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VER—-—Connectmg‘ the klystro;l oscﬂlator on the left and the
'na on the right is an isolator, one of a new family of micro-
e ve devices which utilize the magnetxc properties.of ferrites., The
i isolator consists of a slab of ferrite’ mounted inside a waveguide
w which has a ‘permanent magnet stra*aped to the outside. The mag- s
neétized ferrite- exhb:ts nonreciprocal propertiés at -microwave fre- | |
' quencies, permitting transmitted waves to ttavel freely to the an:
tenria but absorbing waves reflected back from the antenna. Ferrites -
derive their unusu % rties from the apmnmg of electrons around
axes which are onenteu:lpe in a common direction, as depicted in the %
background.: As the cover Suggests, ‘this._special issue is-concerned .
‘with both the fundamentals and the appljmtionn of femtes A Sl
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resident school. At the present time he is revising
the curriculum to more closely fit the changing
needs of industry,by expanding the circuit anal-

ysis and 'n‘la_t.hematics in conjunction with- new *

. servomechanism and computer networks in the
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Conference in Print. Lester Hbgan descrnbés. the con- .

to omit Scarmmg the Issue. But it waald-be wrong to let
the occasion pass without comment from:the editorial
chair, for this issue s special in more ways than Pro-
fessor’ Ho\gan, in his modesty, is likely tyadmit. We
have the opinion of an expert when Managing Editor
Gannett ‘says “This issue, will stand up to any special

- tents of this issue (p.1233) so well that we have decided

issuc we have ever publ:shed " Up to now there has.

_been no placc in the literature where an engmeer can

get a starting point on ferrites and their use at micro-

wave frequencnes In this issue we are privileged to pub- .

lish 26 papers in this area, ten of them of a tutorial
nature—in essence the first textbook on the subject and

" no doubt the principal reference for years-to come..

i Compxlatxons of thjs sort don't ;ust happen; they re-
quire the most exacting preparatlon In this case, it took
three. organizations to float the issue: the Air Force
Cambridge Research Center, the IRE Professional
Group on Microwave Theory and Techniques, and
Harvard University. Last" -April these not-so-strange
bedfeliows sponsored "a Conference on fhe Properties
and Applications of Ferrites at Microwave Prequencies
at Cambridge. Ten invited papers, plus a larger number
of contributed papers, were presented. By good manage‘
ment and a little luck, they covered the subject in

masterful fashion. It had been planned to publish the *
papers in the TRANSACTIONS of the PGMTT, but the

Editorial Board requested the sponsors-to make the
papers available to the PROCEEDINGS, arguing that the
subject matter, was of such tlm’elmess. fundamental im-
portance and ‘wxdespread utility that 1t khould be pre-
sented to the profession at large, i .

This proposal having been accepted the edxtonal

"work began, Professor Hogan agreed to organize the

jssue and to review the papers.in detail. In'this he was
assisted by Howard Scharfman, Benjamin' Lax, G. S.
Heller and John Rowen. John Rowen made the further

contribution of the ideas ufiderlying the cover of“this .

" issue and checked the artist’s sketches, These men, no

less than the authors of the papess and the sponsor
bodies, made possible this issue, for wbxeh every IRE
member can be thankful.'

An espemally valuable aspect e‘f the orgamzatnon of
the issue is the arrangement of the ten tutorial papers in
such a way that, ay Professor Hogan pomts out the

-

reader with no previous knowledge of the ﬁeld should be

able, to prepa?e hlmself for intelligent research in th:s
ﬁeld , ¢ B

. New? The technology reported in this issue is eew, as
close to the frontier of solid-state physics as the sefni-

conductors treated in the' special issue of December, i

1955. But the novelty i is of a special sort, residing in the
combmatxon ‘'of propertiés of materials whnch were iden-
tified in the earliest stages of electrical science. The fer-
rites, as we know them today, combine high magnetic
permeability with such high resistivity that eddy cur-
* rents cannot interfere with their utility as concentrators

N

and manipulators of high- frequency magnetic ener Y.

The implications and second-order consequences of this
basic toncept occupy the two hundred odd. pages that
fallow.

The widespread amazement at the growmg impor- -

tance of solid-state maternals in electronics cannot be . -
supported by a sober view of the past. Far from being |

upstarts, the solid-state materials have always been the
backpone of our art and the desire to understand them
better has existed for fifty years. Omitting ordinary con-

ductors and insulators, the historical sequence of solid-"

state technology in telephony and electromcs runs ap- .

proximately as follows: high retentivity magnets in the

telephone transmitter; . low-purity semiconductors in

crystal detectors; tungsten and thoriated tungsten cath-.'
odes; the oxide cati\ode' phO§phors the photosensxtwe

cathode; secondary emissive surfaces; high-purity semi-
conductors in crystal diodes; ferrites for~megacycles;
* highest-puritv semlconductors in transxstors ferrites for
k:lomegacycles

Vxewed in this perspectxve, the vacuum in the vacu~
" um tube is almost an. mterloper So -viewed also, the

. solid-state materials ‘are seen to'be new only in the so-

phistication with-which they are currently handled.
Futuge- progress would appear to be “well indicated by
the recent history of the development of ferrites for
microwaves. These havé been produced by bringing to-
gether tradmonally separate propertjes, by the utmost
patience in their preparation and refinement, and by

more accurate and comprehensive knowledge of the in-’

. ternal processes wl'uch underly their external propertxes
—D.G. F o .

) F; o -

telgghone receiver; surface states of carbon grains in the

P
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.~ mendous advance i in the field of radio -electronics
- through novel apphcatxons of sohd-state materials. nance that the engineer needs to know in order to °
The most outstandmg contnbut:ons have probably understand ‘the operatlon of the various 'devices.
come from the clasg of: materials known as seml- which he uses. The first of these .(Van Vleck).sum- )
conductors. However, ‘within the past few. years an marizes the present status of. the. physical theory

o Introductlon to the F errl,tes,» Issue
RN G LESTER HOGAN S

: . < . .
T . . - " ° L B N ! .
Durmg the past deca}le wehave thnessed a tre-  pers dealmg spec;ﬁcally with various phases of the
theory of ferromagnetxsm and ferrotnagnetic resé-

increasing interest in the properties. and applica: of ferro- and fern-magnetlsm Then, theteare three

. tions of Ierromag,netxc matetials‘has led to-a whole papers (Bloenibergen, Suhi, Artman) dealmg with
new famjly of commumcatxon;, deviceswhich util- various aspects of the t’heory of ferromagnetxc res- |
ize the magpetic propemes of matter.. The, rapid  onance, which, of course, is'the phenomenon upon
.. progress | is due to many reasops. Probably the‘fore- __which all microwaveferrite devices depend. Bloem- -
_most is thedevelopment of a fiew.class of. ferromag- , hergenis a tutorial review cover?ng the linear the-
netic matérials that have become known ‘as fer- ory, whilé Suhl i is a tutorial paper on the nonlinéar .
rites. An- xmportant reason for this progress is the. theory, which ¢onstitutes for thépiost part original |
_ fact that a growing group of radio engineers have work not prev:qusly pubhshed in any suchr exten- o
" learned that a thorough.understanding of the’ ‘basic sxve form..” .
condeptsof solid-staté physics is essentlal tec them - The nekt six papers (Van Untert Fresh Spen-
‘if they are to be creative engmeers in- _thxs new ~ cer, Ault, ahd Le Craw; Mullen; Sensiper; Tannen-

