive ways of using ENDOR and measuring electric 
field shifts in paramagnetic ions by echo techniques.84 Electron-spin 
echo signals were observed to decay in a periodic manner and not 
monotonically as would be expected for a normal relaxation mechan
ism; the echo-decay envelope being effectively modulated by the 
superhyperfine or ENDOR frequencies characteristic of the material. 

This nuclear modulation effect in electron spin echoes was 
discovered in 1961 by Mims, K. Nassau, and J. D. McGee at Bell 
Labs85 and independently by J. A. Cowen and D. E. Kaplan at the 
Lockheed Research Laboratories86 in the course of experiments that 
were aimed at understanding the physical principles underlying the 
maser. The nuclear modulation effect provides one of the quickest 
and most convenient methods for investigating electron nuclear cou
pling in glasses and in many biological materials. At Bell Labs it has 
been also used to study coupling with nitrogen nuclei in hemoglobin 
and in a number of other metalloproteins. 

2.2.3 Electron Paramagnetic Resonance and Optical Fluorescence 

The activity in the study of solid state masers and lasers in the late 
1950s stimulated an interest in the structure of excited states of 
paramagnetic ions in crystals that were separated from the ground 
state by an energy corresponding to an optical frequency. Direct 
detection of EPR in these excited states was generally not feasible 
because of the small number of ions that could be maintained in the 
excited levels by optical pumping. However, instead of observing the 
microwave absorption directly, 5. Geschwind and coworkers moni
tored the change in the optical fluorescence from an excited state of 
ruby when microwave EPR transitions were induced among its mag
netic sublevels.87 In effect, the absorption of a microwave photon was 
converted to a change in fluorescence corresponding to one optical 
photon, which is far easier to detect. This first experiment on optical 
detection of EPR of excited states in solids was followed by detailed 
analysis of hfs and relaxation of a number of excited states of transi
tion metal ions and rare earth ions in solids.88 [Fig. 1-12] Connected 
with these experiments was the demonstration by G. F. lmbusch and 
Geschwind that an optically pumped excited state in solids retains 
memory of the ground state magnetization even after havin~ gone 
through complicated vibrational decays in the excited state. 9 This 
technique of optical detection of EPR was later agplied to the study of 
relaxed excited states of color centers in solids9 and became widely 
used for the study of excited triplet states in organic molecules.91 
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Fig. 1-12. Block diagram of the system used for optical detection of electron paramagnetic 
resonance in the E(2E) state of AI20 3:Mn4+. [Imbusch and Geschwind, Phys. Lett. llJ 
(August 15, 1965): 1091. 

In 1959, W. J. Brya, Geschwind, and G. E. Devlin utilized lthe tech·· 
nique of Brillouin light scattering to demonstrate conclusively that in 
EPR, paramagnetic ions relaxing to equilibrium may heat the lattice 
vibrations in a narrow frequency range around the microwave fre·· 
quency.92 This microwave phonon bottleneck, as it was called, had 
been a long outstanding problem in EPR. Prior to this work the evi·· 
dence for its existence was only indirect, since it could only be 
inferred from the behavior of the EPR signal itself. 

2.2.4 Electron Paramagnetic Resonance in Metals 

In contrast to insulators, EPR in metals is dominated by the physics 
of the translational motion of the conduction electrons. This is truE~ 
whether it is the EPR of the conduction electrons or of the localized 
moments interacting with conduction electrons that is being investi
gated. Greater experimental difficulties are encountered in the mea
surement of EPR in metals as compared with corresponding measure
ments in insulators primarily because the microwaves penetrate the 
metal sample only to the extent of the microwave skin depth 
(10-4 to 10-s em). Difficulties may also occur because the relaxation 
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times of the electronic moments in metals are generally shorter. 
However, along with the development of more sophisticated tech
niques specific to metals and the general high sensitivity of EPR, it 
has been possible to use EPR to make significant progress in a 
number of areas of metal physics. 

The first EPR in metals at Bell Laboratories was reported by M. 
Peter and Matthias, who observed a g-value in europium metal 
characteristic of Eu2+.93 This confirmed that europium was divalent, 
in agreement with earlier susceptibility measurements of Bozorth and 
Van Vleck. Peter and coworkers also studied the g-shift of the Gd3+ 
local moment in a variety of intermetallic compounds and in alloys of 
elements of the second transition series.94 These measurements indi
cated the presence of a negative electronic Knight shift caused by an 
exchange interaction between the conduction electrons and the Gd3+ 
local moment. The sign of this exchange, as determined by the sign 
of the g-shift, was in accord with NMR Knight shift measurements in 
these compounds made by Jaccarino and coworkers.95 These reso
nance experiments were important adjuncts to susceptibility and 
specific heat measurements as well as to the intensive theoretical 
work on local moments in metals that was carried on at Bell Labs in 
the early 1960s. 

The relaxation time, or linewidth, of a local moment in a metal is 
another source of information regarding its interaction with conduc
tion electrons. This relaxation corresponds to the flow of energy 
when the local moment is resonated with microwaves, from the local 
moment magnetization to the conduction electron magnetization, and 
subsequent equilibration of the conduction electron spins to the lat
tice temperature. Gossard, A. J. Heeger, and J. H. Wernick showed 
that at a high-enough concentration of local moment (only a few per
cent manganese in copper), the flow of energy is bottlenecked by the 
relatively low heat capacity of the conduction electron spins.96 This 
bottleneck was predicted theoretically by H. Hasegawa and must be 
taken into account in order to properly interpret local moment relaxa
tion behavior in metals.97 

Another area of EPR in metals in which Bell Labs was very active 
in the mid-1960s was the EPR measurement of conduction electrons 
in alkali metals by W. M. Walsh, L. W. Rupp, and P. H. Schmidt.98 

This program was aided by the success in preparing ultra-pure alkali 
metals. The most significant aspect of these results was the indication 
that core-polarization contribution to electronic g-shifts plays an 
important role in the heavier alkalies such as cesium and rubidium. 

A key contribution was the theoretical work of P. M. Platzman and 
P. A. Wolff on spin waves in nonferromagnetic metals.99 Using the 
Landau theory, they calculated the wave-number-dependent radio 
frequency susceptibility of an interacting system of conduction elec-
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trons and showed that sidebands on the EPR line in sodium and 
potassium seen by S. Shultz and G. Dunnifer100 were caused by these 
spin waves. 

2.3 Ferromagnetic Resonance 

Ferromagnetic resonance (FMR) was discovered in England in 1946 
by J. H. E. Griffiths in iron, nickel, and cobalt.101 However, the 
observed FMR frequencies were puzzling as they were far from 
agreement with predictions based on the measured gyromagnetic 
ratios determined from torque experiments. It remained for Kittel., 
who was at M.I.T. at that time, to account for these results 1by point
ing out the importance of the large demagnetizing fields in determin
ing the FMR frequency. 102 He also derived expressions for the com
plex microwave permeability. W. A. Yager and Bozarth at Bell Labs 
carefully checked the quantitative predictions of Kittel by doing FMR 
on thin sheets of Supermalloy, which was J'articularly suitable for 
that purpose because of its low anisotropy.10 Shortly thereafter, Kit
tel generalized his result to obtain the resonance frequency of uni
form precession for an arbitrary spheroid. These expressions were 
experimentally verified at Bell Labs by Kittel, Yager, and Merritt. 104 

2.3.1 The Gyrator 

The development of relatively low-loss magnetic insulators, with 
properties determined by an applied de magnetic field, led to a 
wealth of technological applications and a new industry. These were 
initiated by the invention and exploitation of a practical gyrator by 
C. L. Hogan in 1951.105 [Fig. 1-13] The idea (and the name) of the 
gyrator-an ideal, passive, four-terminal device with nonreciprocal 
transmission properties, shifting the phase by 180° in one direction 
and by 0° in the other-had been advanced by B. D. H. Tellegen att 
the Philips Research Laboratories in the Netherlands.l06 Hogan real
ized that ferrite placed in a magnetic field close to that required for 
FMR is a medium capable of possessing nonreciprocal properties to a 
utilizable extent. He also observed that the nonreciprocity would be 
acceptably broad-band. He proceeded to construct a gyrator and a 
series of successful microwave isolators and circulators in the 9 GHz 
range using ferrite slugs placed suitably in waveguide. 

2.3.2 Resonance Linewidth and Losses in Ferrites and Garnets 

Research aimed at understanding the origin of losses in FMR, or 
equivalently, the FMR linewidth, was central to the improvement of 
microwave ferrite devices. Galt and coworkers107 and Clogston108 
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Fig. 1-13. Simplified drawings showing the rotation of the plane of polarization produced in 

ferrite rods in a gyrator used as a microwave isolator. The upper part shows the polarization 

conditions inside the cylindrical guide for a wave propagating from left to right; the lower part 

shows the polarization conditions for a wave propagating from right to left. The resistance 

sheets are good radio frequency absorbers for waves polarized parallel to the surface but very 

poor absorbers for waves polarized normal to the surface. For the incident wave, the rotation 

of the plane of polarization produced by the Faraday effect in ferrite specimen C1 is clockwise 

as viewed in the direction of propagation; in C2 it is counterclockwise, because the direction of 

the applied field is reversed. Similar rotation takes place for the reflected wave, as indicated, 

leading to the absorption of the wave in resistance sheet D. 

formulated a valence exchange theory of loss applicable to certain fer
rites such as NiFe20 4, in which Fe2+ and Fe3+ exist on physically 
equivalent sites. Because of spin-orbit coupling the "extra" electron 
on the Fe2+ may find it more energetically favorable to be on one site 
or on the other when the magnetization moves. This extra electron 
requires a certain relaxation time to return to thermal equilibrium 
when the magnetization moves, introducing a lagging torque and a 
consequent loss mechanism. However, such a valence exchange 
mechanism is essentially absent in yttrium iron garnet (YIG), because 
all of the metal ions are trivalent. 

