
Chapter 12 

Magnetic Materials
Bubbles and Chromindur 

The magnetic properties of matter have been important in telephony from 
the early years. Materials for permeable or permanent magnets had been 
explored empirically in the 19th century for a wide variety of applications. 
The early uses of electromagnets for telephone systems, in receivers, relays, 
and coils, pointed to the need for greatly improved magnetic materials. Here 
indeed were clear examples of the advancement of technology being paced by 
the materials available. 

The long history of the Bell System's research and development effort on 
magnetic materials began around 1913, well before the founding of Bell 
Laboratories, with the pioneering work of G. W. Elmen on iron-nickel alloys 
and the discovery of Permalloy. In Bell Labs, successive studies led to a series 
of soft and hard magnetic materials that made possible a wide range of tech
nological advances in telephone instruments, transmission systems, elec
tromagnetic switching systems, and computer memory elements. On an 
entirely different front, research on magnetic oxides through the routes of 
ceramic science opened prospects for the development of high performance 
inductors, filters, and computer components. Related research activities on 
magnetic materials are discussed in Chapter 19, section I, and research on the 
physics of magnetic materials is discussed in Chapter 1, section I. 

I. METALS AND ALLOYS 

The history of Bell Laboratories accomplishments in the field of 
magnetic metallic materials can be viewed in terms of the two broad 
functional uses of such materials: soft magnetic materials with high 
permeability and low hysteresis loss, and hard magnetic materials for 
permanent magnet applications. 

Principal authors: G. Y. Chin, J. F. Dillon, R. A. Laudise, J. H. Scaff, T. D. Schlabach, and 
J. H. Wernick 
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1.1 Soft Magnetic Materia]s 

The earliest investigations at Bell Labs were concerned with mag
netically soft materials. These were used in relays as cores and arma
tures, in receivers, ringers, and filters, and in loading coils, in various 
transformers as lamination cores, and in a variety of other electromag
netic devices. In these applications, the technical properties of 
interest were high permeability, low coercive force, low electrical 
losses in atc fields, and requisite saturation magnetization. The electri
cal power industry was also interested in these materials and proper
ties, but it was concerned with strong currents, whereas communica
tions most often dealt with weak-current devices. The special prob
lems of communications usage required unique solutions in terms of 
soft magnetic materials and their processing, both in device designs 
and in design philosophy. In turn, these solutions characterized the 
special contributions of Bell Labs to soft magnetic metallic materials. 

1.1.1 Iron and Low-Carbotr Steel 

Iron was the first important soft magnetic material. For many years, 
efforts were made to improve its magnetic qualities, e~specially its per
meabili~y. Efforts centered on increasing the purity of iron because 

YEAR 

Fig. 12-1. Highest values of maximum permeability of iron reported in 
various years. The magnetic quality of iron has increased significantly as 
purification methods have been improved. 
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impurities such as carbon, oxygen, sulfur, and nitrogen, which enter 
the lattice interstitially, were known to limit its magnetic quality. 

An important early contribution to this effort was the work at Bell 
Labs by P. P. Cioffi, whose method of rurification, based on a tech
nique first introduced by T. D. Yensen, consisted of heating iron in 
very dry hydrogen at temperatures above 1300°C to its melting point 
for periods of up to 18 hours.2 [Fig. 12-1) This treatment removed 
many of the interstitial impurities and increased the maximum per
meability of commercial magnetic iron from its usual value of 5,000 to 
10,000 to about 300,000.3 [Fig. 12-2] Similar purification methods were 
later used by Bell Labs investigators to improve the magnetic proper
ties of other soft magnetic alloys, notably Supermalloy and Supermen
dur. 
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Fig. 12-2. Permeability versus field strength for ordinary iron and iron 
purified by heat treatment in hydrogen at ISOO"C. Hydrogenization 
increases the magnetic softness of iron enormously. 
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During the early 1930s, J. H. Scaff studied the effect of gases and 
their removal on the properties of numerous metals and alloys, espe
cially soft magnetic matedals.4 He constructed furnac•~s for preparing 
pure metals and alloys in a vacuum and in controlled atmospheres, 
and for studying metal purification in the liquid state. Later, these 
facilities were used in numerous investigations, including those by R. 
S. Ohl to prepare "pure" silicon and those by K. M. Olsen to prepare 
high-purity nickel and nickel alloys for long-lived vacuum tube 
filaments. 

While magnetic iron was quite suitable and widely used for cores 
and armatures in relays, 1efforts after World War II began to focus on 
finding a less costly material and purification treatment. In the early 
1950s, R. A. Chegwidden studied atmospheric effects on the heat treat
ment of cold-rolled steel, which was much less costly than magnetic 
iron but contained significantly more impurities. This work led to the 
commercial use of wet-forming gas (a mixture of nitrogen and hydro
gen containing some H20) instead of expensive hydro1~en for the heat 
treatment of cold-rolled steels for relays. 