“solid-state electronics era.” . . - wald and Seavey) discuss the chemistry and gen-

Actually, it has been/dlfﬁcult for the ¢ommini- eraI physical properties of ferrites along with the .. |
‘cations engineer to olfvtam the backgrousid that he = unique measuring techmques whxch have: been
" ‘needs on the properties of ferromagnetlc materials.” found useful for measuring these properties. ’
_To be sure, the information is in the literature The ﬁnal fifteefi papers deal with the theory and -
- (along with’ ‘many cencepts, theones. and, experi- Lart of microwave ferrite deyxces ‘Thoese by Hogan, -
ments which are misleadingor: mcorrect) but it has - Lax, Heller, and Kales are titorial reviews pn_ vari-

L
never beéen orgamzed for’ the engineer.in the way ous phases of the subject, while the remamder of
that mformatlon on semxconductors has been or- the issue deals with original, contributions either

anized. - . “to the theory. or art, of microwhve ferrite devices. -
£ )

It wasin apprecxatxon of ,thxs need that th:s pare These papers; should give the reader an apprecia-

‘ txcular issue was concenved Ten leadmg authori- tion of the tremendous act1v1ty which is now tak- V

ties have ‘been invited. to prepare review papers mg place.

»‘concemmg various aspetts of ferromagnetiec mate- Only the senous student who is devotmg a ma-
* rials and their applications: All have been prepared 3or share of his time to this’ “field will find it worth«.
S with the needs of the radio engmeer in 'mind. . while to attempt to digest all the mgaterial here.

The issue starts with 'a’ general sarvey. of the The less serious reader should be able to pick
properties and' apphcatxons of femtes by C. Dale -thoseé fields of greatest interest to him by the,txties

Owens. This article summarizes the.basit proper- of the articles. The ten tutorial review papers -

. ties of ferrites which have given them a unique po- (0wens, Van Vleck, BloemBergen, Subl, Van Uit-
sition in the field of ferromagnetnc materials. In ad- ert, Fresh, Hogan, Lax, Heller, and Kales) .were
dition, it. discusses the ma;or uses that engineers -selected and arranged so that a reader with no pre- -
have found for these matenals so far. - .. vious knowledge ‘would be ablerto prepare himself
Followpg this general survey paper are four pa- for intelligént research.ip thns ever- expandmg ﬁeld .

-
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_A Survey of the Propertles and Appllcatlons of Ferrltes
Below Microwave Frequencies™

C. DALE OWENSt,

7
i

b

Summary—A review-of the properties, applications, and éngineef-

ing significance of ferrites below microwave frequencies is presented.

The survey includes a discussion of the nature of ferrites, their mag-*

netic and electrical properties, the use of the 4Q product as a design

_index of efficiency, core losses, and the effects of air gaps. This is

followed by a discussion of the use of ferrites in a wide vanety of
applxcatxons A Bibliography i 1s also included. :

-

INTRODUCTION B ’ -

HE P RACTICAL achievement of modern mag-
netic ferrites was announced just 10 years ago.:

They are ceramic-like materials, with -perme-

_abilities ranging up to,several thousand combiried with
specifi¢ électrical resistivities over a million times those
of metals. Lammatmg or powdering is not necessary,

“as it is with metals, in order to limit eddy currents to

permissible values. The .impact of this development .

on both engineering applications and on the basic un-
* derstanding of magnetism has been very gréat. This
paper will review the properties, apphcatnons,_and
engineering 91gmﬁcance of ferntes below microwave
frequencies. o

Today, large numbers of persons ate engaged in the
study, manufacture, improvement, and use of ferrites.

These mclude research s¢ientists, students, technicians,

and. engmeu‘s workmg directly with ferrités. In addition
others are working to improve the basic oxide materials,
to design and build processing eqmpment such as fur-
" naces or grinding machines, and to develop new test
equipment to’meet the specific reqturements for the

controlled manufacture and app]lcatxon of ferrites.
“ Ferrites now are in everyday use in inductors and trans--
formers for carrier telephony, in flyback transformers,
deflection coils, and inductance. adjustment slugs in
tv sets, and in antennas and IF transformers in radio

- sets. They are uniquely suitable for miniaturized in-

fdug;tors and pulse transformers demanded for transist-
'angd circuits. The rapld development of ferrites for
the pew fields of computer circuits and rmcrowave com-
_ ponefigs promises an even greater effect on the. daily
- lives of engineers.and thepublic i1 the near future.
The work on ferrites comprises a very extensive
activity in the field of magnetism, and is the subject of

" many symposia and large numbers of articles. It is an -gone on for 50 years,
integral part of the advance in sohd state and atomic |

physics. Ferrite is” a memher of the semxconductor

July 25 1956.

* Original manuscript received by the JRh,
Inc, North

: $ Merrimack Vallex Lab, BL” Telephone Labs
-~ Andover, Mass.
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family, which includes diodes, transistors, and solar
cells. It is intriguing to consider this modern ferrite as
a rebuilt version of lodéstone, the first magnetic ma- -
terial discovered by man, and a possible forerunner of
future new magnetit materials synthesized directly
from performance specifications prepared by design
engineers. Fig. 1 outlines on. a time scale some of the
major steps in the development of magnetic materials.

2000 _ N

MICROWAVE RELAY (1947) FERRITES (1946)

1950~ - g .

) HOME TELEVISION (1930) * PERMALLOYS (1920)
1900}~ RADIO BROADCAST (1920) SiL-Fe"ALLOY (1900)

DOMAIN THEORY 7. \EWING'S“N}IAGNETIC‘

1850/ DEVELOPMENT (1907-) INDUCTION” (1890)

) TELEPHONE (1875) MAXWELL'S TREATISE (1873)
1800} TELEGRAPH (,832)/ CQULOMB’S AW (1785)

N FIRST ELECTROMAGNET/ —COBALT (1773)
1750~ (1825) TNICKEL(1751)
T . ’ '. '
1700 - R e e

}
1650~ — - —-mem = \,___‘_.._J - PO N R

su_esar 's® DE MAGNETE?
(1600)

1600+— e g

1200

1150

A01

400 g
- MAGNETITE AND N
iRON KNOWN :

- Fig, 1—Time scalrs of some magnetlc discoveries and fields: of use.