With the elimination of the major source of microwave losses, other 
loss mechanisms came to the fore. In 1956, AndPrson and Suhl 
pointed out that as a result of the dipole-dipole interaction between 
spins in a ferromagnet, the resonance arising from the uniform pre-
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cession mode of FMR is degenerate with a portion of the spin-wavt~ 
spectrum.109 This degeneracy was shown to be the basis of a loss 
mechanism for FMR by Clogston and coworkers.110 They pointed out 
that disorder, such as impurities or irregularities in the crystal, pro·· 
vided a coupling mechanism for drawing energy from the uniform 
precession mode to the degenerate manifold of spin waves. ExtensivE~ 
experiments on YIG, many of which were done at Bell Labs by R. C. 
LeCraw, E. G. Spencer, and C. S. Porter from 1958 to 1963, showed 
that pits left on the surface of the sample by the polishing process 
provided the irregularity necessary for c:oupling the uniform preces
sion.111 Increased surface smoothness resulted in lower linewidths. 
However, even at the highest surface polish a peak in the FMR 
linewidth as a function of temperature was still observed, as first 
reported by Dillon.l12 This peak was shown by Dillon and J. W. Niel
sen to be caused by traces of other fast-relaxing, rare earth impuri
ties.113 Several theories of this rare earth relaxation appropriate to 
different magnitudes of relaxation of rare earth ions have been 
given.114 T. Kasuya and LeCraw used ultrapure YIG prepared by 
Remeika to obtain an extremely narrow linewidth of 0.05 Gauss, lim
ited by fundamental spin wave-phonon interactions in the c:rystal.115 

The surface pit scattering and rare earth impurity linewidth mechan
isms are an outstanding example of interplay between theory and 
experiment culminating in the practical realization of the ultimate 
linewidth in so important a technological material as YIG. 

2.3.3 Parametric Ferromagnetic Amplifier 

There were many other significant advances in FMR at Bell Labora
tories. Suhl discussed and explained the fundamental behavior of 
FMR at high powers, the related saturation and instability effects, and 
showed how a parametric ferromagnetic amplifier could be built.116 

He proposed that a ferrite sample, under an applied de magnetic 
field, be placed in a cavity that is simultaneously resonant to two sig
nal frequencies, /1 and f 2.U7 When a high-power "pumping~~' field of 
frequency f 1 + f 2 is applied to the sample, amplification or oscillation 
should be observed at the signal frequencies f 1 and f 2. The fre
quency condition for the pumping field, ~ = f 1 + f 2, was predicted 
earlier by J. M. Manley and H. E. Rowe.1 8 Shortly thereafter, M. T. 
Weiss demonstrated such a ferrite microwave amplifier and oscillator 
operating at 4.5 GHz.119 P. K. Tien invented a traveling-wave 
parametric amplifier that included, in addition to the frequency con
dition mentioned earlier, a phase-matching condition, !)(pump) = 
,81(signal) + il2(idler), which is also known as the Tien Beta rela-
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tion.120 This phase-matching condition became widely used in non
linear optics and in quantum electronics. 

The wave-type parametric amplifiers, including the forward-wave
type and the backward-wave-type amplifiers proposed by Tien, were 
quickly demonstrated in the form of diode amplifiers by M. E. 
Hines, 121 and by M. U enohara ·and W. M. Sharpless, 122 and in the 
form of cyclotron-wave electron-beam amplifiers by R. Adler and G. 
Hrbek,l23 and by T. J. Bridges and A. Ashkin.l24 What made the 
parametric amplifiers important is that signals are amplified by an 
electron beam or by semiconductor diodes in the form of a variable 
reactance that does not contribute noise.125 A diode parametric 
amplifier at 6 GHz with a noise figure as low as 0.3 decibel has been 
built at Bell Laboratories.126 (This noise figure should be compared 
with a noise figure of 6 to 10 decibels in typical traveling wave tubes 
built in the late 1950s.) 

2.3.4 Ferromagnetic Resonance in Rare Earth Ferrimagnetic Materials 

In 1956, Dillon127 observed simultaneously with R. L. White, J. H. 
Solt, and J. E. Mercereau,128 a large number of subsidiary ferromag
netic resonance absorptions. These are called magnetostatic modes 
because they correspond to the natural oscillations of a system of cou
pled dipoles. A complete theo7: was given for general spheroidal 
samples by L. R. Walker in 1957. 29 Geschwind and Clogston pointed 
out theoretically and showed experimentally how an inhomogeneous 
broadening in FMR is narrowed by the dipolar forces. 130 This latter 
phenomenon is important for linewidth analysis in polycrystalline 
materials. 

Some of the most interesting work in FMR was done on systems in 
which a magnetic rare earth ion was substituted for yttrium in 
YIG.131 These are ferrimagnetic structures, with the rare earth ions, 
the iron ions on octahedral sites, and the iron ions on tetrahedral 
sites each forming a magnetic sublattice. The fact that the rare earth 
ions have widely different magnetic properties gives rise to a rich 
variety of behavior in the substituted garnets. The rare earth ions 
have a complicated level structure, heavily dependent upon their 
crystal environment, in many cases with low-lying levels. One 
consequence in such a case is that the field for ferromagnetic reso
nance may be highly anisotropic, varying by as much as several 
kilooersteds with crystal direction. A prototypical system is YIG 
doped with terbium, where dramatic effects were observed. Dillon 
and Walker developed an extension of the usual FMR theory to 
include ions with complex level structure that gave a satisfactory 
explanation of these results.132 



50 Engineering and Science in the Bell System 

2.4 Electron Orbital Resonance 

A charged particle in the presence of a uniform magnetic field 
moves in a spiral path around the flux lines. The frequency of the 
circular transverse motion is called the cyclotron frequency and is 
proportional to both the charge-to-mass ratio of the particle and the 
strength of the magnetic field. If a radio frequency (rf) electric field 
is also applied transverse to the fixed magnetic field and its polariza
tion is made to rotate at a frequency equal to that of the particle's 
cyclotron motion, a resonant transfer of energy will occur. This will 
lead to an increase (or a decrease, depending on the relative phase) in 
the transverse component of the particle's velocity and a loss of 
energy from the driving circuit. The phenomenon is known as cyclo
tron resonance since it requires equality of the excitation and cyclo
tron frequencies. It has been widely exploited in particle accelerators, 
mass spectrometers, in an early version of the magnetron (a high
power microwave oscillator), and, in the mid-1970s, in a new millime
ter wave generator, the Gyrotron.133 

In fusion research the cyclotron resonances of various charged par
ticles in a plasma or dense gas discharge offer a means of plasma 
heating. Cyclotron resonance has also proved to be a powerful spec
troscopic tool in solid state physics. It has contributed greatly to the 
understanding of the motion of electrons and holes in semi
conductors, semimetals, and metals. In addition, it has led to a much 
more general understanding of the collective dielectric behavior of 
these conducting solids, an area of research known as solid state 
plasma physics (see Chapter 6, section 2.2.3). 

2.4.1 Orbital Resonance in Semiconductors 

In order to measure the charge-to-mass ratios of mobile charged 
particles with some accuracy using cyclotron resonance methods, the 
motion of those particles should be well defined. This means that the 
particles should complete several orbital cycles around the magnetic 
flux lines without disturbance. While this condition is easily 
achieved for free particles in a good vacuum, it is most difficult to 
obtain in solids because of the scattering by the thermal vibrations of 
the crystal lattice, and static imperfections such as vacancies, disloca
tions and, above all, charged impurities. Thus, despite prior theoreti
cal suggestions that cyclotron resonance in solids would be very 
interesting, it was not until 1953 that Shockley could point out that 
improvements made in the purity and crystalline perfection of thre 
elemental semiconductors germanium and silicon (motivated by the 
nascent transistor technology) should increase the mean-free path 
sufficiently to permit observation of cyclotron resonance in these sem-
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iconductors.134 Following this suggestion, scientists at the Universi% 
of California at Berkeley, 135 and at the Lincoln Laboratory of M.l. T. 1 6 

investigated a variety of cyclotron resonance absorption lines in both 
germanium and silicon arising from electrons moving in multiple and 
highly anisotropic conduction-band valleys. Less well-resolved cyclo
tron absorption ca_used by holes at the valence-band edges were also 

seen. At Bell Laboratories, Fletcher, Yager, and Merritt discovered 
that the hole resonances were much more complex than had first 
been expected, exhibiting a fine structure caused by the quantum 
nature of the motions of the particles.137 

The full elucidation of the quantum structure has required consid
erable effort on the part of both experimenters and theorists over 
many years. Using cyclotron resonance as a monitor of free carriers, 
J. C. Hensel, T. G. Phillips, and T. M. Rice determined the work func
tion of a novel metallic condensate, the electron-hole droplet formed 
by high densities of carriers in germanium at low temperatures.138 

(For more on this topic see section 5.6 of Chapter 2.) 
Cyclotron resonance in semiconductors has also been used to study 

the two-dimensional space-charge region formed at the Si-Si02 inter
face in metal-oxide semiconductor (MOS) devices.139 Since scattering 
times are short in the disturbed potential at the interface the experi
ments require very high frequencies and, correspondingly, very 
strong magnetic fields. Variations of effective-mass ratios and scatter
ing times have been observed as functions of the space-charge density 
and temperature. Whether some of these variations are manifesta
tions of many-body interactions is a question of continuing interest. 

The phenomenon of cyclotron resonance may also be probed by 
light scattering rather than by direct resonance absorption. This was 
clearly demonstrated by R. E. Slusher, C. K. N. Patel, and P. A. Fleury 
in InSb using C02 laser radiation that was inelastically scattered 
because of excitation of both cyclotron and spin-flip transitions.140 

The latter scattering provides the basis for the magnetically tunable 
spin-flip laser. (For more on this topic see section 7.3 of Chapter 5.) 