In additilon to increasing the initial coercive force of magnetic iron 
and low-carbon steels, impurities were found to be responsible for 
further increases in coercivity on aging at moderate t1emperatures. E. 
A. Nesbitt showed that nitrogen, in particular, could increase the coer
cive force of magnetic iron upon aging at 100°C because of the precip
itation of iron nitrides. These precipitates could be~ put back into 
solution at 150°C with a corresponding decrease in coe!rcive force.5 

In 1967, J. H. Swisher undertook a systematic study of the effect of 
impurities on the magnetic quality of iron and low-carbon steels.6'7 

He showed that carbon, nitrogen, and oxygen increase the coercivity 
of steels cooled rapidly from high temperatures, and that aging at 
100°C is quite severe in nitrogen-containing steels but is not measur
able in low-carbon-containing steels. He also showed that aging 
caused by oxygen, sulfur, and phosphorus is insignificant. Finally, he 
showed that steels suitable for many magnetic applications can be 
obtained without removing all of the carbon present, provided the 
remaining carbide particles are spherodized by annealing at tempera
tures below 727°C. In these studies, Swisher confirmed earlier work 
done by A. S. Wiseman at Western Electric's Hawthorne Works in 
Illinois. 

1.1.2 Iron-Nickel Alloys 

The pioneering work on Permalloys was done by G. W. Elmen.8 

This work was undertaken because of the need for material of higher 
permeability than was offered by the magnetic iron or silicon iron 
then available. Elmen showed that alloys containing from 30 to 90 



Magnetic Materials 443 

percent nickel had higher initial permeabilities than any other 
material then known, and that those in the region of 78 percent 
nickel exhibited the highest initial permeabilities, especially when 
rapidly cooled. The 78.5 percent nickel alloy found its first commer
cial use in the continuous loading of submarine telegraph cable,9 and 
thereafter in telephone transformers, coils, and sensitive relays. 

Elmen was especially concerned with increasing the resistivity of 
certain Permalloys and investigated the effect of various additives on 
the magnetic properties of the compounds. Among the additives 
studied were copper, chromium, and molybdenum, but the most strik
ing results were obtained with cobalt.10 The iron-nickel-cobalt was of 
great scientific interest. It presented a range of compositions that, 
when properly heat treated, exhibited a constancy of permeability at 
low flux densities, a low hysteresis loss in the same region, and a con
stricted hysteresis loop at medium flux densities. Elmen and his col
leagues gave the name Perminvar to alloys with these characteris
tics.11 

Chromium and molybdenum were initially added to iron-nickel 
alloys to increase their resistivity and decrease their eddy-current 
losses. Subsequently, it was found that these additives also increased 
the permeability of iron-nickel alloys and simplified the heat treat
ment required to obtain high initial permeability. Molybdenum 
proved especially effective, and the composition containing 4 percent 
molybdenum, 79 percent nickel, and 17 percent iron (Mo Permalloy) 
became an important and widely used material. 

During World War II, the use of high-purity techniques and hydro
gen heat treatments greatly improved the magnetic properties of Per
malloys. The most useful and remarkable of these is a material called 
Supermalloy, containing 5 percent molybdenum, 79 percent nickel, 
and 16 percent iron, developed by 0. L. Boothby and R. M. Bozorth.12 

Supermalloy can exhibit initial permeabilities greater than 100,000 
and maximum permeabilities over 1 million, making it attractive for 
transformers transmitting weak signals at audio and carrier 
frequencies. 

After World War II, interest began to develop in a new class of 
applications for magnetic materials, namely, as memory elements in 
electronic computers. Permalloys seemed suitable for one type known 
as twistor memories. The basic element of these memories, a 
molybdenum Permalloy tape spirally wrapped around a copper con
ductor, senses the binary information stored in a nearby array of per
manent magnets. [Fig. 12-3] For this type of application, the Permal
loy must exhibit a coercive force suitable for switching at low mag
netic fields and a hysteresis loop adequately square to provide sharp 
signals. 



444 Engineering and Science in the Bell System 

Fig. 12-3. Microphotograph of a small section of a piggyback 
twistor wire. Two tapes are wound on a 0.008-cm copper wire. 
The storage tape is made of the magnetically "hard" gold
iron-cobalt alloy, in which is written tiny permanent-magnet 
memory clements. The sense tape is made of the easily 
magnetizable Permalloy, used to detect the direction of 
magnetization of the storage elements. 