The modern ferrite-development is timely. The ‘em-
phasis on carrier, radio, and tv frequencies and on mini-
‘aturization has brought increasing,demands for reduc--
tion of core Iesses A point of diminishing return for
effort and cost in further laminating and powdering
metals appears to have been reached. Although spo-
radic éfforts to develop ferramagnetic nonmetals have -
the stimulating need has developed
‘only in recent years. The advantages of the combined
high permeability and high resistivity anuounced by

' Phxlllps in 1946 were apparent immediately to engmeers

desxgmng inductors and transformers for (‘ommumca-
tion use. L ; N
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 An unexpected increase in .core losses accompanied:
by a decrease in permeability was discovered in ferrites
at frequencies far below those calculated to produce
troublesome eddy currents. This led to intensive in-
 vestigations of ‘magnetic mechanisms and to new insight .
"into magnetic théory. Domain wall movement, dimen-
. sional resonance, and -ferromagnetic resonance were
studied as mechanisms contributing to core loss. Very
high “apparent” dielectric constants were measured of
"some of the ferrites in connection with dimensional
resoniance studies, The investigation of ferromagnetic
resonance led to the discovery that ferrites were trans-
parent to microwaves under proper conditions and pro-
duced Faraday rotation of the microwaves with very
- low losses. This is the phenomenon on which the gyrator
‘and revolutionary new ‘components for waveguides are
based. v ; Yt gl 20
In turn, the studies of magnesium-manganese com-
pasitions most suitable for microwaves showed tenden-
cies of some of the materials to have rectangular loops,
that is, a high ratio of remanence to saturation. De-
- velopment studies have provided cores suitable ‘for
memories and magnetic switches in computers-and data
‘processing circuits. oot Lo ;
Agtudy of why the saturation magnetization of fer-
- rites is lower than that calculatéd from the simple addi-
. tion of all the atomic moments led to the new concept
.of ferrimagnetism. The saturation moment of ferrites is
explained as the resultant of two interplacing lattices of-
metal atoms with opposing magnetic moments.

¥ ~ The story of ferrites is one of mutual teamworksand o

stimulation in research, engineering applications, theory

" manufacture, and measuremefits. = . S

- 'THE NATURE OF FERRITES : :

As'a simple explanation, the modern ferrite may be
~described as a material derived from lodestone, or mag-
petite (Fet*0.Fe,#++0;) by substituting other metal
atoms in place of the divalent iren (Fett). If these
atoms are divalent and about the same diameter as iron

. atoms, the basic spinel type crystal structure of mag-
netite can be preserved, and greatly” increased values
" of permeability and resistivity can be obtained. The
.properties of the ferrite are dependeﬁ't upon, the kinds
of metal .atoms and their proportions and geometric

arrangement among the interstices of the close packed
cubic ‘array of oxygen atoms in the spinel structure.

Suitable atoms to replace-iron include manganese,
magnesium, nickel, copper, cobalt, zinc, and cadmium. .
If the divalent iron is entirely replaced by zinc or cad-.

" mium alone, a nonmagnetic materialis obtained. If it}

' is replaced by one of the other atoms, the resnlting
material is' magnetic, but the permeability seldom ex-
ceeds 100 and the hysteresis losses are high. These types
of materials have been known i{or many years.

However, if the divalent iron in magnetite'is par;ially :
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replaced by zinc and partially by marnganese, for exam- -
ple, the requirements for high pérmeability. (and low
hysteresis loss) are met. These are that thé crystal be
‘easy to magnetize in all directions (i.e., have low crystal

‘gnisotropy) and that the change in dimensions with

magnetization (magnetostriction) be small.!

The ferrites most commonly are manufactured from
finely divided metal oxide powders, which are intimately
mixed, pressed to shape, and then sintered. The process
is ‘similar . to that for producing ceramics. As with
ceramics, alternate processes are adaptable to ferrites..

Ferrite compositions may be prepared by coprecipita-

tion of the ébn’stituents, from solution. For long rods or
shapes which do not lend themselves to pressing from
powder, - casting or -extrusion from a slip can be em-

-ployed. Ferrite parts_shrihk some 10 to 20 per cent
during firing. Fig. 2 illustrates some,of the shapes and

sizes of parts which have been producéd. The final mag-
netic and electrical properties, are highly dependent
upon many factors which affect the arrangement of
metal atoms in the crystal structure and the chemical
homogeneity of the sintered compact. This includes the
purity ‘and “activity” of the constituent oxides, the
heat treatment, and the atmosphere in which the parts.
are sintered and cooled. Ferrites of higher quality a’nd,//
dew and more uniform properties are being achieved

. commerd&ially as these factors are brought under better -

control.

N 0 ‘ . !
. Fig. 2—Various shapes and sizes of ferrite cores. -

THE MA'GNETIC AND ELECTRICAL PRGPERTIES
: OF FERRITES . :
A ;

~ The magnetic properties of a materi/al are defined by
tife way the fluk density B is refated to the applied mag-
netic. field 'H (see Fig.-3), and by the losses rgsulting
from changing magnetic fields. There are almost un-
limited, variations in composition and heat treatment
possible among the ferrites giving rise to a large”and

| ‘ Crystals contai;ling meﬁl atoms substantially larger in diameter
(han iron atoms, as' when the divalent iron is replaced by barium,
are found to be hexagonal in structure. They exhibit high crystal
arfisotropy and high coercive force, up. to 3000 persteds ‘intrinsic - -
basis of the development of ferrite type permanent .

resistivity, suitable for.use in high frequency fields.

magnets with high : \
force makes it particularly useful for disk magnets.

The high coercive
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A HIGH RATIO Bgr/Bg / / . Ss
IS IMPORTANT IN CORES ; . ¢
FOR MAGNETIC AMPLIFIERS; o/ .
MAGNETIC MEMORIES AND Bg g /
MAGNETIC SWITCHES. '/
/ N )
» ’ : .~ MAXIMUM . PERMEABILITY
- A pm=B/H AT KNEE OF
] . *MAGNETIZATION CURVE.
: - /] THIS AND Bg IMPORTANT
) / IN TV FLYBACK TRANS- -
CCERCIVE / FORMERS, LARGE INDUC-
FORCE -. / ~ -TORS AND CHOKES, ETC,

v X e

+

\ .

\ INITIAL PERMEABILITY

N HMo=B/H FOR VERY
“SMALL H. THIS AND
LOW LOSSES IMPORTANT
IN HIGH QUALITY FILTER
COIL ,CORES, ANTENNA
RODS, TYNING SLUGS'

. FOR RESONANT CIR-

CUITS, ETC.