2.4.2 Orbital Resonance in the Semimetals Bismuth and Graphite 

Shortly after the first observations of cyclotron resonance in sem
iconductors, Galt initiated similar experiments in a different class of 
conducting solids-the semimetals whose archetype is the element 
bismuth.141 A semimetal differs from a semiconductor in that the con
duction and valence bands overlap and, therefore, equal numbers of 
mobile electrons and holes are present even at the lowest attainable 
temperatures. This high conductivity restricts penetration of the 
rapidly time-varying electrical excitation to a thin surface layer, the 
skin depth, and severely complicates the resonance phenomenon. 
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Galt found that the clearest results could be obtained if the uniform 
magnetic field was directed perpendicular to a carefully polished flat 
surface of the semimetal. His study showed that the cyclotron reso·· 
nances then took the form of absorption steps or edges rather than 
simple absorption lines. The data analysis was greatly aided by a cal .. 
culation of Anderson that explained the step-like character of the 
resonance under skin-effect conditions.142 Galt's paper later proved to 
be the precursor of plasma aspects of orbital resonance phenomena. 
Despite the inherent complexities, Galt and his coworkers were able! 
to unravel the spectra of elemental bismuth and some dilute alloys 
and, thus, to confirm theoretical calculations of the electronic band 
structure of these materials.143 Their use of circularly polarized 
microwave excitation to distinguish between electron and hole reso .. 
nances was particularly noteworthy. A similar investigation o£ 
graphite was also performed by Galt and his coworkers144 and later 
interpreted by P. Nozh~res.145 The concept of magnetospectroscopy of 
semimetals was extended from the microwave to the infrared region 
by W. S. Boyle, A. D. Brailsford, and Galt,146 and later by J. C. Burgiel 
and L. C. Hebel.147 

2.5 Resonance Experiments in the Far-Infrared 

Many of the collective excitations in solids, such as spin waves, lat
tice waves, and charge density waves, occur in the far infrared region 
of the electromagnetic spectrum. Important solid state spectroscopic 
data in this region remained relatively untapped until the late 1950s 
because of a lack of strong broadband sources and sensitive detectors. 

Since the days of A. A. Michelson's work with an optical inter
ferometer,148 spectral data could be obtained by using interferometers 
as well as by using dispersion spectrometers. However, to extract the 
spectral information from the data obtained with the interferometer 
required laborious and tedious calculations. With the availability of 
fast computers, these calculations were no longer prohibitive and 
Fourier transform spectroscopy came into its own. After the initial 
developments of far infrared interferometers by H. A. Gebbie and 
G. A. Vanasse,149 and by J. Strong at Johns Hopkins University}S0 the 
techniques were successfully applied to problems in solid state phy
sics by P. L. Richards and S. J. Allen at Bell Labs as well as by work
ers in other laboratories. 

A wide variety of problems have been attacked with this spectros
copic tool. The influence of impurities on the superconducting 
energy gap was shown by Richards to agree with Anderson's predic
tions. Antiferromagnetic spin waves were studied by Richards and 
others in a number of magnetic insulators.151 Of particular interest 
was the effect of orbital degeneracy on the magnetism of such 
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molecules as U02.152 Rotation of molecules trapped in {:1-quenol 

clathrate inclusion com~ounds were graphically expressed by their 

far infrared absorption. 53 The crystal field environment of iron in 

hemoglobin was deduced from its far infrared electron spin reso

nance. The diffusion rate of mobile cations in solid electrolytes like 

Na{:J-alumina, used in a sodium sulfur battery, contains as a factor the 

vibration frequencies of the cations in their potential wells, and these 

frequencies lie in the far-infrared. 154 Perhaps one of the most produc

tive areas of far-infrared spectroscopy concerns electron states in 

semiconductors. Plasma waves, cyclotron resonance, and donor state 

spectroscopy are revealed in the far infrared. In 1978, D. C. Tsui and 

coworkers were able to probe the electron states confined to the 

inversion layer of a silicon metal-oxide semiconductor field-effect 
transistor (MOSFET).155 

III. MOSSBAUER SPECTROSCOPY 

The Mossbauer effect was discovered by R. L. Mossbauer in 1957 at 

Heidelberg, Germany.156 He found that when radioactive atoms that 

emit gamma rays are bound in a solid, the solid absorbs the recoil of 

the emission and the emitted gamma ray has the full energy of the 

nuclear transition. These gamma rays can be resonantly absorbed by 

another nucleus of the same type. [Fig. 1-14] The comparison of 

source emission energies and absorber energies leads to a new form 

of spectroscopy-Mossbauer spectroscopy. The primary importance 

of this technique is that it allows accurate measurements of the very 

small changes produced in nuclear energy levels by the electrons of 

an ion and its neighbors in the solid. Thus, Mossbauer spectroscopy 

can serve as a probe to study chemical bonding, structure, and 

magnetism, as seen by individual nuclei. 

3.1 Hyperfine Structure Studies in Magnetic Materials 

The use of Mossbauer spectroscopy was begun at Bell Laboratories 

in 1959 by G. K. Wertheim. Wertheim's initial approach was to try to 

relate the hyperfine interactions known to be observable via the 

Mossbauer effect-the magnetic hyperfine splitting and the quadru

pole splitting-to the electronic structure of solids by stud&'ing the 
Mossbauer spectra of relatively well understood materials.15 In this 

process, he discovered a new interaction, the isomer shift, which 

arises from the electrostatic interaction of the nucleus with the elec

tronic charge density. With Walker and Jaccarino, Wertheim demon

strated that ionic wave functions previously calculated could be used 

to explain the observed isomer shift values for Fe57, the most com

monly used MO'ssbauer nucleus.158 They also determined the size of 
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Fig. 1·14. (A) Diagram showing that the 
Mossbauer effect is based on the resonant absorption 
of gamma rays emitted in the decay of a radioactive 
nucleus, which can be resonantly absorbed by a 
nucleus of the same kind in the ground state. (B) 
"Standard" configuration of a simple Miissbauer 
experiment. The source is moved with precisely 
controlled velocity to modulate the gamma-ray 
energy by means of the Doppler effect. When the 
gamma rays have proper energy to be resonantly 
absorbed by nuclei in the absorber, fewer of them 
pass through to the detector, and the counting rate 
decreases. (C) The result normally is plotted as 
shown, in terms of the transmission, or counting 
rate, versus the Doppler velocity applied to the 
source. The idealized spectrum shown would be 
obtained for a quadrupole-split doublet. [Science 
178 (November 1972): 8291. 
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the nuclear radius change between excited and ground states. This 
approach established a systematic relationship between the 
parameters observed by Mossbauer spectroscopy and known magnetic 
and chemical structure. Using this information, it was subsequently 
possible to learn about new materials from their Mossbauer spectra. 

This technique was immediately useful in studying comElex new 
magnetic materials. There were three important advantages: 59 

1. Measurements of magnetization could be made without a field 
applied to the sample, so that good data could be obtained even 
on materials that were hard to saturate magnetically. 

2. In complex materials with magnetically inequivalent sites, the 
magnetism of the different ions could be directly determined 
from the Mossbauer spectrum. 

3. Powder samples could be studied; single crystals were not 
required. 

The experimental results on Mossbauer spectra, together with infor
mation from nuclear magnetic resonance, turned the attention of 
physicists to the problem of understanding the various contributions 
to the hyperfine field at the nucleus in magnetic materials. An early 
series of experiments on alloys of iron diluted with other elements 
showed that the effects of this alloying on the hyperfine spectrum 
could be very simply explained.16° For each substitution of a non-iron 
neighbor in the near-neighbor shells of the iron probe atom, both the 
isomer shift and hyperfine field were altered by fixed amounts. 
These results showed that simple additive behavior could be expected 
for many alloys, and enormously simplified the interpretation of data 
on more complex systems. Subsequently, the model was also shown 
to be valid for alloys of gold with transition metals. 161 

3.1.1 Hyperfine Fields in Rare Earths 

Several rare-earth isotopes can be used for Mossbauer spectroscopy. 
Hyperfine structure measurements allow the magnetism and ionic 
structure of metals, intermetallic compounds, and insulators to be 
related. This approach was used to study the magnetism of rare earth 
iron ~arnets, in which europium was used as a Mo'ssbauer 
probe. 62- 169 The hyperfine field observed in the Mossbauer spectrum 
is proportional to the exchange field on the europium. The sources of 
the exchange could be ascertained by substituting nonmagnetic ions 
for the iron in the garnet. [Fig. 1-15] The results of the experi
ments showed that the two tetrahedrally coordinated iron nearest 
neighbors to the europium ions provided almost all of the exchange 
field, in contradiction with a previously accepted model. This infor-
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Fig. 1-15. Mossbauer spectra of Eu151 in gallium-doped euro .. 
pium iron garnet, Eu3 Fes-x Gax 0 12, for various values of x. The 
origins of the magnetic interactions in garnets can be determined 
from these spectra. [Nowik and Ofer, Phys. Rev. 153 (1967): 413]. 

mation on the origins of garnet magnetism proved useful in the· 
design of complex mixed garnets for bubble-domain memory devices. 

3.1.2 Microstructure of Magnetic Alloys 

In 1978, M. Eibschutz and coworkers used the Mossbauer spectros
copy of iron alloys to study the microscopic structure of the Chromin
dur cold-formable, high-energy-product permanent magnet materials .. 
These alloys are generated by means of spinodal decomposition of a 
Co-Cr-Fe alloy, which produces precipitates of only a few hundred 
angstroms. It was shown that this complex material contains two fer-· 
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romagnetic phases at room temperature, with the coercive force aris
ing from the domain-wall-particle interaction of the two magnetic 
phases, making it a good permanent magnet.170 

3.1.3 Hyperfine Measurements and Electron Spin Relaxation 

Initially, Mossbauer spectra were considered to arise from static 
hyperfine fields. However, as measurements were extended to addi
tional systems, it became apparent that many of the observed spectral 
features were arising from dynamic phenomena. This meant that the 
hyperfine fields seen by a nucleus were changing during the charac
teristic time of the Mossbauer absorption (typically 10-9 to 10-7 

seconds). 
An early experiment by Wertheim and J. P. Remeika studying the 

hyperfine spectrum of Fe3+ as a dilute impurity in corundum 
(a-Ah03) established the idealized extremum of the "slow relaxation 
limit."171 By making the iron dilute enough to remove the iron-iron 
relaxation mechanism, and cooling to eliminate thermally excited 
relaxation mechanisms, the spectra of the individual paramagnetic 
states of isolated ions could be determined. The spectra of these 
states were shown to correspond to those expected for the known 
iron-ion wave functions in this host. These experiments laid the 
groundwork for a theoretical model that showed how to obtain the 
hyperfine spectrum for the case of moderately fast relaxation by con
sidering rapid stochastic transitions among the paramagnetic basis 
states of the ion in the magnetic field. 172 This theory was quite suc
cessful in explaining the spectra of materials where the iron-iron dis
tances were large, such as the dithiocarbamates, and in rare earth 
materials such as dysprosium ethyl sulphate173 and erbium ortho
chromite.174 