In the early 1960s, the twistor program was accelerated by the 
designation of the permanent magnet twistor as the permanent mag
net store in the Bell System No. 1 Electronic Switching System (ESS). 
It soon became apparent that a fundamental understanding of the 
interrelationship between mechanical processing and the development 
of magnetic anisotropy in Permalloy tapes was needed to ensure 
long-term reproducibility. This was provided by G. Y. Chin, who 
showed that the anisotropy in the Permalloy twistor tape was caused 
by a short-range directional order of nearest-neighbor atom pairs 
induced by plastic deformationP Quantitative application of the 
directional-order theory to the actual crystallographic textures 
developed in the deformation of Permalloy wires and tapes provided 
a natural explanation to an observation made earlier by D. H. Wenny. 
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These studies had shown that tapes produced by roll flattening gave 
suitably square hysteresis loops, while those produced by drawing 
round wires through rectangular dies gave inferior loops. In addition, 
the knowledge gained from fundamental studies such as this enabled 
Chin and his colleagues at Bell Labs' Allentown laboratory to specify 
an optimum composition and processing procedure for the manufac
ture of twistor tapes in the No. 1 ESS program. Such knowledge also 
laid the groundwork for the later development by Chin, T. C. Tisone, 
and W. B. Grupen of optimum composition and processing of Permal
loy tapes for the piggyback twistor, so essential to the early success of 
the electronic translator system (ETS) and the traffic service position 
system (TSPS).14 

One of the most important applications for magnetic materials in 
telephone transmission has been in loading coils. In fact, it was this 
use that motivated Elmen's early work on Permalloys. The loading 
coil adds inductance to the telephone transmission line and decreases 
its loss. To maintain good transmission quality, coils are placed 
periodically along the transmission line. To reduce electrical losses, 
the magnetic core material used in these coils is in the form of insu
lated powder, and until 1927, that material was powdered iron. The 
development of Permalloys, with their higher permeability and resis
tivity, made it possible to make smaller loading-coil cores while 
reducing loss.15 [Fig. 12-4] In 1927, the first Permalloy manufactured 
for loading coils was an 80%Ni-20%Fe alloy, for which C. V. Wahl and 
coworkers devised the novel method of adding a small amount of sul
fur to make the Permalloy brittle for easy pulverization.16 

(a) (b) (c) 

Fig. 12-4 . Rela tive sizes of compressed powder cores fo r loading coil s: (a ) iron, (b) 80Ni-
20 Fe permalloy, (c) 8 1 Ni-17Fe-2Mo Perma lloy. 



446 Engineering and Science in the Bell System 

In addition to having loading coils with the desired inductance, it 
was extremely important that this value remain stable over the range 
of anticipated operating temperatures. By 1940, V. E. Legg and F. J, 
Given had accomplished this by adding a few tenths of one percent of 
an alloy that contained more molybdenum and had a lower Curie 
temperature and hence changed magnetic properties rapidly with 
temperature in the desired direction in the vicinity of room tempera
ture.17 This scheme of stabilization through control of Curie point has 
been widely applied to loading coils and to a variety of other high
quality filters and coils. 

1.1.3 Vibralloy 

Related to the efforts on magnetic materials were studies on con
stant elastic modulus materials, of which Vibralloy is a noteworthy 
example. This alloy, nominally containing 41.25 percent nickel, 9.0 
percent molybdenum, 0.5 percent manganese, and 49.5 percent iron, 
was developed by M. E. Fine and W. C. Ellis in 1950 for use in the 
construction of small tuning forks in frequency-sensitive switches.18 

Depending on composition and processing, the elastic modulus of 
Vibralloy can be held substantially constant over a temperature range 
from -40°C to +100°C. In addition, since the alloy is a soft magnetic 
material, devices such as tuning forks or reed switches can be driven 
directly by means of a magnetic circuit. A commercial application was 
found in the Bellboy • personal signaling set. 

1.1.~ Iron-Cobalt Alloys 

Because of their uniquely high saturation induction, iron-cobalt 
alloys received early attention for magnetic applications. In 1927, 
Ellis was the first to report on the high flux densities at medium ma1f 
netizing forces that could be achieved in the 50%Fe-50%Co alloy. 9 

This alloy had been invented by Elmen in 1926 and given the name 
"Permendur" because its permeability "endured" to high values of 
flux density. 

The simple binary alloy had one important drawback-while it was 
ductile and could be rolled when hot, it was extremely brittle when 
cold. In 1932, this limitation was overcome by J. H. White and Wahl 
by adding small amounts of vanadium to the alloy.20 These new alloys 
became known as vanadium Permendurs, with the most widely used 
composition containing 2 percent vanadium, 49 percent iron, and 49 
percent cobalt. While this alloy was suitable for various cores and for 

• Trademark of AT&T Co. 
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pole pieces in loudspeakers, its most important Bell System use has 
been as the diaphragm in telephone receivers.21 

In 1957, H. L. B. Gould and Wenny made substantial improvements 
in the magnetic and mechanical properties of the 2-percent vanadium 
alloy and named the improved alloy Supermendur.22 They started 
with high-purity materials and used melting and purification in wet 
and dry hydrogen, and furnace cooling in a magnetic field. The 
resulting magnetic properties were a maximum permeability of 66,000, 
a coercive force of 0.2 oersted, and a residual induction of 21,500 
gauss. These and other properties set new records and made the 
material attractive for high-quality transformers and magnetic 
amplifiers. 