HYSTERESIS LOQP _,
* AREA i5 A MEAS+

URE OF HYSTERESIS

LOSS PER CYCLE

¢
»

THE PLOT OF INDUCTION B VERSUS MAGNETIZING FORCE H GIVES
THE CHARACTERISTIC HYSTERES1S LOOP FOR A MAGNETIC MATERIAL.
WHEN THE MAGNETIZING FIELD H 1S RAPIDLY CHANGED AS IN AC
APPLICATIONS, THE CHANGING FLUX DENSITY, B GENERATES..A VOLT-
AGE WHICH PRODUCES CURRENTS, AND ENERGY LOSSES,IN CON-
DUCTING AND DIELECTRIC PATHS. N

Fig 3 + - . !

fH N GERSTEDS
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versatile famxly of matenals. The ranges of values ob-
tained for sevgral-character;stms are shown in Fig. 4,
and compared to those of iron and other magnetic ma-

-terials. Certain typical combmatlons of properties are’

indicated by letter designations.. It will be observed
that many of the characteristics such as Curie temper-
ature T, coercive force H,, maximum permeability um

.and resistivity p show a general correlation, direct or,
" inverse, with the initial permeability u,. o ,
The initial - permeabnhty ‘mo of ferrités varies from

around § for magnétlte to over 6000 for a nickel zinc
ferrite of the type desxgnated A in Fig. 4. While these

values are'not particularly impressive compared to those

which can be obtained in metals, the significant factor

" is that they are combined with resistivities many orders

of magnitude greater. The dc’ resistivities of ferrites,
except for magnetite with 0.01 ohm-céntimeter, range
from 10 ohm-centimeters to values as high as 108 chm-
centimeters. These compare with values of 10X10*
ohm-centimeters for iron te around. 100X10-¢ ohm-
centimeters for some of the metal alloys.

A comparison of the hysteresis loops .of ‘iron, molyb-

denum permalloy, and a ferrite are shown in Fig. 5. The
ferrite corresponds to type B in Fig. 4. The saturation
flux density B, is relatively low fer all the ferrites,

ranging from about 1500 to less than 5000. This fmposes '

’ . . . '
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vices operating ‘at high flux levels. A large var;ety of Fig. T--Effect of 'empe"at““’ on the_hysteresis. lOQP of & NnZn

P tewth perm b]t f
loopr shapes are obtained with the ferntes, mcludmg ermite with a eability of 800.

those which are highly rectangulat. - . losses and small’ changes of permeabnhty and losses thh
Another of the significant charactensttcs of ferrite frequency, ‘fux density, temperature, a nd time are

is the low Curie temperature found in the high perme: . often of more importance than the actuai value, of per-

ability materials. The Curie temperature, is the temper- . meability. The 40 product- of a material, sometimes
ature abbve which thermal agitation overcomes the_ written ptaOnm, has®been-found to ‘bc a useful index. of

alignment of magnetic moments®and causes, the ma-, eﬂicnency for design applications. In this" product, m

‘terial to become paramagnetic.- It is typical of most i (e permeahility and the material Q(= 27fL/Ra)

magnetlc materials that the initial permeabalnty mc;eases. repments the reactance of a winding on-a core per unit

with rising temperature toa peak value just belovz the ¢ core loss, as indicatéd in Fig. 8¢ The term Ry is the ,
Cune temperature Th:s is shown m Fxg. 6for iron a.nd effective series-resistance amlﬁ

IR T T A " material. It is easy to see that a high value of uQ is de-.
3300 — T R N J ) L _ sired. A higher value of u will produce a larger amount
Y 3000 T N m cr;enc e y + of inductance L per turn, whxch can be used to provide
2s00}" S — e S A ‘a more éfficient coil or a smallef coil of the same effi-
‘20;00 ‘ wererrre | o] 0 ol -} } -.ciency. A hngh value bf p also reduces leakage flux and :
. ; B 1 "/ 1| improves the shielding whé&n the core material - sur-
1500-——>1< LA . R 1~ rounds the winding. A- higher ‘value of matenal
g 1 . / r‘ R
1000 ‘ R RERRTE ST —1  imeans less loss per cycle perhénrys o
L - (MEDIUM QERMEAmJnE"V) » 1 i v & LT
509 — 1 -_——[~'y~1 S —— S i Lo
ol === ] ! L 1 u - Rm bLs -~ ..
106 0 100 zoo Y3560 S00 600 700 ws::ﬁ ' . ‘\N\r ’M 'W‘v - . ,'f
Lo TﬁMPERATURE IN DEGREE$ CENTIGRADE .\ SR
Fig. G—Representatxon of core loss R. as’a series rmstanee R,
F\g 6——Change of per "ﬁeaé’“‘ty dwutl& tg:;" :ure f°? magnet:c . 1g =winding resistance; R =efféctive series resistanice due to mag-
iron, a MnZn and a NiZa'ferfite. - - netic core; L,=peries mductanee, R.-R.+R..-eﬁectwe resist-
5 anee of indugter; - » o ‘ :
femte The hngh permeab:hty realized in’ some of the . © indu M‘Q © afL, za;fL.
“ferrites is due largely to the fact- that they have Curie ,‘ &+ R. ‘R - R

temperatures near room temperature and are used near. mamerial Q-Zaj'L./R..

" the hysteresis loop of a fickel zinc femte wnth a per- Za;fL/R.) which can be obtained is proportional to +/z0

meabnhty of 800 is shown in Fig. 5. D . of the material. In a transformer, a core material with
‘ ‘ . a higher uQ results in a proportionally smaller shunt
MATERIAL uQ PRODUCT AS A‘USE‘" UL INDEX | foss across the transformer windings. Fig. 9 shows the

In the appraisal of magnetnc ‘materials for design mprovement of the pQ product over the yem. reachmg
apphcanons. espec:ally for prec:sxdn ;nductorc, low a peak in the recent fe-ntea’. et (

tg from coré loss in the
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The pQ product of a material’ may be determined on

a.solid core but will remain practically unchanged if an
air gap is cut in the core to reduce u. Ina design with an’
- assembled core structure tontaining air gaps, when the
air gap is correctly chosen, the core loss per henry can
be made equal to the dc resistance per henry and the,

" inductor Q,can be optimized. It is found that the op-

timum value of permeability as 'weﬂmas ‘the optimum
inductor Q is proportional to the v/ rQ of the core ma-

, terial. .

The variation of u and'uQ with freciuency, temper-

ature, and flux density are shown in Figs. 10--12 to illus-

trate the behavior of typical ferrites. The p and uQ be-

~gin to decline very rapidly above a certain “critical”.

frequency which depends on the permeability. Because

_of the high resistivities of ferrites this carnot be at-

N

tributed to bulk eddy current effects. The values of

the pQ products will be observed to drop off with in-

creasing temperatures and flux densities and to “dis-
appear” at the Gurie temperature and at the saturation
flux density. A S
. CoRE Loss 1N FERRITES
Core loss data on metal laminations and powders can
he expressed in terms of an eddy current coefficient e,

hysteresis coefficient ¢, and residual coefficient ¢ related
b7 the Legg equation: C L -

Ra = euf*L + apBnfL + cufL

.

where R, is the effective series resistance in ohms, fisin .

cycles, the inductance L is in henrys, and B, is.the peak
flux density in gausses. This cquation is inadequate for,
use with ferrites except at- fréqitencies well below the

PROCEEDINGS OF THE IRE
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- . mechanigms, possrbly with' overlappmg effects. The!