3.2 Layer-Structure Compounds 

The discovery by Bell Labs scientists in 197 4 that layer-structure 
compounds such as Ta52 and TaSe2 could have charge density waves, 
that is, a coupled periodic distortion of the conduction electron den
sity and of the lattice, led to a whole new range of experiments in 
which the Mossbauer effect was used to study the physics of these 
interesting new materials. Although none of the species in these 
compounds could be studied easily by Mossbauer spectroscopy, the 
compounds could be doped with small amounts of Fe57 and the added 
isotope used as a probe. The Mossbauer isomer shift was used by Eib
schutz and F. J. DiSalvo as an indicator of the electron density of the 
host. It provided a direct determination of the physical variable of 
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interest, namely the variation in electron density from point to point 
inside the crystal, and the temperature dependence of that density. 175 

3.3 Amorphous Materials 

Mossbauer spectroscopy has also been used to study glasses and 
amorphous materials and crystals containing many defects. In these 
systems, the relatively low resolution, and the sensitivity of the 
Mossbauer hyperfine structure parameters only to nearby ions, can be 
an advantage. Well-resolved spectra can be obtained for materials 
where only short-range order is present, materials for which many 
other techniques are not applicable. An early study by C. R. Kurkjian 
of iron in glasses took advantage of this. 176 Direct evidence was pro
vided that Fe3+ was four-fold coordinated in silicate glasses, but six
fold coordinated in phosphate glasses. It was also possible to observe 
directly the precipitation of Fe20 3 during the annealing of glasses in 
which the Fe3+ was insoluble. 

Mossbauer studies using Fe57 have also been extremely effective in 
studying the thermal decomposition of europium ferricyanide, ferrous 
sulphate, and mixed Fe-Ni oxalates.177 The reactions and intermediate 
stages involved in these decompositions are of commercial impor
tance because the same processes are used to manufacture magnetic 
oxides and complex mixed ferrites for magnetic tape, transformer 
cores, and computer memory devices. Since the Mossbauer spectros
copy technique is sensitive to the surroundings of individual atoms, it 
is capable of much more detailed elucidation of the decomposition 
processes than, for example, X-ray diffraction, which requires decom
position products to be at least a few hundred angstroms in size to be 
identifiable. 

3.4 Studies of Electroplating 

Mossbauer spectroscopy of Sn119 was very successfully applied by 
R. L. Cohen and K. W.. West to the study of the materials and 
processes used in preparing plastic surfaces for metallization by elec
trodeless plating. These processes, despite their wide use in the auto
motive and electronics industries, had never been extensively studied. 
The chemistry was extremely complex and poorly controlled, and the 
mechanisms were not well understood. Most of these processes used 
tin in various forms. It was possible to follow the main reaction 
chains by using Mossbauer spectroscopy to monitor the chemical state 
of the tin. First, the chemistry of processes used to prepare commer
cial catalyst solutions was determined.178 [Fig. 1-16] These processes 
were shown to depend on the formation of a complex ·between 
divalent tin and divalent palladium, and the subsequent decomposi-
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Fig. 1-16. (Top) Mossbauer spectra of a sensitized graphite surface at various processing 
stages, (bottom) labeled (a), (b), and (c). After sensitization and rinsing, the deposit consists 

of a large amount of stannic hydroxide (resonance minimum at zero velocity) and a relatively 

weak resonance minimum corresponding to the Pd-Sn alloy (line near 2 mm/second). After 
acceleration (center left, note change of vertical scale), about 95 percent of the stannic 

hydroxide and about half of the Pd-Sn alloy have been removed. The curves shown for 
comparison with the data are actual Mossbauer spectra of bulk samples of stannic hydroxide 

and the Pd0.86 Sn0.14 alloy. Plating in the electroless solution further decreases the amount of 

stannic hydroxide but leaves the amount of Pd-Sn alloy essentially unaffected. [Cohen, 
Advances in Chemistry Series 0981)]. 
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tion of this complex to form an extremely fine colloid of metallic tin
palladium alloy, with coagulation prevented by an adsorbed stabiliz
ing layer of Sn2+. It was then established that these colloidal parti
cles were adsorbed on the plastic surface to be plated, and formed tht~ 
catalytic layer required for the subsequent electroless plating.179 

Undesirable side reactions were also defined,180 and improved pro
cessing techniques to avoid them were developed.181 

The chemistry and metallurgy of "hard gold," an electrodeposited 
alloy of gold with small amounts of cobalt, widely used for connec
tors and contacts, has also been studied by Mossbauer sfectroscopy. 
Both the gold host182 and the cobalt alloying ingredient18 were stud
ied to determine how the impurities (especially carbon, nitrogen, 
hydrogen, and oxygen) were combined with the metallic species in 
the deposit. It was also possible to observe the effects of accelerated 
aging on the decomposition of the deposit, and the composition of 
the high-resistance surface layer formed by extended exposure of the 
deposit to air. 

REFERENCES 

1. L. W. McKeehan, "The Significance of Magnetostriction in Permalloy," Phys. Rev. 
28 (July 1926), pp. 158-166. 

2. R. M. Bozorth, J. F. Dillinger, and G. A. Kelsall, "Magnetic Material of High Per
meability Attained by Heat Treatment in a Magnetic Field," Phys. Rev. 45 (May 
1934), p. 742; R. M. Bozorth and J. F. Dillinger, "Heat Treatment of Magnetk 
Materials in a Magnetic Field," Physics 6 (September 1935), pp. 285-291. 

3. R. M. Bozorth, "Determination of Ferromagnetic Anisotropy in Single Crystals 
and in Polycrystalline Sheets," Phys. Rev. 50 (December 1936), pp. 1076-1081. 

4. R. M. Bozorth, "The Orientation of Crystals in Silicon Iron," Trans. Am. Soc. Metals 
23 (December 1935), pp. 1107-1111. 

5. E. A. Nesbitt, J. H. Wernick, and G. Corenzwit, "Magnetic Moments of Alloys and 
Compounds of Iron and Cobalt with Rare Earth Metal Additions," ]. Appl. Phys. 
30 (March 1959), pp. 365-369. 

6. J. H. Wernick, "Recent Developments in Magnetic Materials," Ann. Rev. Mat. Sci. 
2 (1972), pp. 607-640. 

7. P. Weiss, "L'Hypothese du Champ Moleculaire et Ia Propriete Ferromagnetique," 
J. de Physique, Ser. 4,6 (1907), pp. 661-690. 

8. H. Barkhausen, "Zwei mit Hilfe der neuen Verstarker entdeckte Erscheinungen," 
Physik. Zeitschr. XX (September 1919), pp. 401-403. 

9. R. M. Bozorth and J. F. Dillinger, "Barkhausen Effect. II. Determination of the 
Average Size of the Discontinuities in Magnetization," Phys. Rev. 35 (April 1930), 
pp. 733-752. 

10. F. Bitter, "On Inhomogeneities in the Magnetization of Ferromagnetic Surface 
Magnetization in Ferromagnetic Crystals," Letters to the Editor, Phys. Rev. 3!1 
(November 15, 1931), pp. 1903-1905; L. W. McKeehan and W. C. Elmore, "Surface 
Magnetization in Ferromagnetic Crystals," Letters to the Editor, Phys. Rev. 46 
(August 1, 1934), pp. 226-228. 

11. H. J. Williams, "Direction of Domain Magnetization in Powder Patterns," Letters 
to the Editor, Phys. Rev. 71 (May 1, 1947), pp. 646-647. 



Magnetism and Magnetic Resonance 61 

12. H. J. Williams, R. M. Bozorth, and W. Shockley, "Magnetic Domain Patterns on 

Single Crystals of Silicon Iron," Phys. Rev. 75 (January 1949), pp. 155-178. 

13. H. J. Williams and W. Shockley, "A Simple Domain Structure in an Iron Crystal 

Showing a Direct Correlation with the Magnetization," Phys. Rev. 75 (January 

1949), pp. 178-183. 
14. Two of these 16mm films as well as a later one by E. A. Nesbitt are available from 

Bell Laboratories: "Formation of Ferromagnetic Domains," by J. K. Galt, C. Kittel, 

and H. J. Williams, and "Ferromagnetic Domains," by E. A. Nesbitt. Information 

about borrowing these films may be obtained from the Film Library, Bell Labora

tories, Murray Hill, New Jersey 07974. 
15. C. Kittel, "Physical Theory of Ferromagnetic Domains," Rev. Mod. Phys. 21 

(October 1949), pp. 541-583. 
16. C. Kittel and J. K. Galt, "Ferromagnetic Domain Theory," Solid State Physics, 

Advances in Research and App. 3, ed. F. Seitz and D. Turnbull (New York: 

Academic Press, 1956), pp. 437-564. 
17. E. A. Nesbitt and E. M. Gyorgy, "Two-Phase Permalloy for High-Speed Switch

ing," J. Appl. Phys. 32 (July 1961), p. 1305. 
18. E. A. Nesbitt, G. Y. Chin, and D. Jaffe, "New Low-Magnetostrictive Permanent

Magnet Alloys," J. Appl. Phys. 39 (February 1968), pp. 1268-1269. 
19. C. Kittel, "Theory of the Structure of Ferromagnetic Domains in Films and Small 

Particles," Phys. Rev. 12 (December 1946), p. 965. 
20. C. Kittel, E. A. Nesbitt, and W. Shockley, "Theory of Magnetic Properties and 

Nucleation in Alnico V," Letters to the Editor, Phys. Rev. 77 (March 15, 1950), pp. 
839-840. 

21. R. D. Heidenreich and E. A. Nesbitt, "Physical Structure and Magnetic Anistropy 

of Alnico 5. Part I," J. Appl. Phys. 23 (March 1952), pp. 352-365. 
22. J. L. Snoek, New Developments in Ferromagnetic Materials (New York: Elsevier, 

1947). 
23. L. Neel, "Proprietes Magnetiques des Ferrites; Ferrimagnetisme et Antiferromag

netisme," Ann. Phys. 3 (1948), pp. 137-198. 
24. J. K. Galt, "Motion of a Ferromagnetic Domain Wall in Fe304," Phys. Rev. 84 

(February 1952), pp. 664-669. 
25. J. K. Galt, "Motion of Individual Domain Walls in a Nickel-Iron Ferrite," Bell Sys

tem Tech. J. 33 (September 1954), pp. 1023-1054. 
26. J. F. Dillon, Jr., and H. E. Earl, Jr., "Domain Wall Motion and Ferrimagnetic Reso

nance in a Manganese Ferrite," J. Appl. Phys. 30 (February 1959), pp. 202-213. 