1.2 Hard and Semihard Magnetic Metallic Materials 

Hard or permanent magnet materials are used to produce external 
magnetic fields of considerable strength and constancy without the 
expenditure of power. These materials are used in telephone 
receivers and ringers, in small motors and generators, and in various 
other devices. The properties used in evaluating the quality of 
materials for permanent magnet applications include the coercive 
force He, the residual induction, B, and the maximum energy pro
duct, (BH)m. The term semihard refers to a class of permanent magnet 
materials having intermediate values of coercive force from a few 
oersteds up to perhaps 100 oersteds, and a fairly square hysteresis 
loop, making them suitable for various switching and memory appli
cations. 

1.2.1 Remalloy 

· The earliest permanent magnet materials were various high-carbon 
steels in which carbon played an essential role as the magnetic hard
ening agent. In 1931, K. S. Seljasator and B. A. Rogers of Western 
Electric found that useful permanent magnet properties could be 
obtained in iron-cobalt-molybdenum and iron-cobalt-tungsten 
alloys.23 At Bell Laboratories a comprehensive study of the carbon-free 
Fe-Co-Mo s~stem was initiated by E. S. Greiner, E. M. Tolman, and E. 
E. Thomas. 4 They identified the optimal compositions and heat treat
ments required to obtain the best permanent magnet pro~erties. 

Alloys in the system became known as Remalloy or Como1.2 They 
were the forerunners of a series of dispersal-phase, carbon-free per
manent magnet materials. Two compositions achieved commercial 
importance: a 17%Mo-12%Co-71%Fe alloy with a (BH)m of 1.1 x 106 

gauss-oersteds and a 20%Mo-12%Co-68%Fe alloy with a (BH)m of 
1.3 x 106 gauss-oersteds. These alloys were hot formable and machin-
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able. The 17-percent molybdenum alloy was first used in the Bell 
System in the HAl telephone receiver introduced about 1937. The 
20-percenf: alloy was used in the U-series of cup-shapE~d receivers first 
introduoed in 1950 wiith the 500-type telephone handset and 
remained in use until it was replaced by Chromindur in 1980. 

1.2.2 Vicalloy 

Vicalloys, precipitation-hardened, carbon-free permanent magnet 
alloys formed of iron, cobalt, and vanadium, were discovered by Nes
bitt and G. A. Kelsall in 1938.26 They cover a composition range from 
30 to 52 percent iron, 36 to 62 percent cobalt, and 4 to 16 percent 
vanadium and develop their permanent magnet properties by 
appropriate combinations of cold working and heat tre·atment. In con
trast to most hard magn4~tic materials, which are brittle, these alloys 
are ductile and can be rolled to a thin sheet or drawn to a fine wire. 

In 1939,. Vicalloy I (38%Fe-52%Co-10%V), in the form of a narrow 
tape (0.002-inch thick by 0.050-inch wide), was used as the recording 
medium for weather and time announcements in Bell System Mirro
phones.27 In the rnid-1960s, it was used for the memory card of the 
permanenlt magnet twistor (PMT) in the No. 1 ESS.28 Here, in the 
form of a strip 0.001 inch thick by 6 inches wide, it is bonded to an 
aluminum card and photoetched to produce an array of tiny per
manent magnets that are the heart of the memory. Their state of mag
netization is sensed by the Permalloy twistor element described in 
section 1.1.2 of this chapter. To change information stored in the 
memory, the cards are removed and demagnetized and a new pattern 
of magnetilzation is appliE~d. Such memories are called semipermanent. 

1.2.3 Permanent Magnets for Magnetrons 

During World War H, research and development of magnetic 
materials for normal Bell System use virtually ceased, giving way to 
programs essential to the war effort. One such program was directed 
toward providing improved permanent magnets in magnetrons for 
microwave radars. Cioffi designed the first permanent magnet struc
tures for magnetrons from Alnico II, which was then the premier per
manent magnet material. Later, based on information obtained from 
the PhiHps Research Laboratories in the Netherlands, Cioffi and 
Wenny developed Alnko V-type permanent magnets for mag
netrons. 29 Precision sandcasting and magnetic-field, heat-treating 
facilities were developed for such magnets. 
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1.2.4 Remendurs 

Remendur alloys are a family of semihard magnetic materials first 
described by Gould and Wenny in 1962. They contain from 2 to 5 
percent vanadium with iron and cobalt in equal parts and are charac
terized by high remanence, a square hysteresis loop, and a coercive 
force controllable over a range from 20 to 50 oersteds. These alloys 
bridge the gap between the high permeability and low coercive force 
of vanadium Permendur and Supermendur and the high coercive 
force and low permeability of Vicalloy. 

Remendur alloys were initially developed to provide a 
temperature-stable J'ermanent magnet material for the ferreed switch 
in the No. 1 ESS.3 [Fig. 12-5] Remendur in the form of plates ener
gized by current pulses in the attached windings provided the mag
netic field required to open or close the soft magnetic reed members 
contained in a sealed glass envelope. 