~ damping is eritical. -

Ferromagnetw Resonance

" permeability and p'’ is the loss per cycle

- .
b

‘

critical frequency at which /.LQbegms to decrease rapidly. Demenswnal Resonam;e s

‘This is often arbitrarily, takeri aé the frequency at which .
Q decreases to'10. Above this frequency in ferrites the
tesidual term increases-faster than the first power of
frequency anpd becpmes predominarit. The «:oefﬁcrent ¢

_then he®omds frequency dependent: 2

The theoretical physicist. has been. challenged by the .

" frequenéy characteristics of ferrites and has vigorously

hunted the mechanisms résponsible for the reSidual
losses, no longer masked by eddy currents. He has been
almost too successful in that there are several plausible
explanatiops are largely an- extension of the theory of-
domain behavior in magnetic bodies. They deal with’
the basic respopse of the magneti¢1 .moments of spinfiing

’ electrons when apphed fields- are  superimposed - ipon.

their natural crystal environment. The high frequency .Qis low, of the order of 1. Since the velouty of propaga-

losses iri ferrites are attributed to domam wall resonance
‘or relaxation, ferromagnetxc resonance, aﬂd dimén-
‘sional resonance. Bneﬂy, these are described as, follows.

~~

The’ domain wall is the region befween domains in
which the direction, of the magnetlc moments of the’

electron spins is in a state 'of transition from the direc-,
tion of 'one domam to that of the other. Because of the
angular momentum of the spinning eléctrons (inertia),

.cuit at certain criticdl frequencres or wrll “relax 1f the
" . . : - . N i . .

Thls occurs whkn the frequency of the apphed ac
ﬁeld and the preces.snon frequency of the spmnmg ‘elec-
“trons.correspond. The precession fr: equency | is a function

of the, steady field; aligning the electron spins. This
phenofnenon is usually observed at 4000-24,000 mega- -

" cycles when the material ig saturated by a strong applied
- de field. The effect is a sharp peak in the: absorptidbn loss
- curve and a resonange in the permeability curve. How-
. ever several mvestrgators have pomted out that ferro-
“wmaguetic resonance ¢ould occur under the mlluehce of -

a self-contamed crystal anisofropy field even at fre-

" .quencies as low as a few: megacycles, in a ferrite in"

which permeabrhty depends upon rotations of, the spins

"as a whole instead of by growth of domams through -
. Wall ‘movement. The resonance effects would be ex-
" pected to be very ‘broad under these conditions and
- could account for the type of dispersion oi permeabrlrty-

-and pQ observed at frequencxes.of one to one hundredv

: megacycles k R

T s When the complex notatron is used for permeabrlrty, p=p —iu
a loss angle tan 6=p”/u is commonly uged. Here u’ is the usual*
he followmg relatlons‘h:ps

-qexists N N .

<

© Owens: A Survey of Ferrites Belo;o ero'wove F requencws ;‘ S

. - : - Lo s e

123),

!

This is a cavity-type electromagnetlc resonance
whnch ‘can occuf in cores in which a dimension of thc
core corresponds to 4 half wavelength of an ‘electro-

. _magnetic wave: propagated through the material. The

“apparent”. dlelectnc constant k2 of manganese zinc’
fernte with ‘a permeability of 1000 may be as hrgh as
100, 000 at 100 kc. This value drops with frequency to:a’
constant value of the order’of 10 af a few megacycles.

- This suggests that the hrgh ‘measured valuesof dielectric ~

constant may arise from a granular structure of femte,
of more conducting reégions separated by hrgh sesistance

-films. The apparent dielectric constants in most' nickel

zinc ferrites are of the order of 1000 at low frequencies,
except for" very low permeabrlxty types, in which the
dielectric copstant may be less than 100. The dreleotrlc

tion of ‘an electromagnetic wave is equal to 3X101%/+/uk

- centimeters per second, the velocity will be 1 X107 centi-

' .Dbmam Wall Resonanéa or Relaxatwn I

meters per second for' B= =1000 and k =9000. A half °
wavelength would be'S centimeters at one megacycle, or .
1 centnrpeter at 5 megacycles . -, :
; EFEECTS Of AIR GAPS

Anairgapina magnetrc circuit reduces the mstabrl- .
ity of permeablhty due to mechanical or magnetic shotk

.or femperature changes below that expenenced on a

* crystal forces (elastrcrty), and dampmg factors (loss), ’
the domain wall can exhlbrt resonance like an RLC cir-

continuous ring core. In femte cores for precision, hrgh
quahty components, air gaps are.'used for improving

_stability-as well as for _obtairting optxmum values of (Q,

'neglectmg leakage.’ 7

-

. prevnously discussed. The following equatnon relates_
the effgctive permeabrhty K. of the core contdining an

air gap to the intrinsic permeablhty ,u of the .fernte parts r

oy

PR R ot N

where ris the ratio of the air gap length L to the total
mean léngth 7, of magnetic flux in-the core assembly.

The differential of the above equation can be written in
the {ollowmg form relating 'the percentage change in
p., to the percentage change m B : ’

d ' o
f_“_-;____w“_,) .
Pc BB

If the value of uis 1000 and the\arr gapis1 per cent of
the total flux path ‘then the value of u. wilt be 91 and
the percentage chaﬁge in p., will be.only 9 per cent that_ o
Jof I3 i
Tn some structures it'is desu‘ed to assemule the core
from.parts biit to retain a high permeability. lt can be -

"detesmined from the above relationship that the air- -
_ gap ratio cannot exceed 0.01 per cent if the core perme- -

" ability is to be greater than 90 per cent of the intrinsic
ferrite permeability (of around.1000). If the flux path-is
2.0 xhches the total air gap would need to be less than_
'0 2 ‘mil, or 0.1 mil each for two air gaps. This type of
. “acturacy can be a:blueved through gnndmg and pohsh
he femte matmg surfacea, :
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- OTHER CHARACTERISTICS

Like magnetic materials in general, ferrites show a
decrease in permeability with increasing values of super-s

imposed dc fields, and show a residual change after re-

moval of the steady field. These effects are reluced by

the' use of an air gap. Some fe'rrltes -undergo shifts in
permeability after ac demagnetnzanon at high flux

_ levels or after the materials are heated just through

the Curie temperature and recooled” to room temper-
ature. Other ferrites, partictilarly' extruded rod, have
been found to be sensitive to vibration. This effect may

. be enhanced after the material has been"subjected toa .

str ong ac or dc magnetic field. Since thesedatter phenomy
ena probably are functions of unpurltxes, porosity,

imper{ections, and domain structure, ferrites can ex- -
" hibit widely varying properties and representative sam-

ples should' be checked carefully prior to apphcat;on in
designs requiring the hlghest stability. .