27. See reference 25. 
28. A. M. Clogston, "Relaxation Phenomena in Ferrites," Bell System Tech. J. 34 (July 

1955), pp. 739-760. 
29. S. Geller and M. A. Gilleo, "Structure and Ferrimagnetism of Yttrium and Rare

Earth-Iron Garnets," Acta Cryst. 10 (March 1957), p. 239. 
30. M. A. Gilleo and S. Geller, "Magnetic and Crystallographic Properties of Substi

tuted Yttrium-Iron Garnet, 3Y20 3.xM20 3.(5-x)Fe20 3,'' Phys. Rev. 110 (April 1958), 

pp. 73-78. 
31. S. Geller, H. J. Williams, G. P. Espinosa, and R. C. Sherwood, "Importance of 

Intrasublattice Magnetic Interactions and of Substitutional Ion Type in the 

Behavior of Substituted Yttrium Iron Garnets,'' Bell System Tech. J. 43 (March 

1964), pp. 565-623. 
32. F. Bertaut and F. Forrat, "Radiocristallographie,'' C. R. Academie des Sciences, Paris 

242 (1956), pp. 382-384. 
33. J. F. Dillon, Jr., "Optical Properties of Several Ferrimagnetic Garnets," J. Appl. 

Phys. 29 (March 1958), pp. 539-541. 
34. H. J. Williams, R. C. Sherwood, and J. P. Remeika, "Magnetic Domains in 



62 Engineering and Science in the Bell System 

-Fe20 3," Letters to the .Editor, f. Appl. l'hys. 29 (December 1958), p. 1772. 
35. A. H. Bobeck and H. E. D. Scovil, "Magnetic Bubbles," Scientific American 224 

(June 1971), pp. 278-290. 
36. Physics in Perspective Vol. II, Part A, Physics Survey Committee, National Research 

Council, National Academy of Sciences, Washington, D. C. (1972), pp. 475-481. 
37. C. Herring and C. Kittel, "On the Theory of Spin Waves in Ferromagnetic 

Media," l'hys. Rev. 81 (March 1951), pp. 869-880; C. Herring, "Energy of a Bloch 
Wall on the Band Picture. I. Spiral Approach," l'hys. Rev. 85 (March 1952), pp. 
1003-1011; C. Herring, "Energy of a Bloch Wall on the Band Picture. II. Perturba
tion Approach," Phys. Rev. 87 (July 1952), pp. 60-70. 

38. C. Herring, "State of d Electrons in Transition Metals," J. Appl. Phys. 31 (1960), p. 
3S. 

39. C. Herring, in Magnetism: A Treatise on Modern Theory and Materials, ed. G. T. 
Rado and H. Suhl (New York: Academic Press, 1966). 

40. B. T. Matthias, V. B. Compton, H. Suhl, and E. Corenzwit, "Ferromagnetic Solutes 
in Superconductors," Phys. Rev. 115 (September 1959), pp. 1597-1598. 

41. B. T. Matthias, M. Peter, H. J. Williams, A. M. Clogston, E. Corenzwit, and R. C. 
Sherwood, "Magnetic Moment of Transition Metal Atoms in Dilute Solutions and 
Their Effect on Superconducting Transition Temperature," l'hys. Rt?V. Lett. !i 
(December 15, 1960), pp. 542-544. 

42. A. M. Clogston, B. T. Matthias, M. Peter, H. J. Williams, E. Corenzwit, and R. C. 
Sherwood, "Local Magnetic Moment Associated with an Iron Atom Dissolved in 
Various Transition Metal Alloys," Phys. Rev. 125 (January 1962), pp. 541-552. 

43. P. A. Wolff, P. W. Anderson, A. M. Clogston, B. T. Matthias, M. Peter, and H. J. 
Williams, "Magnetization of Localized States in Metals," J. Appl. Phys. 33 (March 
1962), pp. 1173-1177. 

44. A. M. Clogston, "Impurity States in Transition Metals," Phys. Rev. 136 (November 
1964), pp. 1417-1427; idem, "Localized Magnetic Moments," J. Metals 17 (January 
1965), pp. 728-734. 

45. V. Jaccarino and L. R. Walker, "Discontinuous Occurrence of Localized Moments 
in Metals," Phys. Rev. Lett. 15 (August 9, 1965), pp. 258-259. 

46. P. W. Anderson, "Localized Magnetic States in Metals," Phys. Rev. 124 (October 
1961), pp. 41-53. 

47. P. W. Anderson, "New Approach to the Theory of Superexchange Interactions,'' 
Phys. Rev. 115 (July 1959), pp. 2-13. 

48. R. G. Shulman and S. Sugano, "Covalency Effects in KNiF3. I. Nuclear Magnetic 
Resonance Studies," Phys. Rev. 130 (April 1963), pp. 506-511; S. Sugano and R. G. 
Shulman, "Covalency Effects in KNiF3. III. Theoretical Studies," Phys. Rev. 130 
(April1963), pp. 517-530. 

49. A. P. Ginsberg and M. E. Lines, "Magnetic Exchange in Transition Metal Com
plexes. VI. Aspects of Exchange Coupling in Magnetic Cluster Complexes," Inor
ganica Chimica Acta, Review 5 (1971), pp. 45-68; M. E. Lines, A. P. Ginsberg, and R. 
L. Martin, "Evidence for Large Antisymmetric Superexchange in Tetrameric 
Copper Complexes," Phys. Rev. 28 (March 1972), pp. 684-687. 

50. P. W. Anderson, "Limits on the Energy of the Antiferromagnetic Ground State," 
Letters to the Editor, Phys. Rev. 83 (September 15, 1951), p. 1260; idem, "An 
Approximate Quantum Theory of the Antiferromagnetic Ground State," Phys. Rev. 
86 (June 1952), pp. 694-701. 

51. I. I. Rabi, J. R. Zacharias, S. Millman, and P. Kusch, "A New Method of Measuring 
Nuclear Magnetic Moment," Letters to the Editor, Phys. Rev. 53 (February 15, 
1938), p. 318. 

52. E. M. Purcell, H. C. Torrey, and R. V. Pound, "Resonance Absorption by Nuclear 
Magnetic Moments in a Solid," Letters to the Editor, Phys. Rev. 69 (January 1946), 
p. 37. 



Magnetism and Magnetic Resonance 63 

53. F. Bloch, W. W. Hansen, and M. Packard, "Nuclear Induction," Letters to the Edi

tor, Phys. Rev. 69 (February 1946), p. 127. 
54. W. D. Knight, "Nuclear Magnetic Resonance Shift in Metals," Phys. Rev. 76 

(October 1949), pp. 1259-1260. 
55. C. H. Townes, C. Herring, and W. D. Knight, "The Effect of Electronic Paramagne

tism on Nuclear Magnetic Resonance Frequencies in Metals," Letters to the Editor, 

Phys. Rev. 77 (March 15, 1950), pp. 852-853. 
56. W. E. Blumberg, J. Eisinger, V. Jaccarino, and B. Matthias, "Correlations Between 

Superconductivity and Nuclear Magnetic Resonance Properties," Phys. Rev. Lett. 5 

(August 15, 1960), pp. 149-152. 
57. A. M. Clogston and V. Jaccarino, "Susceptibilities and Negative Knight Shifts of 

Intermetallic Compounds," Phys. Rev. 121 (March 1961), pp. 1357-1362. 

58. A.M. Clogston, A. C. Gossard, V. Jaccarino, andY. Yafet, "Orbital Paramagnetism 

and the Knight Shift of D-Band Superconductors," Phys. Rev. Lett. 9 (September 

15, 1962), pp. 262-266. 
59. A. M. Clogston, V. Jaccarino, and Y. Yafet, "Interpretation of Knight Shifts and 

Susceptibilities of Transition Metals: Platinum," Phys. Rev. 134 (May 1964), pp. 

A650-A661. 
60. See reference 59; also, J. A. Seitchik, A. C. Gossard, and V. Jaccarino, "Knight 

Shifts and Susceptibilities of Transition Metals: Palladium,'' Phys. Rev. 136 

(November 1964), pp. A1119-A1125; J. A. Seitchik, V. Jaccarino, and J. Wernick, 

"Knight Shift Studies of Transition Metals: Rhodium and Rhodium Intermetallic 

Compounds," Phys. Rev. 138 (April 1965), pp. A148-A152. 
61. Y. Yafet and V. Jaccarino, "Nuclear Spin Relaxation in Transition Metals: Core 

Polarization," Phys. Rev. 133 (March 1964), pp. Al630-A1637. 
62. A. C. Gossard, A. Menth, W. W. Warren, Jr., and J. P. Remeika, "Metal-Insulator 

Transitions of V 20 3: Magnetic Susceptibility and Nuclear-Magnetic-Resonance 

Studies," Phys. Rev. B3 (June 1971), pp. 3993-4002; A. Narath, "Magnetic 

Hyperfine Interaction Studies of Magnetic Impurities in Metals," CRC Critical 
Reviews in Solid State Sciences 3 (March 1972), pp. 1-37. 

63. J. H. Condon and R. E. Walstedt, "Direct Evidence for Magnetic Domains in 

Silver," Phys. Rev. Lett. 21 (August 26, 1968), pp. 612-614. 
64. W. W. Warren, Jr., "Evidence for the Existence of a Pseudogap in a Semi

conducting Liquid: Temperature Dependent In115 Knight Shift in In2 Te3,'' /. 

Non-Crystalline Solids 4 (April 1970), pp. 168-177; idem, "Observation of Localized 

Electronic States in a Liquid Semiconductor: NMR in Liquid Ga2 Te3,'' Solid State 

Communications 8 (August 15, 1970), pp. 1269-1273; idem, "Nuclear Magnetic Reso

nance and Relaxation in the Liquid Semiconductors, In2Te3, Ga2Te3 , and Sb2Te," 

Phys. Rev. B3 (June 1971), pp. 3708-3724; W. W. Warren, Jr. and R. Dupree, 

"Structural and Electronic Transformations of Liquid Selenium at High Tempera

ture and Pressure: A77Se NMR Study," Phys. Rev. B22 (September 1980), pp. 