In order to replace the reed elements in the sealed contact with a 
remanent magnetic material and eliminate the external plates, studies 
were undertaken to elucidate the effect of various heat treatments on 
these alloys and the nature of the phase transformations taking 
place.31,32 A remanent-reed sealed contact and remreed network was 
developed for ESS using a Remendur alloy for the remanent-reed 
members. It was introduced into manufacture in 1972.33 Similar 
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Fig. 12-5. Schematic of ferreed switch. 
Coincident current pulses in the horizontal (X) 
and vertical (Y) windings close the reeds, and 
the Remendur plate holds the reeds closed. A 
subsequent pulse in either winding opens the 
reeds. 
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ferreed and remreed contacts were subsequently produced throughout 
the world for the telecommunications industry. 

1.2.5 Cobalt-Iron-Gold Semihard Magnetic Alloys 

Another important contribution by Bell Labs scientists to semihard 
magnetic materials involved the cobalt-iron-gold alloys, which Nes
bitt, Chin, and D. Jaffe developed for the permanent magnet element 
in the piggyback twistor memory.34 [Fig. 12-6) This memory was used 
from the late 1960s to the mid-1970s in the ETS and TSPS units of 
electronic switching systems. The memory element of the twistor was 
composed of two magnetic tapes helically wrapped about a central 
copper conductor wire. The lower tape was a soft magnet made of 
Permalloy that performed the information-sensing function . The 
upper tape was a permanent magnet that performed an information
storage function. The permanent magnet required a medium coercive 
force of 13 to 15 oersteds, a square hysteresis loop, and near-zero mag
netostriction to avoid problems from mechanical stressing. Starting 
with the binary cobalt-iron alloys in the vicinity of 90 percent cobalt 
that have a near-zero magnetostriction value, Nesbitt, Chin, and Jaffe 
developed an alloy of 82 percent cobalt, 12 percent iron, and 6 percent 

Fig. 12-6. G. Y. C hin , co-inventor of cobalt
iron-gold semihard magnetic alloys a nd 
Chromindur magnet a lloys. 
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gold, satisfying all the device requirements. The presence of gold 

helps to increase the coercive force by precipitation hardening. Later, 

during manufacture, the amount of gold was reduced to 4 percent. 

1.2.6 Cobalt/ Rare-Earth Permanent Magnets 

About 1957, as a result of the increasing availability of rare earth 

elements, J. H. Wernick [Fig. 12-7] and Nesbitt [Fig. 12-8] started a rare 

earth alloy program directed toward discovering new magnetic 

materials and studying their properties. It soon became apparent to 

Wernick that, because of the nature of the chemistry of the rare earth 

elements, intermetallic compounds involving these elements would be 

important alloys. He prepared numerous new intermetallic com

pounds and systematically studied their structural and crystal

chemical relationships.35 

Several of the newly synthesized rare earth intermetallic com

pounds in the Co5Re family proved to be the basis of technologically 

important, new permanent-magnet materials.36 These compounds 

exhibited the highest known (BH)m values (up to 30 x 106 gauss

oersteds) and thus permitted significant miniaturization of equipment. 

Permanent magnets based on Co5Re phases are being manufactured 

throughout the world. Wernick, with Nesbitt and R. H. Willens, also 

invented the cobalt-copper I rare-earth class of permanent magnets, 

which exhibit extremely high intrinsic coercive force (about 30,000 

Fig. 12-7 . J . H . Wernick was responsible for the 

synthesis of many new magnetic ra re earth 

intermetallic compounds. 
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oersteds) caused by the precifitation of a finely dispersed second 
phase when copper is present.3 

1.2.7 Chromindur 

The Remalloy used in the permanent magnet for the telephone 
receiver introduced in 1950 (U-receiver) had the disadvantage of 
being semibrittle and had to be hot formed near 1250°C into the cup 
shape required for the receiver magnet. [Fig. 12-9] Based on earlier 
work by H. Kaneko of Tohoku University in Japan,38 Chin started the 
development of ductile chromium-cobalt-iron alloys. A task force was 
formed made up of personnel from both Bell Laboratories and 

Fig. 12-8. St rength of Co5Re magnet demonstrated by E. A. Nesbit t. 
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Western Electric: The first ductile alloy developed, called Chromin
dur I, contained 15 percent cobalt. Subsequently, a second alloy 
called Chromindur II, containing only 10.5 percent of the costly cobalt 
and easier to process than Chromindur I, was developed and selected 
to replace Remalloy.39 Full production was begun in mid-1980. Com
pared to Remalloy, the Chromindur alloys are better magnetically, 
mechanically tougher, and more corrosion-resistant. 

Further research has resulted in even better Chromindur magnets, 
having energy products equivalent to the widely used Alnico alloys, 
but with the added advantage of being ductile and containing sub
stantially less cobalt.40 S. Jin used a new deformation-aging process to 
achieve a value of 5.5 x 106 gauss-oersteds for an 11.5%Co-33%Cr-
55.5%Fe alloy similar to 24-percent cobalt Alnico V, and a value of 9.8 

Fig. 12-9. Ring-sha ped, C hromindur permanent magnet (bottom) used 
in the U-3 telephone receiver. 