Ferrites have about the hardness of quartz and are
- machined to size or, provided with flat mating surfaces
when required, by grinding operations under a water-

coolant. Diamond tools are often used;, Cutting-and
machining also can be deane satisfactorily with a super-

sonic_machine tool. Mechanical polishing and lapping
_can be done in conventnonal ways -when a smooth sur- -

face is needed. »

Magnetostriction in - the common polycrysta]lme
ferrites is negatxve The change in length when mag-
netized to saturation ranges from —0.5 parts per mil
lion to —22 parts per million. Because of the high re-
- sistivities, they are of interest for delay lines and mag-
netostrictive oscillators. Tt i is a matter of mterest that
the highest value of magnetostriction so far measured
on a magnetxc material, 800X 10-%, was on a single

crystal of cobalt! ferrite in the- [100]\d1rectxon, after a.

magnetlc anneal.

- A number of mvestngator;s have grown smgle crystals
of ferrites. These have been useful for studying domain
wall motion and loss mechamsms Initial permeabilities
as high as 5000 have been measured on single crystals
of F¢;0,, as compared 4o less than 10¢in the polycrystal-
lihe form. No commercial applications involving smgle

" crystals are knéwn to the author. :

APPLICATIONS OF FERRITES

Ferrites have a large and increasing number of ap-
- plications becausé component and circiit engineers
have found them advantageousin accomplxshmg specif-
ic objectives. In some cases, ferrites yield higher effi-
cnency, smaller volume, lower costs, greater uniformity,
or easier manufacture than can be obtained with other

materials. In others, including the microwave field, the .

unique properties of ferrites permit accomplxshments not
feasible with any other known material, Table I (oppo-

site) summarizes the principal desig apphcatmns, the
most 1mportant component charactenshcs, and the prop- ‘

e
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erties of ferrites on whlch they depend. The apphcatnons k
fall roughly into categories determined by the material
properties used:

1) Linear B-H, low Hux leyel, high *tabllxty

2) Nonlinear B-H, medium to high flux levels.

3) Highly nonlinear B-H, rectangular loop.

4) Microwave properties, ferromagnetic resonance

~ Faraday rotation. .

5) Magnetbstriclion.

The microwave applications are included in the table
for completeness but will not be covered in the discus-
sion which follows on several typical ferrite designs. A
recent article by Duncan and Stone {66] surveys ferrite
applications in inductor'design rather comprehensively,

*particularly those in the linear B-H region. Various

methods of inductance adjustment’ are discussed, in-
cluding w1de range methods for tuners.

FILTER INDUCTORS ' s
“The hxgh 4@ produ¢t of ferrites over the frequency '

. range of 50 kc to 150 *ke has led to ,the:r extensive use

in filter inductors for band- -pass filters in carrier tele- .
phone circuits; Precise inductance adjustment, high
inductor Q, and good stabiljty are necessary for the func-

* tion -of separating channels. Such coils are normally of -

the pot type construction in which the cores are assem-’
bled using a center post, two end plates, and an outside.
ring. An alternate assembly uses two cups either with
integral posts or a separate post. The principal air gap

-is provided by shortenmg the posts. With a proper mag- -
-nitude of air gap built ¥n, the permeability can'be made

correct for an optimum value of Q. Movable magnetic .
details which shorten or shunt the air gap have been
incorporated for inductance adjustment. This elim-
inates the need for close factory adjustment, permits
alignment of equipment after assembly, and eliminates
trimmers. In the pot type cores described, ‘the ferrite
material provides an effective shield around the form
winding. Permeabilities ranging from 35 to 100 are
used most commonly to obtain the desired Q and re-

A completed filter coil is shown in Fig. 13 (p 1242).
Here, with a volume of 1.5 «cubic inches, a Q of 500 is

_ obtained at 100 kc.- The core consists of manganese

zinc ferrite with an intrinsic pérmeability of 1500. A

coil ' wound on .a ‘molybdenum permalloy powder rmg‘- .

and previously used for a similar purpose had more

‘than six times the volume but only one-half the .Q.

Furthermore, it. could not be adjusted after final as-

.sembly. The ferrite coil can be adjusted over a range of

plus or minus fifteen per cent by means of a movable
cylindrical core shown in Fig..13. .

In experimental models on this structure, inductor
Q’s in excess of 1000 at 100 ke have been obtained. The
manner in which distributed capacitance tends to re- -
duce. @ becomes an 1mpovtant consnderatxon under ,
these condntxonl. : Co .
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‘ TABLET =~ S ,
. ' _ A.SUMMARY OF FERRITE APPLICATIONS
e % . N . . = PRSI . "
' Typical. et songh Favorable ferrite. | Typical ferrite L
fr){pe o\f compenent  f o quency | Cha;actenstxc sought " properties - P 4o De.sxred’ improvements
p “A. Linear B-H, low flux density
- '* Filter inductors , | High Q, precision, stablhty " High nQ, low hysteresxs, MnZn_ ~1000-2500{ Higher uQ, lower temipera- -
, . 100 ke low modulation . - convenient core shapes ture coefficient
.IF transformers J 465 Kec High Q, stability, a.dju;ta-' _HiQh #Q, shapes ) ngher #Q to higher fre-
N bility . o o \ : quencies better stability to
- : — | —— NiZn* 100~ 200 temperature and to magnet-
. Antenna cores 1000 k¢ Moderate Q, stability . VHigh #Q; rod shapes , ‘ic and mechanical sh
Wide band transformers | to 15 mc Reproducdbjhty ‘of trans- |.H " low, losses; as- | Mn Zn 1000-2500.| Very uniform magnetic and
e ‘ : -| missipn characteristics bled core structures NiZn* "~ >500. mechanical properties :
Adjustable inductors Various Ad;ustmen,t +20 pur cent ‘ngh 1, shapes” %&Zt‘l . o
e - - . = e NiZn’
Tuners L Varions., | Adjustment >10/1 .| Various mechanical struc-
. - . , v tures, u variation in dc .
: oz v field o
Miniature inductors Various Moderate Q, small si'ze , VCup shapes - MnZn , >1000 | Higher saturation, less loss
K ‘ ' s NiZn* >4000. | at moderate Bm -
Lo'a'diné coils Voice . Stability, low modulatxons, High uQ ? ’ Lower. sensitivity to de
LT » . low leakage flux. - fields -
L v . . : s | Lower hysteresxs loss :
' . B Nonlmear B-H, medxum to }ngh flux densities - _ .
Flyback trp.nsforinefs | 15-100ke | Low loss, moderate sme e MnZn. >750 Higher sa.tuiation, lower
S , N / NiZn* >750: lasses :
o —~ - ‘ Higher cutie &mpemtures
Deflection yokes . . . B )
Miniature traneforr'ﬁers Pulse Smal! size, ‘easy _inounting_ fﬁgh u, cup shapes NiZn - 4000 _Higher saturat_ioxi
" Carrier [power transform— Various R P - .
ers ! .
. Choke coils —"
; - - — : r S— N
Suppression beads .| High resistive impedance ngh loss a.bove crmcal *MnZn , >500 ..
s PP ‘ . : - . | frequency /| NiZn* ~ >500 ;
Recording heads ’ < Mechanical ngldlty, low | NiZn, ngher saturation, nonab-
R ‘ _ loss MnZn -- . rasxvd stirface ,
R ) G nghly nonlfhear, rectangular Ioop . ‘ 4
Membry cores 1 Pulse Two ldentnﬁable stable Smal] rings pracﬁeal réa- . MgMn , Higher degree of- rectangu— :
Co ‘states, fast ﬂux reversal ‘| sonable rectangula.nty . , larity: stability, umformxty
s o o A X low cost
Switching cores . - Pulse | Fast flux reversa“l high out- Reasonable rectangulan- MgMn_ N -High satdratign for. hxgh .
- . . " ' mput - . ty : Lk Output
= : i — — ~ S
Multiaperturé cores ' ! A ' ' , - P
Magnetic amplifiers ‘ ' ) ) o )
‘ : D. Microwave properti_es-. o, ‘
Teolatars, attenuators. - Faraday rotation MgMn* 1' R ’
- circulators, awitches, Ferromagnetic resonance 4.
modulators . . \ ; - , L : ‘ B
. 4 _ E. Magnetostgiction and bther properties - ’
‘Delay lines . ' K . ) |
. : T L
Filters'and oscillators ‘ ] 1 . /
‘Temperature controls Sensitivity to temperature Low curie temperature . ) 1’ -
. . : - | Temperature sensitivity + , .