2257-2275. 
65. U. El-Hanany and W. W. Warren, Jr., "Knight Shift in Expanded Liquid Mercury," 

Phys. Rev. Lett. 34 (May 19, 1975), pp. 1276-1279. 
66. R. G. Shulman and V. Jaccarino, "Effects of Superexchange on the Nuclear Mag

netic Resonance of MnF2,'' Letters to Editor, Phys. Rev. 103 (August 15, 1956), pp. 

1126-1127; idem, "Nuclear Magnetic Resonance in Paramagnetic MnF2,'' Phys. Rev. 

108 (December 1957), pp. 1219-1231. 
67. V. Jaccarino and L. R. Walker, "NMR in Antiferromagnetic Mn19F2/' Le Journal de 

Physique et Le Radium 20 (February-March 1959), p. 341. 
68. V. Jaccarino, "Nuclear Resonance in Antiferromagnetics,'' Magnetism IIA, ed. G. T. 

Rado and H. Suhl (New York: Academic Press, 1965), pp. 307-355. 

69. A. C. Gossard, V. Jaccarino, and J. P. Remeika, "Experimental Test of the Spin

Wave Theory of a Ferromagnet," Phys. Rev. Lett. 7 (September 15, 1961), pp. 122-

124. 



64 Engineering and Science in the Bell System 

70. H. W. de Wijn, R. E. Walstedt, L. R. Walker, and J. J. Guggenheim, "Sublattic·e 
Magnetization of Quadratic Layer Antiferromagnets," Phys. Rev. Lett. 24, (April 
13, 1970), pp. 832-835; R. E. Walstedt, H. W. de Wijn, and H. J. Guggenheim, 
"Observation of Zero-Point Spin Reduction in Quadratic Layer Antiferromag
nets," Phys. Rev. Lett. 25 (October 19, 1970), pp. 1119-1122. 

71. H. W. de Wijn, L. R. Walker, and R. E. Walstedt, "Spin-Wave Analysis of th·e 
Quadratic-Layer Antiferromagnets K2NiF4, K2MnF4, and Rb2MnF4,'' Phys. Rev. 88 
(July 1973), pp. 285-299. 

72. H. Suhl, "Effective Nuclear Spin Interactions in Ferromagnets," Letters to the Edi
tor, Phys. Rev. 109 (January 15, 1958), p. 606. 

73. T. Nakamura, "Indirect Coupling of Nuclear Spins in Antiferromagnet with Par
ticular Reference to MnF2 at Very Low Temperatures," Prog. Theor. Phys. 20 
(1958), pp. 542-552. 

74. E. Zavoisky, "Paramagnetic Relaxation of Liquid Solutions for Perpendicular 
Fields," J. Physics (USSR) 9 (1945), pp. 211-216; idem, "Spin-Magnetic Resonanc<e 
in Paramagnetics," J. Physics (USSR) 9 (1945), p. 245. 

75. R. L. Cummerow and D. Halliday, "Paramagnetic Losses in Two Manganous 
Salts," Letters to the Editor, Phys. Rev. 70 (September 1946), p. 433. 

76. A. Abragam and B. Bleaney, Electron Paramagnetic Resonance of Transition Ions 
(Clarendon Press, 1970). 

77. A. N. Holden, C. Kittel, F. R. Merritt, and W. A. Yager, "Microwave Resonanc<e 
Absorption in a Paramagnetic Organic Compound," Letters to the Editor, Phys. 
Rev. 75 (May 1949), p. 1614; idem, "Determination of g-Values in Paramagnetk 
Organic Compounds by Microwave Resonance," Letters to the Editor, Phys. Rev. 
77 (January 1, 1950), p. 14:7. 

78. R. C. Fletcher, W. A. Yager, G. L. Pearson, and F. R. Merritt, "Hyperfine Splitting 
in Spin Resonance of Group V Donors in Silicon," Letters to the Editor, Phys. Rev. 
95 (August 1, 1954), p. 844; R. C. Fletcher, W. A. Yager, G. L. Pearson, A. N. Hol
den, W. T. Read, and F. R. Merritt, "Spin Resonance of Donors in Silicon," Letters 
to the Editor, Phys. Rev. 94 (June 1, 1954), p. 1392. 

79. W. Kohn and J. M. Luttinger, "Theory of Donor States in Silicon," Phys. Rev. 911 
(May 1955), pp. 915-922. 

80. G. Feher and E. A. Gere, "Polarization of Phosphorus Nuclei in Silicon," Letters to 
the Editor, Phys. Rev. 103 (July 15, 1956), pp. 501-503. 

81. G. Feher, "Method of Polarizing Nuclei in Paramagnetic Substances," Letters to 
the Editor, Phys. Rev. 103 (July 15, 1956), pp. 500-501. 

82. G. Feher, "Electron Spin Resonance Experiments on Donors in Silicon. I. Elec
tronic Structure of Donors by the Electron Nuclear Double Resonance Technique," 
Phys. Rev. 114 (June 1959), pp. 1219-1244. 

83. G. Feher, "Electronic Structure of F Centers in KCl by the Electron Spin Double
Resonance Technique," Letters to the Editor, Phys. Rev. 105 (February 1, 1957), 
pp. 1122-1123; W. C. Holton, H. Blum, and W. P. Slichter, "Hyperfine Structure of 
the F Center in LiF," Phys. Rev. Lett. 5 (September 1, 1960), pp. 197-200. 

84. W. B. Mims, "Electric Field Effects in Spin Echoes," Phys. Rev. 133 (February 3, 
1964), pp. A835-A840; idem, "Electron Spin Echoes," Electron Paramagnetic Reso
nance, ed. S. Geschwind (New York: Plenum Press, 1972), pp. 263-351. 

85. W. B. Mims, K. Nassau, and J. D. McGee, "Spectral Diffusion in Electron Reso· 
nance Lines," Phys. Rev. 123 (September 1961), pp. 2059-2069. 

86. J, A. Cowen and D. E. Kaplan, "Spin-Echo Measurement of the Spin-Lattice and 
Spin-Spin Relaxation in Ce3+ in Lanthanum Magnesium Nitrate," Phys. Rev. 124t 
(November 1961), pp. 1098-1101. 

87. S. Geschwind, R. J. Collins, and A. L. Schawlow, "Optical Detection of Paramag· 
netic Resonance in an Excited State of ci3+ in Al20 3,'' Phys. Rev. Lett. ~~ 



Magnetism and Magnetic Resonance 65 

(December 15, 1959), pp. 545-548; S. Geschwind, G. E. Devlin, R. L. Cohen, and S. 

R. Chinn, "Orbach Relaxation and Hyperfine Structure in the Excited EeE) State 

of Cr3+ in Al20 3," Phys. Rev. 137 (February 1965), pp. A1087-All00. 

88. G. F. lmbusch, S. R. Chinn, and S. Geschwind, "Optical Detection of Spin-Lattice 

Relaxation and hfs in the Excited EeE) State of v2+ and Mn4+ in A1203," Phys. 

Rev. 161 (September 1967), pp. 295-309; L. L. Chase, "Microwave-Optical Dougle 

Resonance of the Metastable 4f 65d Level of Eu2+ in the Flourite Lattices," Phys. 

Rev. 82 (October 1970), pp. 2308-2318. 
89. G. F. lmbusch and S. Geschwind, "Ground-State Spin Memory in the EeE) Level 

of Ruby in Optical Pumping via the Bands," Phys. Rev. Lett. 17 (August 1, 1966), 

pp. 238-240. 
90. L. F. Mollenauer, S. Pan, and S. Y. Yngvesson, "Electron-Spin Memory in the 

Optical-Pumping Cycle of F Centers in Alkali Halides and Electron-Spin Reso

nance of the Relaxed Excited State," Phys. Rev. Lett. 23 (September 29, 1969), pp. 

683-686; L. F. Mollenauer and S. Pan, "Dynamics of the Optical-Pumping Cycle of 

F Centers in Alkali Halides-Theory and Application to Detection of Electron-Spin 

and Electron-Nuclear-Double-Spin Resonance in the Relaxed-Excited State," Phys. 

Rev. 86 (August 1972), pp. 772-787; P. Edel, C. Hennies, Y. Merle D'Aubigne, R. 

Romestain, and Y. Twarowski, "Optical Detection of Paramagnetic Resonance in 

the Excited State of F Centers in CaO," Phys. Rev. Lett. 28 (May 8, 1972), pp. 

1268-1270. 
91. A. L. Kwiram, "Optical Detection of Magnetic Resonance in Molecular Triplet 

States," MTP International Review of Science, Physical Chemistry, Series One, Volume 4: 

Magnetic Resonance, ed. C. A. McDowell (London; Butterworths, 1972). 

92. W. J. Brya, S. Geschwind, and G. E. Devlin, "Direct Observation of a Phonon 

Bottleneck Using Brillouin Light Scattering," Phys. Rev. Lett. 21 (December 30, 

1968), pp. 1800-1802; idem, "Brillouin Scattering from a Microwave-Phonon 

Bottleneck in MgO:Ni2+," Phys. Rev. B6 (September 1972), pp. 1924-1950. 

93. M. Peter and B. T. Matthias, "Paramagnetic Resonance in Metallic Europium and 

Intermetallic Compounds," Phys. Rev. Lett. 4 (May 1, 1960), pp. 449-450. 

94. M. Peter, D. Shaltiel, J. H. Wernick, H. J. Williams, J. B. Mock, and R. C. Sher

wood, "Paramagnetic Resonance of S-State Ions in Metals," Phys. Rev. 126 (May 

1962), pp. 1395-1402. 
95. V. Jaccarino, B. T. Matthias, M. Peter, H. Suhl, and J. H. Wernick, "Magnitude and 

Sign of the Conduction Electron Polarization in Rare-Earth Metals," Phys. Rev. 

Lett. 5 (September 15, 1960), pp. 251-253. 
96. A. C. Gossard, A. J. Heeger, and J. H. Wernick, "Paramagnetic Relaxation of Man

ganese in Copper Metal," J. Appl. Phys. 38 (March 1, 1967), pp. 1251-1253. 