• Members of the task fo rce from Bell Labs included : G. Y. Ch in, 5. Jin, J. T. Plewes, 
and B. C. Wonsiew icz from Murray Hill, and R. M. Hunt and J. E. Warren from Indi
anapolis. The members from Western Electric were 5. Becker, C. T. Ch en , P. Elarde, 
and C. Ghilarducci of the Hawthorne works, and C. M. Bordelon and G. Lun sford of 
the Shreveport works. 
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x 106 gauss-oersteds for a 23%Co-2%Cu-33%Cr-42%Fe alloy, establish
ing a new record for chromium-cobalt-iron alloys.41 Transmission
electron microscopy studies by S. Mahajan and coworkers and 
Mossbauer effect studies by M. Eibschiitz and coworkers contributed 
to the basic understanding of the origin of the high coercivity in 
these new alloys. 42 

II. FERRITES 

The discovery of magnetic ferrites by T. Takei in Japan,43 and the 
subsequent exploratory research conducted at the Philips Laboratories 
in the Netherlands during World War 11}4 opened new vistas in the 
field of magnetic devices. The chemical formula for ferrites is 
MFe20 4, where M stands for any of the divalent ions magnesium, 
zinc, copper, nickel, iron, cobalt, or manganese, or a mixture of these 
ions. Except for compounds containing divalent iron ions, ferrites can 
be made with electrical resistivities in the range of 102 to 106 ohm-em, 
contrasted with 10-5 ohm-em for the ferromagnetic metals. This 
represents a major step forward for high-frequency applications. 

For technical uses, dense polycrystalline bodies of ferrite composi
tions are made by ceramic procedures, which involve intimate mixing 
of fine powders of the appropriate oxides, compressing the mixture, 
and firing in carefully controlled atmospheres at temperatures of 
approximately uoooc or 1200°C. Single crystals have been made by 
several techniques. The various members of the series displayed 
varied electrical and magnetic properties; the mixtures could therefore 
be tailored to fit a wide variety of technical requirements. Variations 
in the ceramic procedures provided another important means of 
adjusting properties. 

2.1 Ferrites for Inductors and Filters 

Before World War II, it was recognized that although inductor cores 
made of Permalloy dust were a great improvement over bulk Permal
loy, because they reduced the eddy current loss and thus extended the 
useful frequency range of magnetic devices, they had reached the 
point of diminishing returns. The work of F. J. Schnettler and A. G. 
Ganz resulted in the development of a manganese-zinc ferrite for use 
at carrier frequencies of 100 kilohertz (kHz) and higher. One induc
tor, for example, occupied only one-third the volume of the metallic 
core it replaced, yet its quality was three times better and it was pro
duced at one-sixth the cost.45 
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The production of manganese-zinc ferrites by Western Electric 
increased sharply with their incorporation into the Touch-Tone • tele
phone introduced in the early 1960s. In the late 1970s, nearly 9 mil
lion new telephones equipped with Touch-Tone telephone dials were 
manufactured annually by Western Electric. The Touch-Tone tele
phone dial is a dual-frequency signal generator, at the heart of which 
are two ferrite-core transformers. The precisely tuned circuit 
demanded low magnetic loss and good stability with time and tem
perature. These, in turn, required sophisticated control of factors such 
as materials, chemistry, and processing through the use of small 
amounts of additives, such as calcium and silicon, that segregate to the 
grain boundaries and increase the electrical resistivity.46 

In the 1960s and 1970s, Bell Labs scientists made several advances in 
linear ferrite properties in response to the rising need for high-quality 
linear devices in the transmission area. In the mid-1960s, the need for 
low-loss filters at frequencies up to 20 megahertz (MHz) for the L-4 
carrier system resulted in the development of a process for making 
suitable nickel-zinc ferrites.47 These were further improved until, by 
the mid-1970s, frequencies up to 100 MHz were possible. These 
advances were made by using cobalt additives and carefully controlled 
cooling. Very slow cooling in an oxidizing atmosphere near the Curie 
temperature allows the cation vacancies introduced by the oxidizing 
conditions to facilitate the diffusion of the cobalt ions and to trap the 
magnetic domain walls. The result is a movement of the domain-wall 
resonance peak to higher frequencies with consequent low loss. 

A need for high-permeability ferrites for pulse transformers led to 
the development by J. F. Argyle in 1968 of a ferrite with IL of 10,000 
using isostatic pressing. Improved compositions, whereby very low 
anisotropies and magnetostriction could be achieved, allowed M. D. 
Dixon to produce materials with permeabilities up to 25,000 at room 
temperature. 

Ceramics research has led to a better understanding of the relation
ship between stoichiometry and magnetic behavior and advances in 
nonconventional powder-processing techniques, such as chemical 
coprecipitation and freeze drying, improved knowledge of sintering 
behavior, and the development of clean-burning binders that do not 
leave undesirable residues after sintering. 