.- * May contain additional elements such as Mg, Mn, Co, €u, Al .

.

N
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'Fig. 13—A high-Q adjustable filter inductor.

WipE-BAND TRANSFORMERS

High permeability ferrites; in core assemblies made

up of C's or E’s, are being used in wide-band high fre-’

quency transformers. A precision transformer of this
type (Fig. 14) jsused in line amplifiers in the L-3 coaxial

L

WINDING

2" ASSEMBLY.
v H .

ol sTEATITE

Fig. 14—A: wide-band transmission transformer. Z

: cabls system in which the video band extends up to 84

megacycles. Here two C-shaped [cores_are assembled
into two precise wmdmgs plated on optical quartz
forms. The assembly is held to very'close dimensions in
order to control leakage inductance and parasitic

capacitances and thereby thé over-all transmission

characteristics. Such’ close mechanical and electrical
tolerances would wot be possible with ‘windings on

~ toroidal .cores. Thie permeability of the ferrite is high
enough to provide the inductance necessary for trans-
mission at ‘low frequencxes with the relatively small -
number of turns requlred to provide good’ high fre-

‘quency response. With careiully ground mating sur-

faces, the loss i} permeabnhty‘ due to air gaps i is only.

:

about ten per cent.

'

; : ~ ANTENNA CORES ' )

Extruded rods of ferrite are utilized for antenna cores
for broadcast radio receivers. These are usually one
quarter to three quarter inch' in diameter, in lengths

ranging from two to é€iglit inches. A. winding is applied, *

normally distributed over the length of the core, to
form an inductive antenna, The number'of flux linkages
is mcreased through the eﬁectnve permeabxlxty of the

/s
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. core. The length to diameter ratio of the rod" needs to

be large in order to reduce demagnetizing effects and
thus realize as much as possible of the ‘intrin‘sic perme-
ability of the ferrite. This generally has led to the ex-
trusipn of rods. For a given ratio‘of length to diameter,
the sensitivity of the antenna is increased by enlarging

‘both length and  diaméter, Sizes of portable radio

cabinets and ‘cpsts of the core material have influenced

the production of cores toward the sizes noted above.
The ferrite material should have moderately high Q

over the broadcast frequency band to provide needed
selectivity. It should be stable with respect to temper--
ature changes, residual magnetic shock from high ac
or dc magnetization, or mechanical vibration to prevent
inductance changes large enough to cause detuning. Im-
provements in these respects have been achieved
recently by new compositions ar\d manufacturmg tech-

. miques.

MI-NI__ATUB,E COMPONENTS

The ferrites are finding more and more applications
in a growing field for miniature inductors and trans-
formers. The pot type structure is well suited for the
efficient utilization of space. Two cups are commonly
used and assembled around a winding. Terminal plates

* or pigtail leads are attached and the assembly is molded

in plastic. Fig. 15 shows such an inductor assembly. The,

Fig. 15—A miniature inductor. g

low power levels common with' fransistorized circuits
are favorable to the use of ferrites in a similar structure
in pulse transformers. In this case, high permeability
materials, such as. nickel zinc ferrite with 4000 perme-
ablhty, or a manganese zm(’: ferrite with a permeability
greater than 1000 are most suitable. The temperature
rise in transistor circuits usually is low enough to permiit
the use of high permeability materials having. low
Curie temperatures. '

" FLYBACK TRANSFORMERS AND DEFLECTION Yomzs

\
‘Undoubtedly the largest use of ferrite measured in
terms of poun(;ls of matenal has be'en in ﬂyback trans-
pd R e - b TPy Tetans
\ . *4 y ; o
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formers for television circuits. They iWere\ﬁrst used in
1948. C-shaped cores are used in practically all designs,

“ with a small air gap for reducing the variability caused

by the presence of dc fields. Fig. 16 shows a flyback
transformer assembled on ferrite cores with legs of
square cross section. An evolution in-the design of cores
from square legs to hexagonal legs to round .legs has
been taking place. The round leg is helpful in reducing
high voltage corona and has’been made desirable by
the progressive increase in flyback voltages from 10 kv
up to 25 kv as larger picture tubes have been used. The

manufacture has been made .practical through the de-’
Velopment of new die structures and pressing tech-

niques.

Fig. 16—A television flyback transforimer. ..