97. H. Hasegawa, "Dynamical Properties of s-d Interaction," Prog. Theoret. Phys. 

(Kyoto) 21 (Apri11959), pp. 483-500. 
98. W. M. Walsh, Jr., L. W. Rupp, Jr., and P. H. Schmidt, "g Values of Rubidium and 

Cesium Conduction Electrons," Phys. Rev. Lett. 16 (January 31, 1966), pp. 181-183. 

99. P. M. Platzman and P. A. Wolff, "Spin-Wave Excitation in Nonferromagnetic 

Metals," Phys. Rev. Lett. 18 (February 20, 1967), pp. 280-285. 

100. S. Schultz and G. Dunnifer, "Observation of Spin Waves in Sodium and Potas

sium," Phys. Rev. Lett. 18 (February 20, 1967), pp. 283-287. 

101. J. H. E. Griffiths, "Anomalous High-Frequency Resistance of Ferromagnetic 

Metals," Nature 158 (November 9, 1946), pp. 670-671. 

102. C. Kittel, "Interpretation of Anomalous Larmor Frequencies in Ferromagnetic 

Resonance Experiment," Letters to the Editor, Phys. Rev. 71 (February 1947), pp. 

270-271. 
103. W. A. Yager and R. M. Bozorth, "Ferromagnetic Resonance at Microwave Frequen

cies," Letters to the Editor, Phys. Rev. 72 (July 1, 1947), p. 80. 



66 Engineering and Science in the Bell System 

104. C. Kittel, W. A. Yager, and F. R. Merritt, "On the Gorter Normal Field Ferromag
netic Resonance Experiment," Physica XV (April 1949), pp. 256-257. 

105. C. L. Hogan, "The Ferromagnetic Faraday Effect at Microwave Frequencies and iJ:s 
Applications. The Microwave Gyrator," Bell System Tech. f. 31 (January 1952), pp.1-3l. 

106. B. D. H. Tellegen, "The Gyrator, a New Electric Network Element," Philips Res. 
Reports 3 (1948), pp. 81-101. 

107. J. K. Galt, W. A. Yager, and F. R. Merritt, "Temperature Dependence of Ferromag
netic Resonance LineWidth in a Nickel Iron Ferrite: A New Loss Mechanism," 
Letters to the Editor, Phys. Rev. 93 (March 1, 1954), pp. 1119-1120; idem, "Fer
romagnetic Resonance in Two Nickel-Iron Ferrites," Phys. Rev. 99 (August 1955), 
pp. 1203-1210. 

108. See reference 28. 
109. P. W. Anderson and H. Suhl, "Instability in the Motion of Ferromagnets at High 

Microwave Power Levels," Letters to the Editor, Phvs. Rev. 100 (December 15, 
1955), p. 1788. 

110. A. M. Clogston, H. Suhl, L. R. Walker, and P. W. Anderson, "Possible Source of 
Line Width in Ferromagnetic Resonance," Letters to the Editor, Phys. Rev. 101 
(January 15, 1956), pp. 903-905; idem, "Ferromagnetic Resonance Line Width in 
Insulating Materials," J. Phys. Chern. Solids 1 (November 1956), pp. 129-136. 

111. R. C. LeCraw, E. G. Spencer, and C. S. Porter, "Ferromagnetic Resonance Line 
Width in Yttrium Iron Garnet Single Crystals," Phys. Rev. 110 (June 1958), pp. 
1311-1313. 

112. J. F. Dillon, Jr., "Ferrimagnetic Resonance in Yttrium Iron Garnet," Letters to the 
Editor, Phys. Rev. 105 (January 15, 1957), pp. 759-760. 

113. J. F. Dillon, Jr., and J. W. Neilsen, "Effects of Rare Earth Impurities on Ferrimag
netic Resonance in Yttrium Iron Garnet," Phys. Rev. Lett. 3 (July 1, 1959), pp. 30-
31; J. F. Dillon, Jr., "Ferrimagnetic Resonance Line Width in Rare Earth Doped 
Yttrium Iron Garnet," J. Physical Society of Japan 17, Suppl. B-1 (1962), pp. 376-379. 

114. P. G. De Gennes, C. Kittel, and A. M. Portis, "Theory of Ferromagnetic Resonance 
in Rare Earth Garnets. II. Line Widths," Phys. Rev. 166 (October 1959), pp. 3221-
330; J. H. Van Vleck and R. Orbach, "Ferrimagnetic Resonance of Dilute Rare
Earth Doped Iron Garnets," Phys. Rev. Lett. 11 (July 15, 1963), pp. 65-67. 

115. T. Kasuya and R. C. LeCraw, "Relaxation Mechanisms in Ferromagnetic Reso
nance," Phys. Rev. Lett. 6 (March 1, 1961), pp. 223-225. 

116. H. Suhl, "Theory of Ferromagnetic Resonance at High Signal Powers," J. Phy.s. 
Chern. Solids 1 (April1957), pp. 209-227. 

117. H. Suhl, "Proposal for a Ferromagnetic Amplifier in the Microwave Range," 
Letters to the Editor, Phys. Rev. 106 (April 15, 1957), pp. 384-385; idem, "Origin 
and Use of Instabilities in Ferromagnetic Resonance," J. Appl. Phys. 29 (March 
1958), pp. 416-421. 

118. J. M. Manley and H. E. Rowe, "Some General Properties of Nonlinear Elements," 
Proc. IRE 44 (1956), p. 904. 

119. M. T. Weiss, "A Solid-State Microwave Amplifier and Oscillator Using Ferrites," 
Letters to the Editor, Phys. Rev. 107 (July 1, 1957), p. 317. 

120. P. K. Tien, "Parametric Amplification and Frequency Mixing in Propagating Cir
cuits," J. Appl. Phys. 29 (September 1958), pp. 1347-1357. 

121. M. E. Hines, "Amplification with Nonlinear Modulators," Electron Tube Research 
Conference 1957 (unpublished). 

122. M. Uenohara and W. M. Sharpless, "An Extremely Low-Noise 6 kmc Parametric 
Amplifier Using Gallium Arsenide Point-Contact Diodes," Proc. IRE 47 (December 
1959), pp. 2114-2115. 

123. R. Adler and G. Hrbek, "A Low-Noise Electron-Beam Parametric Amplifier," Proc. 
IRE 46 (October 1958), pp. 1756-1757. 



Magnetism and Magnetic Resonance 67 

124. T. J. Bridges and A. Ashkin, "A Microwave Adler Tube," Proc. IRE 48 (March 
1960), pp. 361-363. 

125. P. K. Tien, "Noise in Parametric Amplifiers," Acta Electronica 4 (July 1960), pp. 
424-446. 

126. See reference 122. 
127. J. F. Dillon, Jr., "Ferromagnetic Resonance in Thin Disks of Manganese Ferrite," 

Bulletin of the APS, Series 2,1 (March 15, 1956), p. 125. 
128. R. L. White, J. H. Solt, and J. E. Mercereau, "Multiple Ferromagnetic Resonance 

Absorption in Manganese and Manganese-Zinc Ferrite," Bulletin of the APS, Series 
2,1 (March 15, 1956), p. 12. 

129. L. R. Walker, "Magnetostatic Modes in Ferromagnetic Resonance," Phys. Rev. 105 
(January 1957), pp. 390-399. 

130. 5. Geschwind and A. M. Clogston, "Narrowing Effect of Dipole Forces on Inho
mogeneously Broadened Lines," Phys. Rev. 108 (October 1957), pp. 49-53. 

131. J. F. Dillon, Jr., and J. W. Nielsen, "Ferrimagnetic Resonance in Rare-Earth Doped 
Yttrium Iron Garnet. I. Field for Resonance," Phys. Rev. 120 (October 1960), pp. 
105-113. 

132. J. F. Dillon, Jr., and L. R. Walker, "Ferrimagnetic Resonance in Rare-Earth Doped 
Yttrium Iron Garnet. II. Terbium Substitution," Phys. Rev. 124 (December 1961), 

pp. 1401-1413. 
133. V. A. Flayson, A. V. Gaponov, M. I. Petelin, and V. K. Yulpatov, "The Gyrotron," 

IEEE Trans. MTT-25 (1977), pp. 514-521. 
134. W. Shockley, "Cyclotron Resonances, Magnetoresistance, and Brillouin Zones in 

Semiconductors," Letters to the Editor, Phys. Rev. 90 (May 1, 1953), p. 491. 
135. G. Dresselhaus, A. F. Kip, and C. Kittel, "Observation of Cyclotron Resonance in 

Germanium Crystals," Letters to the Editor, Phys. Rev. 92 (November 1, 1953), p. 
827; idem, "Spin-Orbit Interaction and the Effective Masses of Holes in Ger
manium," Letters to the Editor, Phys. Rev. 95 (July 15, 1954), pp. 568-569. 

136. B. Lax, H. J. Zeiger, R. Dexter, and E. S. Rosenblum, "Directional Properties of the 
Cyclotron Resonance in Germanium," Letters to the Editor, Phys. Rev. 93 (March 
15, 1954), pp. 1418-1420; R. N. Dexter, H. J. Zeiger, and B. Lax, "Anistropy of 
Cyclotron Resonance of Holes in Germanium," Letters to the Editor, Phys. Rev. 95 
(July 15, 1954), p. 557. 

137. R. C. Fletcher, W. A. Yager, and F. R. Merritt, "Observation of Quantum Effects in 
Cyclotron Resonance," Phys. Rev. 100 (October 1955), pp. 747-748. 

138. J. C. Hensel, T. G. Phillips, and T. M. Rice, "Evaporation of Metallic Exciton Dro
plets in Optically Pumped Germanium,'' Phys. Rev. Lett. 30 (February 5, 1973), pp. 
227-230. 

139. S. J. Allen, Jr., D. C. Tsui, and J. V. Dalton, "Far Infrared Cyclotron Resonance in 
the Inversion Layer of Silicon," Phys. Rev. Lett. 32 (January 21, 1974), pp. 107-110. 

140. R. E. Slusher, C. K. N. Patel, and P. A. Fleury, "Inelastic Light Scattering from 
Landau-Level Electrons in Semiconductors," Phys. Rev. Lett. 18 (January 16, 1967), 
pp. 77-80. 