• Trademark of AT&T Co. 
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2.2 Ferriltes for Microwave and Computer Applications 

While the use of ferrites in inductors and transformers for carrier 
frequencies has had a major impact upon communications, its impact 
upon microwave and computer technology is of equal importance. 
The availlability of magnetic oxides eventually led to the large family 
of nonredprocal magnetic devices that play a key role in microwave 
technology. (Among these is the gyrator discussed in section 2.3.1 of 
Chapter 1.) The materials effort was due largely to L. G. Van Uitert, 
who proposed the substitution of nonmagnetic ions for magnetic ions 
in the ferrite structure to reduce internal fields and thereby lower the 
ferromagnetic resonance frequency. 

In the computer field, A. Schonberg of Steatit-Magnesia AG. in Ger
many and workers at M.I.T.'s Lincoln Laboratories found a family of 
magnesium-manganese ferrites with remarkably square hysteresis 
loops. Potential uses of these square-loop ferrites in memory and 
other computer and switching applications were recognized. 
Schnettle'r developed some copper-manganese ferrites with good 
square-loop properties, as well as a magnesium-manganese-zinc ferrite 
composition that was used in the No. 101 ESS, in ferrod sensors for 
the No. 1 ESS, and elsE~where. Ferrite sheet memories made of a 
manganese-magnesium ferrite were developed by R. Meinken for use 
in electronic switching systems. These were replaced. later by ferrite 
cores of a magnesium-manganese-zinc composition, which in turn 
gave way to semiconductor memories in the mid-1970s. 

III. ORTHOFERRITES AND GARNETS 

The initiation of research by S. Geller, M. A. Gilleo, and J. P. 
Remeika on the crystallization properties of the rare earth orthofer
rites soon led to the discovery by Geller and Gilleo of another and 
much more important class of magnetic oxides, the ferrimagnetic gar
nets, of which yttrium iron garnet, Y3Fe50 12, is a prototype. These 
garnets were independently discovered in France by F. Bertaut and F. 
Forrat. (See section 1.3.2 of Chapter 1.) This compound, commonly 
referred to as YIG, has a crystal structure identical to that of the natur
ally occurring semiprecious gem garnets, a complicated structure with 
cubic symmetry. The cubic-unit cell of the garnet structure contains 
160 atoms with the metal ions located on three distinctly different 
kinds of crystallographic sites. [Fig. 12-10] There are eight chemical 
formula units in a unit cell of YIG. The y3+ ions occupy 24 dode
cahedral sites, and FeH ions are on 16 octahedral sites and 24 
tetrahedral sites. Ions at these positions are surrounded by eight, six, 
and four nearest-neighbor 02- ions, respectively. As in the natural 
garnets, many substitutions can be made for the ions on each of these 
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sites. Most notably, all of the 4f rare earth ions can be substituted for 
all or part of the Y3+ ions on dodecahedral sites, and nonmagnetic 
ions can preferentially replace Fe3+ ions on octahedral or tetrahedral 
sites. Thus, a great range of magnetic arid crystallographic properties 
is accessible by adjusting the composition of ferrimagnetic garnets. 
Furthermore, large-sound single crystals can be grown from many of 
these compositions. 

3.1 Garnets for Memory Devices 

A. H. Bobeck's concept of using individual cylindrical domains 
(bubbles) in uniaxial single crystals to make high-speed memory de
vices with large information-storage capacities depended on finding 
magnetic materials with unique properties. When W. Shockley called 
a conference to discuss the possibility of a new type of device based 
on bubble domains, R. C. Sherwood who, with H. J. Williams, had 
been studying the domain behavior of the rare earth orthoferrites 
(ReFe03) immediately suggested that these orthoferrites possess mag
netic behavior almost ideal for the device under consideration.48- 50 

Van Uitert organized a program that was concerned with the growth 

® Fe3+ (a) AT ( 0, 0, ~ ) 

e Fe3+ (d) AT ( 0, ±, ~) 
0 y3 'AT (I.k.}) ANDAT (o.±.~) 

o2· COMMON TO POLYHEDRA AT [v. z, ( ~ + x )] 

Fig. 12-10. The oxygen coordination of positive ions in yttrium iron 
garnet. [Gilleo and Geller, Phys. Rev. 110 (1958): 731. 
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of large orthoferrite single crystals, and later with magnetic garnets 
for the first prototype devices. Several orthoferrite single crystals 
were grown by Remeika early in the program. 

A number of requirements must be met for a given material to be 
suitable for economical mass-memory devices based on bubbles. The 
material must possess a uniaxial anisotropy so that cylindrical domains 
can be created. The saturation moment must be low for the bubbles 
to be large enough for manipulation by an external field. The storage 
density of domains (or bits) must be of the order of 106 bits per square 
inch. Thus, the optimum domain diameter, determined by the magni
tudes of the uniaxial anisotropy constant and the saturation magneti
zation, is of the order of a few micrometers. The bubbles must exhibit 
very low coercivity under an applied-field gradient and must have 
high mo1bility, since this determines the speed of the device. The 
coercivity and mobility requirements for bubbles place stringent 
demands on the quality of the single crystals; they must be relatively 
free of imperfections and compositional inhomogeneities. 