"These ‘corés must have low losses at operating flux
levels up to as high as 1500 gausses at the 15.75 kc
scanning frequency ajld at flyback frequencies up to
100 kc. Low losses are not only important from the

standpoint of reducing size and cost of the transformer

itself but also to permit reductions in ‘the size of the

power ‘supply. The Curie temperature must be high -

enough so that losses do not rise excessively at operating

temperatures. Increased permeabilities combined with

0 ' . . 2 i >
higher saturation have been obtained in manganese

zing ferrites fired to high- dénsity"?nd have contributed -

to reductions in size and cost. . s Ty
Cores for, deftection yokes in tv sets quite, generally

are made of ferrite materials. They are, pressed as

halves'.or /quadrant's‘_of a circular ring for assembly

.around the neck of the picture -tube. The material
properties are less critical in yoke applications than in -

flyback transformers. .
~-MAGNETIC MEMORIES AND SWITCHES -

One of the fastest growing and p_otgntially l_arge
applications for ferrite cores is for memory and switch-

“ing uses in digital computers and data processing cir-
cuits. This application involves the use of xmcrosgcop_d ;

g " S AR LR 4 3%
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- pulses for transmi,ttingf storing, -and reading informa-
tion expressed in a binary code. :

Rectangular hysteresis loop® properties are required

to provide two identifiable stable states of remanent

“magnetization.and to provide a highly nonlinear B-H

relationship so the state of magnetization can be defi- .

nitely and quickly changed., The degree of rectangular-
ity and the uniformity and stability of characteristics
have a direct bearing upon the number of cores which
can-be used reliably in a memory, and hence upon the

storé.ge capacity of the memory. The values of coercive _

force determine how rapidly the information can ‘be
handled. ., . AL i ¢
. Cores of magnesium manganese ferrite now are being

produced -with.a good 'degree of rectangularity. Uni- .

"formity. is being sought through*control of composition

“"and ‘processing and by an elaborate selection procedure.

Ferrite cores have several inﬁerent advantages.. They
can be formed into tiny rings down to 0.050 inch diam-
eter in automatic presses. The gost of the raw mate-
rials is low. Ferrite cores are chemically and mechani-
cally stableand are practically indestructible, except for

actual meéchanical breakage. In common with other -

“magnetic -cores, once trigge(ed ‘to a stable state, they

will retain their magietization indefinitely ‘without

further power consumption. -. ek

The propérties of rectangular loop ferrite cores in re-

“lation to certain circuit operations may bé understood
by reference to Fig. 17. :

- .

g RSB

’ _Bs ‘
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>
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Fig. 17'——Hysteresi§_ loops of MgMn fefrite. Dashed line—lodp’

" at saturation. Solid line—Loop  for * optimum I
coincident memory use. . .

5

for dauble
' When the material is magnetized by an ?:bplied field
in the plus direction; it will retain the larger part of _its‘
' magnetization when the applied field is removed. It is

“said, to bé “set” at plus B,. 1f the rectangularity were:

 perfect; B, would be ¢qual to the saturation flux density
B.. There would be no further change in.
‘magnetization due to additional plus fields of any mag-
“gitude or to'any negative field smaller in

s n
3 . ) . SR ) . #

e wi o : it

in the state of

'magnipude 7
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than minus Hq.’Howeve'r if a negative pulse larger than
minus H, is applied the magnetlzatxon will be reversed

and the core will remain set at minus B, when the field -

is removed. For the latter case, the total flux change oc-
curring ‘in the core ‘during reversal will be 2 B,. The
changing flux- #ill induce a voltage in a “read-out”
winding on the care and thus provide a method 6f de-
tecting when the state of magnet:zatlon is changed by a
current pulse. -

If an array of cores is wnred as shown in Fig. 18 any
core in the group can be magnetnzed mdependently of
the others by dividing the tctal magnetizing current
equally between two windings. If the.current is properly

chosen, the one half current in €ither wmdmg alone"

will be insufficient to magn“etlze or reverse a core, but
the two half currents will be large enough to magnetize
or switch the one core located at the intersectiore of the
two wires: This-ptovides the. basis for setting each core
in the array in-a plus or minus state of magnetization to
correspond to a bimary code. The information can be

* read out by scanning the array with unidirectional half
_current pulses applied to the horizontal aqd vertical

N

wires in a proper time sequence and ‘noting which
cores give a flux reversal when subjected to both cur-
rents ' simultaneously.. The flux change is detected
through the read-out winding which can be common to

all cores. Tlus action is ind 1cated in Fig. 18
[ J

l . fd
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Fig. 18—An an'ay of ferrite cores wired: for double coincident
memory use. - .

. The above descnbes a single plane double coincident
current memory in‘which the elements of each “word”
are.read out in sequence, Many planes may be operated

in parallel, in which case whole words can be Yead out

at once by locating each element of the ‘word in a differ-
ent plane. Each plane would have _its own read-out

winding. Also, it is possible to divide the current into

more' than two parts and operate the arfay as a. mul-
tiple coincident system by threading the appropriate
number of driving windings in “each core. Practical
difficulties muitiply due to departure of available ma-
terials from true rectangularity, - S B

PROCEEDINGS OF THE IR¥

" yet. N

-
*

~ Magnetic cores also have important uses in the logic
and switching circuits which direct and control the
flow of information in and out of the memories and
through' the varjous processing operations. Fast opera-

October

«

tion i8¢ desired, which requires rapxd -switching and the-

generation of voltage pulses large enough to actuate suc-
ceedmg cores. .

Two highly mrportant charactenstlce in a rectangu-
lar loop core aré a large flux reversal and a short switch-
“ing time £, for-a low applied drive. The latter indicates
a low coercive force Hc, since a core will not switch un-

til the applied pulse drive NI exceeds the. coercnve :

force. We may write |
’VI o= C Hr

?

where NI, is the minimum pulse drive réquiréd 1o

switch the core and C is a constant (between 1 and 2)

which depends upon the “inertia” of the magnetlc do-
- mains to change direction and hence upon the char-

acteristics of the core material. The switching time is - l

related to the drive by the following expression:" ™
; . 'k . .

by = ———— N N

- NI — NI o
where k is a‘constant /applicable over a certain range of
(NI—NIy) and is related to the damping or. loss mech-
. anism¥ in the core material. Much study is in progress
on the magnetic mechanisms involved in switching be-
havior; but not all phenomena bavp been correlated as

Departure from rectangularlty causes unwanted out-
put. voltages to be generated when cores are subjected
to ‘pulses not intended to set or switch the core. This is
due to some change in flux as the magnetnzatnon is
driyen from remanence to saturation of the same sign,
or by a half pulse in the apposite direction from rema-

- nence. The latter condition can produce demagnetization

of the core if the fhinor loop runs down onto the rounded
_corner of the major loop Demagnetization effects are
mgmmxzed by improving the rectangularity of the loop,
by careful selection of the optimum current and asso-

ciated ‘one half current drives, as well as by arranging ~

" to have each hall pulse followed by a pulse i in the oppo-

site directiori to prevent progressive demagnetization-

steps. The temperature coefficient of the material and
changes in ambient temperatyre must be such _that
the optimum point of operatnon is not, shxfted .appre-
ciably.

In memory planes, the noise or unwanted voltage.

pulses can be caused ‘to caricel by wiring-the series
pickup winding so that outputs from .one half of the

cores, will oppose the others: This solution requires

‘that all the cores have exactly the same characteristics.
Since ideal rectangularity has not been obtained and
since a high degree of uniformity is needed to compen-

sate for nonrectangularity, a heavy responsibility is

placed upoh manufacturmg control and testing. \Tlus
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