141. J. K. Galt, W. A. Yager, F. R. Merritt, B. B. Cetlin, and H. W. Dail, Jr., "Cyclotron 
Resonance in Metals: Bismuth," Letters to the Editor, Phys. Rev. 100 (October 15, 
1955), pp. 748-749. 

142. P. W. Anderson, "Electromagnetic Theory of Cyclotron Resonance in Metals," 
Letters to the Editor, Phys. Rev. 100 (October 15, 1955), pp. 749-750. 

143. J. K. Galt, W. A. Yager, F. R. Merritt, B. B. Cetlin, and A. D. Brailsford, "Cyclotron 
Absorption in Metallic Bismuth and Its Alloys," Phys. Rev. 114 (June 1959), pp. 
1396-1413. 

144. J. K. Galt, W. A. Yager, and H. W. Dail, Jr., "Cyclotron Resonance Effects in Gra
phite," Phys. Rev. 103 (September 1956), pp. 1586-1587. 



68 Engineering and Science in the Bell System 

145. P. Nozieres, "Cyclotron Resonance in Graphite," Phys. Rev. 109 (March 1958), pp. 
1510-1521. 

146. W. S. Boyle, A. D. Brailsford, and J. K. Galt, "Dielectric Anomalies and Cyclotron 
Absorption in the Infrared: Observations on Bismuth," Letters to the Editor, Phys. 
Rev. 109 (February 15, 1958), pp. 1396-1398. 

147. J. C. Burgiel and L. C. Hebel, "Far-Infrared Spin and Combination Resonance in 
Bismuth," Phys. Rev. 140 (November 1965), pp. A925-A929. 

148. A. A. Michelson, "Visibility of InterfE!rence-Fringes in the Focus of a Telescope," 
Phil. Mag., Series 5,31 (1891), pp. 256-259. 

149. H. A. Gebbie and G. A. Vanasse, "Interferometric Spectroscopy in the Far Infra
red," Nature 178 (August 25, 1956), p. ·432. 

150. J. Strong and G. A. Vanasse, "Interferometric Spectroscopy in the Far Infrared," J. 
Opt. Soc. Am. 49 (September 1959), pp. 844-850. 

151. P. L. Richards, "Anisotropy of the Superconducting Energy Gap in Pure and 
Impure Tin,'' Phys. Rev. Lett. 7 (December 1, 1961), pp. 412-413; idem, "Antifer
romagnetic Resonance in CoF2, NiF2, and MnC03, J. Appl. Phys. 35 (March 1964), 
pp. 850-851; idem, "Far-Infrared Magnetic Resonance in CoF2 , NiF2 , KNiF3 , and 
YbiG," J. Appl. Phys. 34 (April 1963), pp. 1237-1238. 

152. S. J. Allen, Jr., R. Loudon, and P. L. Richards, "Two-Magnon Absorption in Anti
ferromagnetic MnF2," Phys. Rev. Lett. 16 (March 14, 1966), pp. 463-466; S. J. Alle:r1, 
Jr., "Spin-Lattice Interaction in U02. I. Ground State and Spin-Wave Excitations," 
Phys. Rev. 166 (February 1968), pp. 530-539; idem, "Spin-Lattice Interaction in 
U02. II. Theory of the First-Order Phase Transition," Phys. Rev. 167 (March 10, 
1968), pp. 492-496. 

153. J. C. Burgiel, H. Meyer, and P. L. Richards, "Far-Infrared Spectra of Gas Molecult!s 
Trapped in 1:1-Quinol Clathrates," J. Chern. Phys. 43 (December 15, 1965), pp. 
4291-4299; S. J. Allen, "Far-Infrared Spectra of HCI Trapped in the 1:1-Quinol 
Clathrate," f. Chern. Phys. 44 (January 1, 1966), pp. 394-404. 

154. S. J. Allen, Jr. and J. P. Remeika, "Direct Measurement of the Attempt Frequency 
for Ion Diffusion in Ag and Na 1:1-Alumina," Phys. Rev. Lett. 33 (December 16, 
1974), pp. 1478-1481. 

155. P. C. Tsui, S. J. Allen, Jr.,. R. A. Logan, A. Kamger, and S.M. Coppersmith, "High 
Frequency Conductivity in Silicon Inversion Layers: Drude Relaxation, 20 
Plasmons and Minigaps in a Surface Superlattice," Surface Science 73 (1978), pp. 
419-433. 

156. R. L. Mi:issbauer, "Kernresonanzabsorption von Gammastrahlung in Ir,." 
Naturweissenschaften 45 (1958), pp. 538-539; idem, "Kernresonanzfloureszenz von 
Gammastrahlung in Ir," Z. Fur Physik 151 (1958), pp. 124-143. 

157. G. K. Wertheim, Miissbauer Effect: Principles and Applications (New York: Academic 
Press, 1964). 

158. L. R. Walker, G. K. Wertheim, and V. Jaccarino, "Interpretation of the Fe57 Isomer 
Shift," Phys. Rev. Lett. 6 (February 1, 1961), pp. 99-101. 

159. R. L. Cohen, ed., Applications of Miissbauer Spectroscopy, Vol I (New York: 
Academic Press, 1976). 

160. G. K. Wertheim, V. Jaccarino, J. H. Wernick, and D. N. E. Buchanan, "Range of the 
Exchange Interaction in Iron Alloys," Phys. Rev. Lett. 12 (January 6, 1964), pp. 24-
27. 

161. R. L. Cohen and K. W. West, "Magnetic Structure of Disordered Au-Mn Alloys," f. 
Phys. 32 (February/March 1971), pp. 781-782. 

162. I. Nowik and S. Ofer, "Rare-Earth-Iron Exchange Interactions in Europium Iron 
Garnet," Phys. Rev. 153 (January 1967), pp. 409-415. 

163. S. Ofer, I. Nowik, and S. G. Cohen, "The Mi:issbauer Effect in Rare Earths and 
Their Compounds," Chemical Applications of Miissbauer Spectroscopy, ed. V. I. Gol
danskii and R. H. Herbert (New York: Academic Press, 1968), pp. 427-.503. 



Magnetism and Magnetic Resonance 69 

164. M. Eibschutz, R. L. Cohen, and J. H. Wernick, "Solid State and Nuclear Results in 
149Sm Mossbauer Measurements," Hyperfine Interactions in Excited Nuclei, ed. B. 

Goldring and R. Kalish (New York: Gordon and Breach Science Publishers, 1971), 

pp. 720-722. 
165. M. Eibschutz, R. L. Cohen, and K. W. West, "Mossbauer Effect of Er166 in Erbium 

Orthochromite," Phys. Rev. 178 (February 1969), pp. 572-575. 

166. R. L. Cohen, S. Hufner, and K. W. West, "First-Order Phase Transition in Euro

pium Metal," Phys. Rev. 184 (August 1969), pp. 263-270. 

167. R. L. Cohen, "Mossbauer Effect in Dy160," Phys. Rev. 137 (March 1965), pp. 

A1809-A1813. 
168. R. L. Cohen and J. H. Wernick, "Nuclear Hyperfine Structure in Er166," Phys. Rev. 

134 (May 1~64), pp. B503-B505. 
169. R. L. Cohen, "Analysis of Mossbauer Hyperfine Structure in Thulium Metal Below 

the Neel Temperature," Phys. Rev. 169 (May 1968), pp. 432-436. 

170. M. Eibschutz, G. Y. Chin, S. Jin, and D. Brasen "Observation of Phase Separation 

in a Cr-Co-Fe Alloy (Chromindur) by Mossbauer Effect," Appl. Phys. Lett. 33 

(August 1978), pp. 362-363. 
171. G. K. Wertheim and J. P. Remeika, "Nuclear Hyperfine Structure of Trivalant Fe57 

in Corundum from the Mossbauer Effect," Nuclear Magnetic Resonance and Relaxa

tion in Solids, ed. L. Van Gerven (Amsterdam: North Holland Publishing Co., 

1965), pp. 146-160. 
172. H. H. Wickman, "Experimental Studies of Spin Relaxation Phenomena," Hyperfine 

Structure and Nuclear Radiations, ed. B. Matthias and D. A. Shirley (Amsterdam: 

North-Holland Publishing Co., 1968), pp. 928-947. 

173. See reference 172. 
174. See reference 165. 
175. M. Eibschutz and F. J. DiSalvo, "Observation of the Charge-Density Wave in 

lT-TaSe2 by Mossbauer Resonance of an 57Fe Impurity," Phys. Rev. B15 (June 

1977), pp. 5181-5183. 
176. C. R. Kurkjian, "Mossbauer Spectroscopy in Inorganic Classes," f. Non-Crystalline 

Solids 3 (March 1970), pp. 157-194. 
177. P. K. Gallagher, "Monitoring of Solid State Reactions," Applications of Mossbauer 

Spectroscopy, Vol. I, ed. R. L. Cohen (New York: Academic Press, 1976), pp. 199-

239. 
178. R. L. Cohen and K. W. West, "Generative and Stabilizing Processes in Tin

Palladium Sols and Palladium Sol Sensitizers," f. Electrochem. Soc. 120 (April 

1973), pp. 502-508. 
179. R. L. Cohen and R. L. Meek, "The Chemistry of Palladium-Tin Colloid Sensitizing 

Processes," J. Colloid and Interface Science 55 (April 1976), pp. 156-162. 

180. R. L. Cohen, R. L. Meek, and K. W. West, "Sensitization with Palladium-Tin Col

loids. I. Role of Rinse and Accelerator Steps," Plating and Surface Finishing 63 

(May 1976), pp. 52-55. 
181. R. L. Cohen and R. L. Meek, "Role of Rinsing in Palladium-Tin Colloid Sensitiz

ing Processes. II. An Improved Processing Sequence," Plating and Surface Finishing 

63 (June 1976), pp. 47-50. 
182. R. L. Cohen, K. W. West, and M. Antler, "Search for Gold Cyanide Inclusions in 

Cobalt-Hardened Gold Electrodeposits," f. Electrochem. Soc. 124 (March 1977), pp. 

342-345. 
183. R. L. Cohen, F. B. Koch, L. N. Schoenberg, and K. W. West, "Characterization of 

Cobalt-Hardened Gold Electrodeposits by Massbauer Spectroscopy," J. Electrochem. 

Soc. 126 (September 1979), pp. 608-615. 