Large l:rystals of orthoJferrites for device studies were grown from 
PbO-PbF2-B20 3 fluxes contained in platinum crucibles. Magnetic and 
device studies of single crystals of the orthoferrites and solid solutions 
among them showed that the bubble diameters and the temperature 
dependenc:e of the magnetic properties around room temperature 
made th•~ orthoferrites unattractive for mass storage devices, even 
though they exhibited lar;ge bubble mobilities. 

The orthoferrite results suggested the preparation of cubic magnetic 
insulators, namely, the rare·earth iron garnets (Re3Fe50!2). These gar
nets contained appropriate substitutions on the rare earth and iron 
sites to obtain a uniaxial anisotropy of proper magnitude and an 
optimum saturation moment, both of which led to optimum bubble 
diameter and nearly temperature-independent magnetic properties 
near room temperature.51 Although the simple rare-earth iron garnets 
are ferrimagnetic and crystallographically cubic, they offered wide 
latitude for the control and adjustment of magnetic properties through 
the substitution of other rare earth and nonmagnetic aluminum and 
gallium atoms on the rare earth and iron sites, respectively. 

Van Uitert produced the first large nonmagnetostrictive, uniaxial 
garnets suitable for bubble devices. These were grown from PbO
PbFrB203 fluxes and had varying compositions such as 
Gd2.31 Tbo.6oEuo.o9Fes0t2 . It was found that the noncubic symmetries 
required for uniaxial behavior existed under a particular growth facet 
of the large crystals. 52 

The technological impact of the work with garnets was enormous. 
Commerdal mass memories were based on single·crystal garnet films 
epitaxially grown from fluxes by a technique developed by H. J. 
Levinstein and coworkE!rs53 onto large nonmagnetic gadolinium-
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gallium-garnet, single-crystal substrates grown by C. D. Brandle and 
A. J. Valentino.54 Magnetic garnet compositions used in bubble
domain device technology at Western Electric55 were optimized for 
mobility and speed through application of the understanding gained 
in the work described above. 

IV. AMORPHOUS MAGNETIC MATERIALS 

In 1960, W. Klement, R. H. Willens, and P. Duwez at the California 
Institute of Technology in Pasadena obtained amorphous or glassy 
metallic alloys by rapidly quenching them from the melt, at about 
106°C per second.56 Soon thereafter, splat-cooled samples of glassy 
alloys containing transition metal elements were successfully prepared 
and found to be spontaneously magnetic at room temperature. This 
phenomenon of amorphous ferromagnetism became technologically 
interesting when H. S. Chen and C. E. Miller at Bell Labs developed a 
method for the continuous fabrication of lon% uniform ribbons of fer
romagnetic glassy alloys by roller quenching. 7 The ribbons were pro
duced by directing a molten stream between two counter-rotating roll
ers or onto the inside of a rotating drum. This advance led to an 
intense study of ferromagnetic glasses and to the discovery of many 
technically interesting properties, among which were high tensile 
strength, excellent corrosion resistance, and soft magnetic materials. 

The ferromagnetic glassy alloys typically contain about 80 percent 
of one or more of the transition metals (iron, cobalt, nickel, 
chromium, manganese, and so on) with the remainder being boron, 
carbon, silicon, phosphorus, or aluminum. They are magnetically 
soft, with low losses in ac-power applications; some exhibit zero 
magnetostriction and low thermal expansion (invar) properties. Sher
wood and coworkers at Bell Labs were the first to find alloys with 
zero magnetostriction, one such example being (Feo.o4Coo.96)o.7s 
Po.l6Bo.o6Alo.03·58 Because of anisotropy acquired in the quenching pro
cess, infinite permeability should not be expected.59 However, by 
minimizing the anisotropy with controlled annealing, low-field mag
netic properties comparable or even superior to those of commercial 
Supermalloys have been achieved. Moreover, because of the larger 
resistivities of amorphous systems, the ferromagnetic glassy alloys can 
be used at much higher frequencies than the Supermalloys. 

Sherwood was the first to observe a "spin-glass" transition in an 
iron-manganese metallic glass or, for that matter, in any concentrated 
magnetic material.60 This is a transition to a frozen-in orientationally 
random arrangement of magnetic spins, that is, with no resulting 
bulk magnetic moment. Chen and his colleagues conducted extensive 
studies that resulted in a systematic understanding of the nature of 
the glassy state and the effect of alloy composition on glass-forming 
tendency and glassy-phase stability.61 
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In the late 1970s, a number of magnetic insulating materials have 
also been quenched into glassy forms. E. M. Gyorgy and coworkers 
have found that yttrium iron garnet, which is a room-temperature fer
rimagnet in its crystalline form, exhibits a diffuse spin-glass orderin~ 
transition at about 30K when quenched from the melt as a glass.6 

Like theiir crystalline equivalents but unlike metallic glasses, the mag
netic insulator glasses possess only near-neighbor magnetic exchange 
interactions. This means that magnetic measurements carry rather 
detailed information via the superexcha:nge theory of the local sym
metries, coordinations, and bonds present in the glassy state, informa
tion that is very difficult to acquire in such detail by any other 
method.63 
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